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Abstract

This reportdealswith thecreationof a tool thatcanautomaticallybalancethelengthof wiresonaPCB
bus. To do this, the tool needsto extractPCBdesigninformationfrom a major industrialPCBdesign
tool, graphicallydisplaythePCB,�nd spaceto addtheserpentineonthePCBand�nally routetheextra
lengthrequiredacrossthis freespace.
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Chapter 1

Intr oduction

As moderncomputersystemsreachfasterandfasterspeeds,theelectronicdesignof thesesystemsbe-
comesmoreandmoredif�cult dueto thetiming constraintscausedby this increasein speed.Oneof the
mostchallengingareasof modernelectronicsis thecreationof highspeedinterconnects,usedto connect
thevariouselectricalcomponentstogether. Electricity takesa �nite time to �o w throughtheseintercon-
nects,proportionalto thelengthof theinterconnect.Thedesignof theseinterconnects,therefore,must
not only make surethat thesignalat the receiving endis ascloseaspossibleto the signalwhich was
sent,but mustalsodealwith how long it will take thesignalto propagatethroughtheinterconnect.

If a seriesof signals(suchasthoseon a bus)needto reachanelectricalcomponentat thesamepoint in
time, thenthe lengthsof interconnectsusedto carry thosesignalsneedto beascloseto eachotheras
possible.As theclockspeedof thesedigital signalsincreases,thetolerancebetweenthearrival timesof
thesignalsdecrease,andsotheinterconnectsmustbemorecloselybalancedin length.

To balancetheseinterconnects,the designerwould increasethe lengthof the shorterinterconnectsby
addingwiggles,calledserpentine,to them.This is avery timeconsumingandrepetitive process,which
takesthedesigner's timeawayfrom theactualroutingof theinterconnectsacrossthesystem.My project
brief involved thecreationof a tool which couldautomaticallybalancetheseinterconnects,so freeing
thedesignerfrom this task.

Therearemany differenttypesof interconnectsusedby electricalsystems,for examplethetransistorsin
CMOSchipsareconnectedby metalinterconnectlayers.Thetool describedin thisreportwasprimarily
designedto balancethemetaletchwiresof printedcircuit boards(PCBs),however it couldequallybe
adaptedfor usewith otherinterconnects,suchasthoseusedin chip designs.

1.1 Background

To placetherestof this reportin context, thissectionwill dealwith thebackgroundandhistoryof PCB
Design.It alsode�neswherein thedesignprocessmy tool is intendedto beused.

1.1.1 PCB Manufacturing

Themethodsusedto designPCBs(PrintedCircuit Boards)have changedover theyears,asnew tech-
nologieshave becomeavailableandelectricalconstraintshave becomemorelimiting.

Initially, electricalcomponentsweresimply connectedtogetherwith piecesof freestandingwire. This
soonbecamemessywhena large numberof componentswereused. It wasalsounreliableaswires
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couldeasilybepulledout of thecomponents.Soon,componentswereplaceduponwoodenboardsso
thatthey couldbemoreeasilymovedin onepiece.Wireswerestill usedto connectthecomponents,but
they couldbeclippedto theboardto keepthemtidier andreducethepossibilityof thewiresbeingpulled
out. PrintedCircuit Boardscameaboutwhenthewireswerebuilt into theboard.Stripsof copperare
printedon to asheetof dielectricmaterialandthentheelectricalcomponentsaresolderedto thecopper
to form theelectricalcircuit.

ModernPCBstypically have wires printedon morethanjust the top andbottomlayersof the board.
Layersof printeddielectricaresandwichedtogether, allowing a PCBto containmultiple layersof con-
nections.Theconnectionsondifferentlayerscanbeconnectedtogetherusing“vias”, smallholesdrilled
throughtheboard,andlinedwith metalto connecteachlayer. Modernprintedcircuit boardsare,in fact,
not printedat all. Instead,a pieceof dielectricis coveredcompletelywith a layer of metal(typically
copper).Thecopperis then“etched”to remove theunwantedsectionsof copper, thusgiving thename
“etch” to thecopperwhich is left.

1.1.2 DesignTools

Theseboardswereoriginally designedby drawing thewireson to a pieceof tracingpaper, which was
thenusedto createtheboards.EventuallythePCBlayoutanddesignwasmoved into a computerap-
plication, which allowed the designerto morequickly andaccuratelyroute the wires. Graduallythe
sophisticationof thesedesigntoolshasgrown andmodernhigh-speedPCBdesignswould bevirtually
impossiblewithout them.

Thereis a large numberof PCBDesigntoolsavailableto theelectricalengineernowadays.Thereare
simplertoolssuchasOrcad,which is typically usedfor studenttuition in Universitiesor Collegesand
alsomoreprofessionaltools suchasMentor ExpeditionPCB andCadenceAllegro. Thesetools are
speci�cally designedto dealwith theconstraintsplacedon modernhigh-speeddesigns.

My projectwasco-supervisedby IBM, andsinceoneof themainaimsof this projectwasto developa
softwaretool thatcouldbeusedby theGreenockPCBDesignDepartment,it wasnecessaryto interface
my tool to thedesigntool usedby thedepartment.IBM usesCadenceAllegro to develop their printed
circuit boards,andsoI hadto �nd awayof linking my tool into this commercialproduct.

CadenceAllegro is aprofessionalHigh SpeedPCBDesignTool. It is commonlyusedto producecom-
puter motherboards,or high-speednetwork device boards(suchas routersor switches). It provides
an interactive environmentfor creatingandediting complex and high-speed,multi-layer printedcir-
cuit boards.It is speciallydesignedto provide managementover theelectricalconstraintssuchasline
impedanceor propagationdelaywhicharemuchmoreprevalentin high-speeddesign.

SinceAllegro's intendedmarket is largeindustrialcompanies,it hasanumberof optionsandtechniques
for customisingtheinbuilt tools. This is sothat the largecompaniescancustomiseAllegro to perform
functionsthatoccurin thework processof thatcompany. Oneof themaincustomisationtoolsavailable
in is abuilt-in scriptinglanguagecalledSKILL.

1.1.3 SKILL

The SKILL programminglanguageallows the userto customizeand extend the Allegro designen-
vironment. SKILL provides a safe,high-level programmingenvironmentthat automaticallyhandles
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traditionalsystemprogrammingoperations,suchasmemorymanagement.It alsoprovidesfunctions
that allow the programmerto accessthe detailsof a boarddesigndatabase.This meansthat SKILL
programscanmake changesto, andextractdetailsfrom, savedAllegro �les usedto designPCBs.

TheSKILL languagegavemeanumberof optionswheninterfacingmy tool into theAllegro tool chain.
Oneof theseoptionswasto write my auto-balancingtool completelyin SKILL, thususingthefunctions
in SKILL to interactdirectly with theboard�les, removing wiresandaddingthenewly balancedwires
straightinto thedatabase�le. Anotheroptionwasto useSKILL to extractthenecessarydata.Thisdata
couldthenbereadinto my tool, allowing it to bewritten in any otherprogramminglanguage.

The �rst option obviously hasa numberof advantages.Sincethe tool would be actingon the board
directly, thereis no needto write extractingandimportingroutines.It would alsoallow meto usethe
functions,provided in the Allegro versionof SKILL, which canmove, createanddeletewires. This
would have substantiallyreducedthe amountof codethat neededto be written, however SKILL does
have somemajor drawbacks. Firstly, asa scripting languageit is muchslower thana compiledlan-
guage,which would have hada hugeimpacton theusefulnessof the tool, dueto the large amountof
computationsnecessaryin thecomplex PCBsusedasmotherboards.Secondly, SKILL is not anobject
orientedlanguage,which would increasethecomplexity of whatwould alreadybevery complex code,
andreduceits easeof understandingconsiderably. Lastly, SKILL scriptsonly work within Cadence
Allegro, meaningthat the tool could not be usedwith otherdesigntools, suchasMentor Expedition
PCB,withoutacompleterewrite.

Insteadof writing thecompletetool in SKILL, I decidedto write a smallSKILL routinewhichextracts
thenecessarydata,thenwrite my tool asa separateprogram,which runson theextracteddata,andhas
no dependency uponAllegro. This optionhasa numberof advantages,suchasbeingmainly platform
independentandallowing thetool to bewrittenin anappropriate,objectorientedandcompiledlanguage.

1.1.4 PCB DesignProcess

The designprocessof a PCB is typically split into threemajorstages.First themajorelectricalcom-
ponentsareplacedon theboard. Thewiresarethenroutedbetweenthesecomponentsand�nally the
wiresaremodi�ed sothatthey conformto any constraintsthathave beenplaceduponthem.This �nal
stageis wherethewiresof a busarebalanced,andsothis is thepartof thedesignprocesswhichwould
beaddressedby my tool.

Sincetheauto-balancingtool of thisprojectonly dealswith partof thePCBdesignprocess,it is impor-
tantthatit integratesinto thenormaldesigntool �o w effectively. Thismeansthatnodesigninformation
shouldbelostwhenthedesign�o ws throughthis tool, andinto thenext tool usedin thedesignprocess.

1.2 Explanation of Project

Theaimof thisprojectwasto createatool whichcouldassistPCBdesignersby automaticallybalancing
the lengthof wires in a bus. To do this it needsto integrateinto thedesigntool �o w usedby thePCB
designers.This meansthat the tool needssomemethodof extractingthe requireddesigninformation
from the previous tool andrefactoringthe modi�ed datainto the next tool in the sequence.The user
thenneedsto identify which bussesandwiresshouldbemodi�ed by theauto-balancingtool. This user
interactioncouldbeeithera text basedbatchmethodor an interactive graphicalview of thePCB.The
interactivegraphicaloptionwaschosensothattheauto-balancingalgorithmscouldbeeasilytested.The
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project,therefore,neededto graphicallydisplaya representationof thePCBto thescreen.

Oncethedetailsof thePCBhavebeeninputinto thetool andthePCBis displayedonscreen,theselected
bussesmustbebalanced.Balancinga bus,by extendingthe lengthof someof theshorterwires, takes
extra area,sothe�rst stagein balancinga busis �nding freespaceon thePCBto balancethebus. The
�nal stageis to actuallyextendthelengthof thewires,thusbalancingthebus.

1.3 Moti vation

Themainmotivationbehindthisprojectwasto createausabletool,whichcouldbeusedby PCBdesign-
ersto increasetheirproductivity. Therewerehowever othermotivationsbehindthechoiceof project.It
wasimportantthattheprojectwasinterestingandchallengingandallowedmeto learnnew softwareen-
gineeringtechniquesandcomputingscienceprocesses.Theauto-balancingtool alsoprovidedaproject
whichhadelementsof bothcomputingscienceandelectronicdesign,allowing meto usebothhalvesof
theElectronicandSoftwareEngineeringcourse.

Another importantconsiderationwas the fact that thereare currently no commercialtools available
which performthis auto-balancingprocess.Auto-routingtools nowadayscantake lengthconstraints
into consideration,andwould routethe bussesto theseconstraints,however thesearevery expensive
andbalancingabususingthemwould requireanunnecessaryreroutingof thebus.

1.4 DocumentOutline

Theremainderof this reportprovidesdetaileddescriptionsof thedesignandimplementationof all of
the major componentsinvolved in the creationof this project. The reasoningbehindthe major deci-
sionsin thedesignof thesystemareanalysedanddescribed.The�nal sectionof thereportdetailsthe
lessonswhich I learnedduringtheproject,andits valueasa learningexperience.Themainsectionsare
describedbelow:

Extract of Board Layout This sectiondealswith extracting the datafrom industrialdesigntools so
thatit canbeusedby theauto-balancingtool.

Graphical Display This sectiondealswith thealgorithmswhich wereusedto displaythePCBon the
screen.It alsodescribesclipping algorithmswhich areusedto speedup thedrawing of thePCB,
aswell asbeingusedto �nd freespacein thefollowing section.

Finding FreeSpace This sectiondescribesthe techniqueswhich wereusedto �nd free spaceon the
PCB,which could thenbe usedto addthe requiredlengthto wires. It alsoexplainshow much
spaceis neededto balancebusses.

BalancingBussesThis sectiondescribeshow length can be addedto a wire, so that bussescan be
balanced.

Problems& Solutions Thissectiondiscussesthoseproblemsconfrontedduringthecourseof theproject,
whicharenotdiscussedin any of theothersections,anddescribeshow I overcamethese.

Conclusion In theconclusionI evaluatethesuccessof theproject,its currentstatusandany futurework
whichcouldimprove thetool ata laterdate.
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Chapter 2

Extract of Board Layout

If theauto-balancingtool is to beintegratedinto aPCBdesigntool chain,thenit needsto getthedesign
informationfrom theprevious tools in thechain. This sectiondetailsthemethodI usedfor extracting
informationfrom theindustrialdesigntool, CadenceAllegro.

2.1 Extract Data Format

Thereareanumberof differentDataFormatsavailableto extractthePCBlayoutdatafrom Allegroand
import it into my balancingtool. ThemainformatsI investigatedarelistedbelow:

Allegro SaveFile - Thesimplestoption,from theextractingpoint of view, is simply to save theboard
�le normallyandthengettheinformationneededin theJavaTool from this�le. Theproblemwith
this optioncomesfrom having to understandthe formatof theAllegro save �le. This format is
totally proprietyto Cadenceandits structureis notavailableto thegeneralpublic. The�le format
is alsobinaryratherthana humanreadableASCII format. Theseproblemscombineto make the
save �les next to impossibleto decodefor someoneoutsideof Cadence.

Proprietary Format - This optionsimply involveswriting datato a �le, without any regardto format
standards.This hasthe advantagethat only datathat is speci�cally neededfor my balancing
tool hasto be written to the �le. This meansthe data�le canbe morecompactandthe code
for extractingandimporting doesn't needto be very complex. The dif�culty with this method
is the very fact that it is completelyproprietary. Thereareno tools available to help with the
programmingof theroutinesandany othertoolswould alsonot supportit. It would alsobevery
easyto structurethe dataformat in a similar way to the internalformat of a singleprogram(in
this case,Allegro),makingit muchmoredif�cult to port thetool sothatit workson otherdesign
tools.

Standard Format - Over theyears,electronicdesigncompanieshave produceda numberof standard
formatsfor transferringdatabetweenthe varioustools on offer. Oneof the mostsuccessfulof
theseis the ElectronicData InterchangeFormat (EDIF) [1] standardcreatedby the Electronic
IndustriesAlliance (EIA). It wasproducedin 1985sothatdesignerswho wishedto usea combi-
nationof CAD tools from differentvendorsweren't forcedto convert amongvariousformatsin
orderto completethedesigns.This is a very complicatedformathowever, andtoolswhich work
upontheformatareexpensive andnot opensource.Thestandardalsocontainsa hugeamountof
informationthat I would never use,sinceit is usedfor many differenttypesof electricaldesign,
suchasASICsandmulti-chipmodules,not justPCBlayout.

8



Standard XML Format - With theemergenceof XML asastandardformatfor dataexchangebetween
applications,EDIF hasnow startedto be supersededby an XML versionof the format, called
EDAXML [6]. This is still a relatively new format, and hasnot gaineduniversalacceptance
by the tool producers.Thereare,however, morefree tools available thanwith EDIF, possibly
to promotethe standard.The standardis still very complicatedandcontainsa hugeamountof
informationthatwouldnotbeneededfor anauto-balancingtool.

Proprietary XML Format - Anotheroptionis to createanew XML standard,whichcontainsonly the
informationneededby thebalancingtool, thusreducingthecomplexity of exportingandimporting
routines. This new standardcould be createdin sucha way asto be easilyextensibleso that it
couldbeput to otheruses.Themainproblemwith thisoptionis thevery factthatit is proprietary.
I wouldneedto write any toolsrequiredmyself.However, thefactthatthestandardis basedupon
XML meansthat I couldusethemany XML tools to helpproducethetoolsneededfor this new
standard.

XML hasbecomea very popularformat,andsotherearenow a numberof very sophisticatedtoolsfor
dealingwith XML �les. It would seemthat EDAXML would thereforebe theperfectformat,asit is
bothanindustrialstandardandanXML format.However, thecomplexity of this formatwouldhave ne-
cessitatedaverycomplicatedSKILL routineto extracta�le to this format.Indeed,theonly realassetof
EDAXML, thefactthatit is anindustrialstandard,is negatedby its slow acceptanceby thetoolmakers.
Therearevery few tools thatactuponEDAXML, andalthoughtherearesomeextractingtools,which
have beenbuilt for EDA tools,onehasnot yet beencreatedfor CadenceAllegro. For thesereasonsI
decidedto createmy own XML formatfor transferringtherequireddata.

2.2 PCB-XML

Thedataformatusedfor thetransferof datafrom Allegroto theauto-balancingtool is calledPCB-XML.
This formatcontainsall theinformationnecessaryto completelydescribeaPCBboard.It alsocontains
informationabouttheconstraintsplaceduponwires,shapesor otherobjects,so that theauto-balanced
wirescanbedesignedto �t within theserestrictions.

2.2.1 Design

A PrintedCircuit Boardeffectively consistsof a seriesof layers,uponwhich metallic etchis printed
to provide electricalconnectionsbetweencomponents.Theseconnectionsbetweencomponentsareset
up beforethe layoutstage,in anelectricalschematiceditor, andde�ne theelectriccircuit that is to be
produced.Eachof theseconnectionsis calleda net. Therecanbemany thousandsof netsin a modern
motherboarddesign.An exampleof a netwould betheconnectionbetweena pin on thememorycon-
troller anda singlebit of a RAM chip. With a modernRAM modulehaving up to 128pinsandthere
being4 to 16of theseRAM modulesonasingleboard,not to mention:IO bussessuchasPCIandAGP;
harddisk IDE or SCSIcontrollersandbusses;peripheralUSB andFirewire controllers;power regula-
tors; anda modernCPU with 400 to 1000pins, it is not hardto seehow complicatedboardsbecome.
In factthis is noteventhewholestory, asmany of theseconnectionsaredecoupledwith capacitorsand
othercomponents,creatingevenmorenets. The �nal mainconstituentsof a PCBarethecomponents
placedupontheboard,suchascapacitors,resistorsandeven batteryconnectors,right up to theCPU.
Someof thesehave no electricalfunction, but still needto be incorporatedinto the boardto make it
functional,suchas stiffeners(to strengthenthe board)and �ducials (markers that are locatedby the
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manufacturingmachinessothatcomponentscanbeplacedaccurately).

A PCBcanbedif�cult andcomplex to describe,andif PCB-XML is to beaneffectiveextractingroutine
thenit needsto provide detaileddescriptionsof all of theconstituentsreferredto above. Whenlooking
at thedescriptionof aPCB,it canquiteeasilybeseenthatthreemainpartsarepresentin any PCB:

� Layers

� Nets

� Components

Thesethreeelementswould besuf�cient to fully de�ne a PCBdesign,however onemorewasneeded
to make the format practical. Pins,which connectcomponentsto the board,andvias,which connect
layerstogether, aremadeup of a seriesof padson eachlayer. Thesepadsare�lled etchshapesandso
theseshapesmustbedescribedin someway. Thesepadshapescouldbedescribedwithin every pin or
via element.This,however, would bevery wastefulasthereis usuallyonly a smallnumberof different
typesof padsin a PCB andso the sameshapeswould be describedmany times. Instead,a top level
elementcalleda PadStackis de�ned. EachPadStackdescribeswhich padshouldbe locatedon each
layer. A pin or via now simply needsto referto thetypeof PadStackit uses,andprovide a description
of wherethePadStackshouldbeplaced.

Therearethereforefour mainpartsof aPCBin PCB-XML:

� Layers

� Nets

� Components

� PadStacks

Eachof thesepartsarerelatedin someway. For example,a layercontainsanumberof netsandeachnet
connectstwo or morecomponents.However, thereis no hierarchicalrelationshipbetweenthemwhich
canbeexploitedin thedataformat.Thismeansthatit is notpracticalto placeoneof thesethreeobjects
within another, asit would necessitatea largeoverlapof data.For instance,althoughthedescriptionof
netscouldbeplacedwithin the layerswherethey occur, if a netoccurredin 5 layersthentherewould
be4 unnecessarydescriptionsof thatnet.

XML is a very hierarchaldataformat, with relationshipsbetweenobjectsformedby their hierarchal
structure.As this approachwasnot practicalfor PCB-XML, a differentmethodwasneeded.An ob-
viousway to storetheserelationshipswould beto link objectswith somethingsimilar to hyperlinksin
HTML. Althoughthis is notbuilt into XML, thereis anXML standard,whichprovideslinking within an
XML document,calledX-Link [4]. A typeof X-Link, calledanarc,wasusedto provideabi-directional
link betweenrelatedobjects,with a“REF” elementpointingtowardsa“LOCATOR” element.Theauto-
balancingtool thenprocessestheselinks asthePCB-XML �le is readin (seesection2.4 for detailson
how this is done).

Thethreemainconstituentsof aPCB- layers,netsandcomponentsarethereforestoredasbottomlevel
elementsin PCB-XML, with links betweenthem.Thesemainelementsarenow described.
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Layer Element

Thereis a layerelementfor eachphysicallayer in thePCB.Eachof theselayerelementscontaina list
of referencesto all of thenetswhich have someetchon that layer. They alsohave a nametag,so that
humansunderstandwherethelayeris locatedanda locatortagsothatreferencesto this layer, from nets
or components,canbeprocessedby thebalancingtool.

I discovered,duringtheproductionof thebalancingtool, thattherewasaneedfor anotherdataelement
within a layer. A layernumberwasneededwhich indicatedtheorderof thelayers(i.e. from thetop to
thebottom). This wasneededbecauseof componentmirroring. Components(andthepadsof etchon
to which the componentsaresoldered)aredescribedonly on onesideof the board(e.g. components
placedon thetop). If a componentis mirrored,thenthepadshave to beput on theoppositeside(i.e. a
padon thetop would beplacedto thebottomlayer). This meansthata recordof theorderof layersis
needed,sothattheoppositelayercanbefound.

Thelayerelement's descriptionin theschema(seeSection2.2.2)is shown below:

<xs:complexType name="LayerTyp e" >
<xs:complexCont ent>

<xs:extension base="pcb:Locat or ">
<xs:sequence>

<xs:element name="LayerNumb er" type="xs:unsig nedI nt" />
<xs:element name="ContainsN et" minOccurs="0"

maxOccurs="unb ounded" type="pcb:Ref" />
</xs:sequence>

</xs:extension>
</xs:complexCon te nt>

</xs:complexTyp e>

As canbeseen,theLayerTypeextendsaLocatorelement,which is anx-link item,which is linkedto by
Ref items.TheLocatorandRef typesareshown below:

<xs:complexType name="Locator" >
<xs:attribute name="name" type="xs:string" use="required" />
<xs:attribute ref="xlink:typ e" use="required" fixed="locator" />
<xs:attribute ref="xlink:lab el" use="required" />

</xs:complexTyp e>

<xs:complexType name="Ref">
<xs:attribute ref="xlink:typ e" use="required" fixed="arc"/>
<xs:attribute ref="xlink:fro m" use="required"/ >
<xs:attribute ref="xlink:to" use ="required"/>

</xs:complexTyp e>

Net Element

Themostcomplicatedelementwithin a PCB-XML �le is a netelement.A netcanbesomethingvery
simple,suchasa singleline of wire connectingtwo capacitors,up to a very complex netconsistingof
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abstractshapes,intricatepathsandviasgoingbetweenlayers,suchasthegroundnetusedasareference
by many components.At thesimplestlevel, anetis aportionof themetallicetchwhich is alwaysat the
samevoltagelevel. For example,the5V powernetshouldbe5 voltsabove thegroundnetatany section
of its length.This is asimplisticview, with therealitybeingmorecomplicated,especiallyathighspeed
asweshallseelater. However, it is adequateat thisstage.

In PCB-XML anetis split up into anumberof branches.Eachbranchis acompletelyconnectedsection
of etch,i.e. any partof theetchin a branchcanbegottento from any otherpart in thesamebranch,by
simplyfollowing thebranchetch.A netshouldbeconnectedfrom oneendto theother, soafully routed
netshouldonly have onebranch.However netsthathave not beencompletedmaycontaina numberof
differentbranches.As this tool is to beusedon incompletePCBdesigns,it is necessaryto split netsup
into branchesin this way.

Thesebranchesconsistof differentelementswhichdescribetheetchprintedon thePCB:

Path - A pathis a seriesof connectedstraightor curved linesbetweentwo points. A pathconsistsof
a singleconnectedline, which doesnot fork into multiple sections.A fork is addedasa separate
pathfrom theT point to thefork's end.Pathsareusedto describewiresandbusses,andsomost
of theauto-balancingtool will bedealingwith these.

Shape- A shape,asyou would expect,describesanabstractshapeof metaletch. It is describedby an
outline madeup by a seriesof pointsconnectedby straightor curved points. A shapecanalso
containanumberof voids,or holesin theetchwhicharedescribedin thesamewayastheoutline
of theshape.Shapesaretypically usedfor power andgroundnetsin modernPCBs.They allow
thevoltageto bekeptsteadyascurrentis drawn by components.High-speedwiresarealsooften
run with power planeshapeson the layersabove andbelow the wire to improve the electrical
characteristicsof thesewires.

Via - A via is a connectionbetweenthe layerson a PCB.It is de�ned by a PadStackwhich describes
thepads(or shapes)locatedon eachlayer. Viasaremanufacturedby drilling a holebetweenthe
layers,andcoatingtheedgeof theholewith metal,thusconnectingthelayerstogether.

Pin - A pin connectsa netto a component.Pinsareactuallypartof a component,soa pin in thenetis
de�ned by a referenceto theactualpin de�nition within thecomponentelement.

Figure2.1shows therelationshipsbetweentheelementsusedto fully describeanet.

ComponentElement

A ComponentElementin PCB-XML describeseachphysicalcomponentplaceduponthePCB.Thisel-
ementgivesthepartnumber, description,andphysicalpackageformatof thecomponent.A component
caneitherbe placeduponthePCB designor it couldbe presentin the schematics,but not yet placed
upontheboard.If it is unplaced,thepartnumber, description,andpackageformatareall thatareavail-
able,however if thecomponentis placedwewantto know its locationonthePCB.This is accomplished
by having a tag in the componentelement,which canbe oneof two types,Placedor Unplaced.The
Unplacedelementis simply anemptytagindicatingthatthecomponentis yet to beplaced.ThePlaced
type elementcontainsinformationaboutthe locationof the component,its rotationandwhetherit is
mirrored(i.e. placedon thebottomlayer)or not. It alsocontainsa list of all thepinson thecomponent
andtheir location.Thepinsalsohave referencesto thetypeof Padstackusedto createthemandthenet
which it is partof.
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Figure2.1: Thisdiagramshowstherelationshipsbetweentheelementsusedin thenettypeof PCB-XML
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For my auto-balancingtool, PCB-XML only needsto describeetchprintedon layersof thePCB,which
is doneby the above elements.However, boarddesigntools containa lot of other informationabout
components,suchasasymbolto bedisplayedonthescreenandkeep-outareaswhereothercomponents
can't beplaced.Althoughmy auto-balancertool doesnotneedthis information,it is importantto other
applications. So to make PCB-XML usablein otherapplications,I addeda SymbolDescriptiontag,
which is aX-Link andsocanbea referenceto anotherpartof thedocument,or to anotherdocument.

PadStackElement

A PadStackis simplya list of Pads.EachPadis a �lled shapeof Etchuponacertainlayer, whichallows
componentsandwiresto beconnectedto thepinsor viaswhich areusingthePadStack.Padstherefore
have a layertag,which links to thelayeruponwhich thepadshouldbeplaced,andaoutlinetag,which
usesthesamepolygontypeusedto make up shapesin anet.

2.2.2 PCB-XML Schema

An XML Schemais usedto describePCB-XML, sothatsomecontrolcanbekeptover theformat.This
enables�les to beveri�ed, providing aguaranteethatany �le whichconformsto thePCB-XML Schema
will work with toolswrittenfor it. An XML Schemawaswritten insteadof aDocumentTypeDe�nition
(DTD - anotherwayof de�ning thesyntaxof anXML �le) for thefollowing reasons:

� DTDs have very limited supportfor modularity and reuse,which is important in a large and
complex XML specsuchasPCB-XML. The PCB-XML Schemamakes greatuseof this, e.g.
PointTypeelementsarereuseda largenumberof times.

� DTDsalsohavenosupportfor schemaevolution,extension,or inheritanceof declarations.Again
this wasusedin the PCB-XML schemafor referencesandlocatorsusedby the X-Links. Thus
elementsonly needto extendtheLocatorTypeif they areto belocatedby otherlinks, anddonot
needto rede�nethenecessaryelementtags.

� A DTD is aninherently�at structure,andsoit wouldbeverydif�cult to modeltheveryhierarchial
structureof PCB-XML from it. An XML Schemais a muchmorehierarchialstructureto start
with, whichmakesit easierto understanda complex datatype.

TheXML SchemawhichdescribesPCB-XML is availableasAppendixD.

2.3 XML Tools

Onceaboardhasbeenwritten in PCB-XML, theXML �le needsto bereador parsedinto thebalancing
tool in someway. I decidedto write thetool in theJava languagewith which I have hada greatdealof
experienceandbecausetherearealargenumberof XML toolswrittenspeci�cally for Java. Someof the
tools that I consideredusingto parsethePCB-XML �les into theJava balancingprogramaredetailed
below:

DOM - DOM or DocumentObjectModel [2] de�nes an API for accessingand manipulatingXML
documentsastreestructures.A tool which implementstheDOM API allows hierarchicalXML
documentsto beaccessedasa programminglanguageneutralobjectmodel,storedwithin mem-
ory. Therewere two main problemswith this tool. Firstly, the entiredocumentmustbe read
into memoryandsomeDOM implementationsusemany timesthe original document's size in
memory. Thiswouldbeaverysigni�cant overheadwhensomePCB-XML �les are60Mbin size.
Secondly, DOM's programminglanguageneutralformat meansthat interfacingwith the object
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modelis reasonablyslow andunnecessarilycomplex. Sincethebalancingtool needsto makereg-
ularqueriesto theobjectmodel,thiscouldhave contributedto asigni�cant dropin performance.

SAX - SAX or SimpleAPI for XML [3] is aneventbasedparsingtool, ratherthanthetreemodelused
by DOM. This parserworks by invoking oneof several methodssuppliedby the caller whena
”parsingevent” occurs. ”Events” includerecognizingan XML tag and �nding an error. This
parseris idealwhenonly smallpartsof theXML �le areneeded,asthey canbeextractedwithout
readingthe whole �le into memory. The auto-balancingtool, however, needsalmostall of the
informationin a PCB-XML �le, soa largenumberof eventswould beneeded,aswell asa large
numberof methods,to handletheseevents.

JAXB - JAXB or Java API for XML Binding [8] providesa way of accessingelementsin XML �les
asJava objects.JAXB is a Java technologythatenablesJava classesto begeneratedfrom XML
schemasby meansof aJAXB bindingcompiler. TheJAXB bindingcompilertakesXML schemas
as input, and then generatesa packageof Java classesand interfaces,which re�ects the rules
de�ned in thesourceschema.TheJAXB bindingframework providesmethodsfor unmarshalling
XML instancedocumentsinto Java contenttrees(a hierarchyof Java dataobjectsthat represent
thesourceXML data)andfor marshallingJava contenttreesbackinto XML instancedocuments.
This meansthat Java applicationscanwork with schema-compliantXML dataasJava objects,
withouthaving to worry abouthow to movebetweenXML andtheJava objects.

I decidedto useJAXB for parsingthePCB-XML �le, sinceit providedexactlywhatI needed,accessto
aJavaObjectrepresentationof theXML �le. Anotheradvantagewasthatalmostall of thecodedealing
with XML wouldbeprewrittenby theJAXB bindingcompiler. SinceI alreadyhada XML-Schemafor
PCB-XML, all thatwasnecessarywasto compiletheschemainto JavaClassesusingtheJAXB binding
compiler.

2.4 Managing Data Imported into Auto-BalancingTool

Onepossibleproblemwith the JAXB approachto parsingPCB-XML could be a lack of �e xibility in
theJava Classescreated.If operations,not providedby theJAVB Binding Compiler, neededto beper-
formedon oneof theseClasses(for exampleto calculatethe lengthof a path),thenthey would need
to bewritten into thesegeneratedClassesandsothemodi�cationswould beoverwritteneachtime the
JAXB Binding compilerwasrun. This could be �x ed by creatingsubclassesof the generatedclasses
andmakingthemodi�cations to thesesubclasses.However, theunmarshallerwould createobjectsof
the superclasses,meaningthe subclasseswould needto be createdmanuallyfrom thesesuperclasses.
Thankfully, I discoveredthat the bindingsusedto compilea XML-Schemacould be modi�ed with a
suitablebindingscon�guration �le so that subclassescouldbe unmarshalled,insteadof theoriginally
generatedclasses(see[7] for detailsandAppendixF.1 for thebinding�le).

Oneof thepeculiaritiesof PCB-XML is thefactthatthereareanumberof X-Links betweentheelements
within it. Theselinks, though,aresimplestringlabels,notactualaddresses,sotheitemwhichis referred
to needsto besearchedfor. Theselinks needto beconsultedoftenby theauto-balancingtool, soit would
bevery inef�cient to searchthroughthecompletelist of elementslooking for a correspondinglocator
eachtime a referencedobjectwasneeded.Instead,links to thelocationof thejava objectaresetup just
afterthePCB-XML �le hasbeenparsed.This requiresgoingthroughthecompletelist to searchfor all
possiblelocatorsandreferences.However, we do not know whethera locatortagwill comebeforeor
aftera referenceto it. To save traversingthelist multiple times,I useda datastructuresomewhat like a
tuple-space.It worksby placingall referencesandlocatorsfoundinto a list structure.If a locatorwhich
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correspondsto a referencebeingaddedis alreadyin the list, thenboth of theseareremoved from the
list, andJava referencesarecreatedin eachpointingto oneanother. Thesamehappensif a referenceis
alreadyin thelist andcorrespondsto a locatorbeingadded.
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Chapter 3

Graphical Display

A majorsectionof thisprojectwasthecreationof agraphicaltool whichcouldshow arepresentationof
a PCB-XML board�le anddisplaychangesmadewhile auto-balancingwires. A graphicalview of the
boardwasnot absolutelynecessaryto thetool's effectiveness,sincethetool wasoriginally intendedto
have a non-graphicalbatchmodewhich would simply performthechangeswithout any externalinter-
vention.However, thisbatchmodeof operationwouldhavemadedebuggingandtestingof thebalancing
operationverydif�cult. It wasnecessaryto seewhatchangesweremadeto theboard,aswireswerebal-
anced,sinceasI wasinventingmany of thealgorithmsused,they neededto betestedthoroughly. If there
wasno graphicalviewer built into thetool, thePCB-XML createdwould needto bereadinto a design
tool, suchasAllegro, to displaytheboard.Thiswouldnotonly beslow andtimeconsuming,but sinceI
only hadaccessto AllegroattheIBM Greenocksite,thiswouldhaveseverelyhamperedthetimewhichI
couldspendworkingontheproject.It wasthereforeeasierto createmy own viewer for PCB-XML �les.

Figure3.1shows anthe�nal viewer tool displayinga PCB-XML �le.

3.1 Drawing the PCB

Therearemany toolsavailablewhich provide theability to draw in Java. However, many of theseare
tailoredto draw graphs,block diagramsor otherwell usedgraphicalobjectsanddid not provide the
level of �e xibility neededto draw aPCB.TherearenoJava toolswhichprovideamethodto easilydraw
a PCBto screen,sotheonly effective optionI wasleft with wasto usethefairly low level Java2DAPI,
whichcomesaspartof Java.

Java2Dallows theuserto overwritethedrawComponent() methodof aswinggraphicalobject,such
asa JPanel.This methodis calledby theJava virtual machinewhenever theswingcomponentneedsto
beredrawn. This methodcanbechangedsothat insteadof drawing a grey box,aswould bedonefor a
JPanel,thePCBis drawn to screen.TheJPanelis drawn to by calling methodssuchasdraw(Shape
s) andfill(Shape s) uponaGraphics2Dobjectwhich is associatedwith theJPanel.

My PCB-XML viewer draws a PCB by creatinga JPanel, and overwriting the drawComponent
methodso that it passesthe Graphics2Dobjectto a draw methodin every elementin the list of Java
Objectsextractedfrom thePCB-XML �le. Theseelementsthendraw themselveson to theGraphics2D
objectandsoappearon themodi�ed JPanel.
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Figure3.1: Thisshows theviewer tool zoomedin to asectionof aserver motherboard
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3.1.1 Drawing all of the PCB Elements

Thereis a reasonablylarge numberof elementtypesin a PCB-XML �le (e.g. nets,vias, pins). The
schema,(Section2.2.2)however, wasdesignedso that any elementswhich needto be drawn canbe
madeupof threebaseelements:

Line Segments- A straightline betweentwo points,usedto representstraightwiresin anet.

Ar c Segments- An arcconsistingof thecentrepoint of a circle andthestartandendpointsof thearc
aroundthatcentre.It alsocontainsthedirectionwhichthearcfollowsaroundthecircle(clockwise
or anticlockwise).Thesearcsareusedfor curvedwireson thePCB.

Polygons- Polygonsin PCB-XML gobeyondwhatthewordpolygonwouldusuallydescribe.As well
asa �lled shapede�ned by straightlines,a PCB-XML polygoncanusearcsto de�ne its outline.
This meansthatcirclescanalsobedescribedby a PCB-XML polygon.Polygonsareusedfor via
andpin pads,aswell asfor etchshapes.Etchshapescanalsocontainvoids,or holesin the�lled
etch.Thesevoidsarealsodescribedusingpolygons.

Whenanew PCB-XML �le is openedby theviewer, theXML elementsareunmarshalledinto JavaOb-
jects(seeJAXB descriptionin Section2.3).Thereis thenaninitialisationstagewherethelinks between
the elementsaresetup (seeSection2.4). During this Initialisation stagethe viewer createsJava2D
shapesfor eachof theaboveelementswhicharefound.Theseshapescanthenbesimplydrawn ontothe
Graphics2Dobjectevery time thedraw methodis called.Sincetheshapesarestored,they do not need
to becreatedevery time thePCBis drawn, thusspeedingup theredraw rategreatly.

Theelementshapeswerecreatedin thefollowing way:

Line Segments

EachLine Segmentconsistsof a straightline betweentwo pointswith a certainwidth. TheJava2Dapi
containsa GeneralPathprimitive shape.This shapecouldbeusedto draw a line segment,sinceit can
beusedto draw a line betweentwo pointswith agivenwidth. This however wouldbewasteful,sincea
GeneralPathcandraw morethanoneline segment,i.e. it couldbeusedto draw a completePCBpath.
Theoneproblemwith this is thatPCBpathscancontainlineswith differentwidths,while aGeneralPath
canonly bedrawn with a singlewidth. In thePCBviewer tool, aseachPCBpathis initialised,a series
of GeneralPathsarecreated,onefor eachconnectedsetof line segmentswith thesamewidth. These
pathscanthenbedrawn whenneeded.

Ar c Segments

An Arc Segmentis similar to aLine Segment,in thatit consistsof a line betweentwo pointswith acer-
tain width, however theline connectingthepointsis a curvedarc,ratherthana straightline. Thereare
no arcprimitivesin Java2D,however aGeneralPathcandraw quadraticcurves.Althoughanarccannot
be accuratelyproducedby a quadraticcurve, aftermuchresearch(primarily themathmaticalproof in
paper[9]), I discoveredhow anarc,whichis lessthan90� , couldbecloselyapproximatedby aquadratic
curve.

A quadraticcurve is describedin Java2Dby four controlpoints,(x 0, y0) which is thestartpoint of the
curve, (x3, y3) which is theendpoint of thecurve andtwo points(x1, y1) and(x2, y2) which describe
the gradientof the line at the startandendpoints. To correctlyapproximatean arc, thesefour points
needto befoundcorrectly.
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Thepoints(x0, y0) and(x3, y3) aresimpleto �nd, asthey aresimply thestartandendpoints.However,
(x1, y1) and(x2, y2) take morework to �nd.
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Figure3.2: A curve canapproximatea symmetricarcsuchasthis

If we take thesymmetricalarcof unit radius,asshown in Figure3.2,wecancalculate(x 1, y1) usingthe
following formula:

x1 =
4 � cos(� =2)

3
(3.1)

y1 =
(1 � cos(� =2))(cos(� =2) � 3)

3sin(� =2)
(3.2)

Sincethearcis symmetrical,(x2, y2) canbefoundby:

x2 = x1 (3.3)

y2 = � y1 (3.4)

Theseequationsallow an arc, symmetricalongthe x axis,with unit radius,centrepoint (0; 0) anda
maximumangleof 90� , to beapproximatedby a quadraticcurve. This, however, is not a very generic
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arc. Transformingthecoordinatescreatedby theseequations,usingthefollowing transformationscan
approximatemoregenericarcs(suchasthatshown in �gure 3.3),with a radiusof r , centre(x c, yc) and
rotatedby � from thex axis:

y

x

(x , y )
cc

r

f

Figure3.3: A Genericarcsuchasthiscanbeconvertedinto asymmetricarc

Rotateby (matrixmultiply):
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y
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!  
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(3.5)

Scaleby (scalarmultiply):
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r y

!

(3.6)

Shift by (add):

 
x
y

!

!

 
x + xc

y + yc

!

(3.7)

This techniqueis usedby theviewer tool to draw any arcwhich is lessthan90� . Arcs which aremore
than90� aresimplysplit up into themultiplearcsof lessthan90� andthendrawn.

Polygons

A PCB-XML Polygonis a �lled shape,de�nedby anoutlineof straightlines,or arclines.Thispolygon
canagainbe drawn usinga GeneralPath. A �lled shapewill be drawn to screenif the GeneralPath is
closed(i.e. the startandendpointsareconnected)andis passedto the Graphics2Dobjectusingthe

21



fill(Shape) ratherthanthedraw(Shape) method.

Sincelinesandarcsde�ne a polygon's outline,thesametechniquesasabove for line segmentsandarc
segmentscanbeusedto draw theGeneralPathoutline.
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Figure3.4: An exampleof ashapewith two voids.Theshapeis de�ned by 3 polygons,1 for theoutline
and1 for eachvoid

Shapeelementsaremadeup of a numberof polygons.Onepolygonde�nes thegeneraloutlineof the
shapeanda numberof otherpolygonsde�ne voids, or holesin the shape(see�gure 3.4). To draw
thesecomplex shapes,somemethodof cuttingholesoutof theoriginal �lled outlineis needed.Java2D
providesa methodto do this, throughBooleansubtractions.TheBooleansubtractmethod,however, is
veryslow. With someboardsrequiringthousandsof voidscutoutof asingleshape,this techniquemade
theprogramfar too slow to beuseable.I investigatedthefollowing techniquesto speedup this process
before�nding asatisfactorysolution:

Alpha Compositing - Alpha compositingcanbe usedto combinetwo imagesinto a singleimagein
variousways(e.g. oneimageappearingin theforegroundandtheotherin thebackground).An
alphavalueis storedalongwith its colourof eachpixel. This alphavalueis usedto describethe
transparency of thepixel, which canthenbeusedin thecompositingoperations.It is possibleto
usethesource-outoperationto “punch” holesthroughimagesof theshapeoutline.Thistechnique
is muchfasterthanusingtheBooleansubtraction,however it needsto beperformedona full size
imageof theoutlineshape.This wasvery memoryintensive, andon large boardsincreasedthe
maximummemoryusageof theviewer tool from 100Mbto over 4Gb- unfeasiblylarge,evenfor
aworkstation.

Rewrite BooleanSubtraction - Java2D Shapeobjectsarede�ned by a pathIterator, which describes
how to draw the shape.By comparingthe pathIteratorsof two shapes,it is possibleto write a
routineto createa modi�ed pathIteratordescribingthesubtractionbetweenthetwo shapes.This
would performthe samefunction asthe Java2D BooleanSubtractmethod,but would be much
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moreef�cient. Theproblemwith this methodis that it would be very dif�cult to write andwas
not feasiblein thetimeperiodallowedfor theproject.

In theend,I useda compromiseof rewriting a mucheasierBooleanAddition method,ratherthanthe
complex BooleanSubtractionmethod. This Addition methodcanbe usedto addall of the voids into
oneshape,which canthenbe subtractedfrom the outline in onego, reducingthe numberof subtrac-
tion methodcalls from thousandsdown to one,substantiallyincreasingthespeedof the viewer tool's
initializationstage.

3.1.2 Splitting the PCB into Layers

A PCBis madeup of a numberof layers,eachof which containsdifferentmetaletchpatterns.If all of
thePCBelementswerejust drawn straightto thescreen,theetchon eachlayerwould overlap,making
theview of thePCBunintelligible.

To preventthis from happening,I wrotetheviewer tool sothatit draws eachlayerin a differentcolour.
At initialisationeachlayer is associatedwith a colour. WhenthePCBis beingdrawn, thewholelist of
elementsis traverseda numberof times,oncefor eachlayer. Thecolourof thestroke usedto draw the
elementsis setto thatof theassociatedlayerandonly elementsuponthatlayeraredrawn.

This approachat �rst seemswasteful,sincethe whole list of elementsneedsto be traversedoncefor
eachlayer. A betterapproachwouldseemto beto traversethelist once,settingthestroke colourto that
of thelayerthecurrentelementis upon.Theproblemwith this, however, is thatdifferentlayerswould
not be drawn in the correctorder. The elementsarenot listed by the orderof the layersthat they are
containedon,andso,becauseJava2Donly drawsontopof whathasalreadybeendrawn, someelement,
from layer1 for example,would be drawn above thosefrom layer2, while otherswould appearto be
drawn below thosefrom layer 2. The only option wasto draw eachlayer separately, on top of those
drawn beforeit.

Extrabuttonswereaddedto theviewer tool, which allow eachlayer to bevisible or hidden.A button
wasalsoaddedfor eachlayerwhich shows thecurrentcolourof the layerandallows thatcolour to be
changed.

3.1.3 Transforming Coordinateson to ScreenSpace

Thecoordinatesusedin PCB-XML to lay out theelementson theboardaresubstantiallydifferentfrom
thoseusedby Java2Dto draw on to thescreen.Firstly, theboardsareusuallymeasuredin thousandths
of inches,soa 10 inchessquareboardwould produceanimageof 10,000x 10,000pixels if theimage
wasnot scaled.Secondly, thecoordinatesof theboardstartfrom (0, 0) in thebottomleft corner. The
coordinatesin Java2D,however, (like mostcomputerscreencoordinatesystems)have the initial point
in thetop left corner. This meansthatthePCBneedsto be�ipped verticallybeforebeingdrawn.

Oneway to draw the PCB correctlyis to transformthe coordinatesof all of the elements,so that the
Shapeshave the correctcoordinatesto be drawn. The problemwith this approachis that the Shape
elementsnow have differentcoordinatesto their correspondingPCBelements.This would necessitate
complex calculationsto transformcoordinateseachtime a changeis madeto thePCB,or clipping cal-
culationsareperformed(seeSection3.2).

Insteadof transformingtheshapes,Java2Dmakesit possibletoperformtransformationsontheGraphic2D
object,on to which theshapesaredrawn. This meansthat theShapescanusethesamecoordinatesas
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the PCB elements,andthe Graphic2Dobject takescareof transformingtheseshapesinto the screen
space.

3.1.4 Panning and Zooming the PCB

A normalPCBcontainsfar toomuchdetailto beshown on onescreen.A userneedstheopportunityto
zoominto anareaof interestif theviewer tool is to beof any practicaluse.For this, bothpanningand
zoomingof thePCBpanelis needed.

Sincethe PCB is beingdrawn to a Swing component,we canmake useof Swing to provide panning
of thePCBPanel. Swingprovidesa ScrollPanecomponent,which allows largegraphicalcomponents
to be placedinsidea smallerpanel,which shows a small sectionof the larger component,calledthe
Viewport. Scroll barscanthenbeusedto move theViewport aroundthe largercomponent.Figure3.5
shows how a largePCBpanelcanbedisplayedusingtheScrollPane.

Full Graphical Figure

Viewport

Viewable ScrollPane

Figure3.5: Thisshows how ascrollpaneallows partof a largegraphical�gure to beshown on screen

To provide zoomingcapability I createda ZoomPaneobject. This objectactsin a similar way to a
ScrollPane.Components(suchasthePCBPanel)canbeaddedto theZoomPane,which thenscalesthe
graphicsof thecomponentsusingtransforms,in a similar way to thetransformationsperformedon the
PCBto scaleit on to thescreenspace.TheZoomPanealsorecalculatesthesizeof thezoomedcompo-
nents,sothattheScrollPanecanpanacrossthezoomedcomponentcorrectly.

As thePCBPanelis zoomedin or out, thecentreof theviewport will appearsto move in relationto the
drawing of thePCB.This is a sideeffect of the increaseor decreasein sizeof thePCB.Figure3.6(a)
and�gure 3.6(b)shows this effect occurring. This apparentmovementwasdisconcertingto the user,
andso neededto be dealtwith. The centrepoint of the Viewport canbe modi�ed so that it is scaled
by thezoomingtransformationin thesameway asthePCBPanel.This canbeseenin �gure 3.7. This
eliminatestheapparentmovementasthePCBPanelis zoomedin andout.
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Figure3.6: Diagramsdisplayingagraphicbeingzoomed
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Figure3.7: This shows how this apparentmovementis correctedby moving thecentreof theviewport
to compensate

As well asproviding zoomingin andout of thePCB,by a userde�nable multiplication,I alsocreated
a “Zoom Fit” button,which zoomsthePCBPanelso that it �lls thewholeof thevisible area.This is
doneby calculatingtherequiredzoomfactor, which is theratio betweentheviewableareasizeandthe
PCBsize. Thecentrepoint of thePCBis alsocalculated,andtheViewport movedhere,thusshowing
thewholePCBin theviewablearea.

3.1.5 IncreasingEf�ciency usingBuffering

Thisdrawing routinecanbequiteslow, becausethethousandsof shapesneedto bedrawn to theGraph-
ics2Dobject.Evenwith theseshapesbeingcalculatedandcreatedin theinitialisationstage,beforethe
PCBis drawn, theactualdrawing of all theshapestakesbetween1 to 5 seconds.This is bearablewhen
thePCBis beingdrawn for the�rst time;however, eachtime theviewer tool is coveredby anotherpro-
gramor is minimisedandthenbecomesvisibleagain,thewholePCBneedsto beredrawn, eventhough
theimageis thesameasbefore.

Thesolutionto thisproblemwasto draw thePCBto abufferedimage,ratherthandirectly to thescreen.
Whenthescreenneedsto beredrawn, thebufferedimagecanbedrawn to screenif the imagehasnot
beenchanged,which is much quicker (almostinstantaneous)than redrawing the whole board. This
meansthat any changesmadeto the boardor viewport needto be kept track of, so that the tool can
decidewhetherit shoulddraw thebufferedimage,or redraw thePCBandreplacethebuffer.

Insteadof drawing all of thelayersto onebufferedimage,I decidedto split it up sothateachlayerwas
drawn to a separatebufferedimage.This meansthatthePCBdoesn't have to beredrawn eachtime the
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visibility of thelayersis changed,or they arereordered.While this takesmorememoryto storetheextra
bufferedimages,thememoryusedis insigni�cant comparedto thatneededto storetheboarddescription
andit providesamuchmoreresponsive tool to theuser.

3.2 Clipping

Clipping is a processwhich testswhetheranobjectis containedwithin a certain(usuallyrectangular)
area.This testcanbeusedon objectsthatareto bedrawn to thescreen.If they arewithin theViewport
thenthey shouldbedrawn, otherwisethey don't needto be.Thiscansubstantiallyincreasethespeedof
thedrawing, especiallywhentheview is zoomedin, closeto theboard.

For this to beaneffective methodof drawing, theclipping algorithmsneedto bevery muchfasterthan
the methodsusedto draw the objects,otherwiseratherthanspeedingup the tool it will slow it down
further. They alsoneedto beaccurate,otherwiseobjectsmaydisappearfrom view whenthey shouldbe
visible,or bedrawn unnecessarily.

Built in methodsareincorporatedin Java2DShapes,whichcheckwhethertheShapeis containedwithin
a rectangularareaandso could be usedasclipping tests. Java2D Shapeshave alreadybeencreated
for eachPCBelementso they canbedrawn (Section3.1.1)andso theuseof thesemethodswould be
relatively easy. Theseinbuilt methods,however, do not satisfy the above criteria, they areextremely
slow andareinaccuratewhenperformingthetestoncircles,wherethetestis performeduponthesquare
boundssurroundingthecircle ratherthanthecircle itself.

It wasnecessaryto createmy own clipping algorithms,which would work uponany of the elements
occurringin aPCB.Theseelementscanagainbesplit up into categories:

� StraightLine Segments

� Arcs

� Polygons

� Circles

A circle is thesameasaPolygonmadefrom one360� Arc, however it wascalculatedseparatelybecause
circlesareverycommonandthetestcanbemademuchmoreef�cient thanthatof ageneralPolygon.

Theclippingalgorithmsusedfor theseelementsaredescribedbelow:

3.2.1 Straight Line Segments

To calculatewhetherany portion of a straightline segmentoccurswithin a rectangulararea,I useda
modi�ed versionof an algorithmdevelopedby Dan CohenandIvan Sutherland(asreportedin [11]).
This algorithmis designedto very rapidly detectlines thatarewholly within thevisible areaandeven
morerapidly rejectlinesthatareclearlyoutwith thearea.

The Algorithm works by extendingthe edgesof the clipping areato in�nity , thussplitting the whole
PCB into nine regions,asshown in �gure 3.8(a). The regionscontaina numberof tagsshown in the
diagram(e.g. “Top” and“Bottom”). The region of eachendpointis calculatedandthey aregiven the
tagswithin thoseregions.Clearly, if eitherendpointcontainsno tags,thenit is within theclip areaand

27



���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

���������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

�������������������

 Clip Box

TopTop
Left

Left

Bottom
Left

Bottom Bottom
Right

Right

Right
Top

(a) Thisdiagramshows theregionsinto which the
PCBis split to performtheclipping
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(b) This diagramshows a line which can easily
be found to be outsidethe clip box becauseboth
pointshave ªTopºtags
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(c) This diagramshows two lines being subdi-
videdto ®nd if they lie in theclip box

Figure3.8: Diagramsdisplayingthealgorithmsusedin line segmentclipping

the line shouldbe drawn. Somethingthat is not so obvious is the fact that if both endpointscontain
the sametag, (e.g. onecontains“Top” and“Left” while the othercontains“Top” and“Right” as in
�gure 3.8(b))thenthe line lies alongonesideof theclip box andcannotpassthroughthebox, socan
beimmediatelyrejected.Thesetwo testscanbeperformedvery quickly which meansthatlinesclearly
within or outwith theboxcanbeacceptedor rejectedalmostimmediately.

If neitherof thesetestsis successfulthenthe line needsto be subdivided. The line is subdivided by
splitting the line at its intersectionwith oneof theedgesusedto de�ne the regions(see�gure 3.8(c)).
The line betweentheoriginal endpointandthesubdivide point is thrown away andtheabove testsare
performedon theline betweenthesubdivide point andtheotherendpoint.This is repeateduntil oneof
the testsacceptor rejectthe line. Eventuallythesubdivided line will eitherhave a point lying within
theclip box,or will lie alongthesideof oneof theboxes. In �gure 3.8(c)Line 1 will besubdividedat
point `a', andthentheline from point `a' to theendpoint is checked. It will thenbefurthersubdivided
at point `b'. Whenthe line from point `b' to the endpoint is checked, it will be found that point `b'
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lies insidethebox, andtherefore,somustpartof the line andsothe line shoulddrawn. Line 2 will be
subdividedatpoint `x', andoncethis is done,it will befoundthatbothpoint `x' andtheendpoint lie to
theleft of theclip boxandsotheline cannotpassthroughtheclip box andshouldnotbedrawn.

Thisalgorithmis relatively easyto implement,with theonly dif�culty beingcalculatingtheintersection
point betweentheedgesandthe line. The following formulawill calculatethe intersectionbetweena
line with endpoints(x1, y1), (x2, y2) andtheleft handedgeat x = lef tC l ipX :

y = y1 + (y2 � y1) �
lef tC l ipX � x1

x2 � x1
(3.8)

x = lef tC l ipX (3.9)

Similarequationsexist for theintersectionpointswith thetop,bottomandright edges.

This algorithmwasusedfor PCB Line Segments,however therewasa problem. PCBLine Segments
have a width, andthisalgorithmassumesthatthelinesareof in�nitely thin width. If thewidth of a line
madean edgecrossinto the clip box, but the centreline did not crossinto the clip box, thenthe line
would be incorrectlyrejected.To correctfor this, I usedthealgorithmto calculatetheclipping of the
four edgesof theline ratherthanthecentreline (see�gure 3.9(a)).

To calculatetheclipping of theedgelines,it is �rst necessaryto �nd thefour cornerpointsof the line.
The angleof the line is calculated(� in �gure 3.9(b)) in relationto the x-axis. Sincethe edgepoints
are90� outwardsfrom theline, thentheedgepointsarelocatedhalf a width distancealongthelinesat
angles� + 90� and� � 90� . This informationcanbeusedto calculatetheedgepointsusinggeometry
asbelow:

x3 = x1 +
�

width
2

� cos(� + 90� )
�

(3.10)

y3 = y1 +
�

width
2

� sin(� + 90� )
�

(3.11)

x4 = x1 +
�

width
2

� cos(� � 90� )
�

(3.12)

y4 = y1 +
�

width
2

� sin(� � 90� )
�

(3.13)

x5 = x2 +
�

width
2

� cos(� + 90� )
�

(3.14)

y5 = y2 +
�

width
2

� sin(� + 90� )
�

(3.15)
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Figure3.9: ClippingaLine whichhasawidth
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x6 = x2 +
�

width
2

� cos(� � 90� )
�

(3.16)

y6 = y2 +
�

width
2

� sin(� � 90� )
�

(3.17)

Oncetheedgepointsarecalculated,theclippingalgorithmis usedon thelinesbetweenpoints[(x 3, y3)
to (x4, y4)], [(x4, y4) to (x5, y5)], [(x5, y5) to (x6, y6)] and[(x6, y6) to (x3, y3)]. If any of theselinesis
within, or passthroughtheclippingbox thentheLine Segmentshouldbedrawn.

Thereis one�nal occurrencethatthisclippingalgorithmdoesnottakeinto account- if theLine Segment
completelysurroundstheclippingbox,asin �gure 3.10(a),thennoedgelineswill passthroughtheclip
box andsotheline will beincorrectlyrejected.To handlethis,anencirclementalgorithmalsoneedsto
becreated,whichcalculatesif theclip box is completelyencircledby theLine Segment.

Thealgorithmusedby theviewer tool to calculateif theclip box is encircledby a line segmentworks
in thefollowing way. A line is takenfrom thecentrepointof theclip box upwardsto in�nity . This line
is thencheckedagainsttheedgelinesof theLine Segmentbeingtestedto seehow oftenthey intersect.
If the line intersectswith the edgelines exactly once,thenthe line musthave startedwithin the Line
Segment.This meansthat,if theclip box doesnot intersectwith theedgelines,thentheLine Segment
mustencircletheclip box(asshown in �gure 3.10(b)).If theline intersectswith theedgelinesany other
numberof times,thentheLine Segmentdoesnotencircletheclip box(see�gures 3.10(c)and3.10(d)).

The intersectiontestis performedon eachedgeline by checkingif theedgeline intersectswith a line
from y = �1 to y = 1 throughthecentrepoint of theclip box. If theedgeline doesintersectthis
line, thenthey pointof theintersectionis foundusingequation3.18.If thisy point is greaterthanthey
point at thecentreof theclip box, thentheedgeline intersectswith the line from thecentreof theclip
box. This testis performedon eachedgeline to �nd the numberof intersectionsof this line with the
Line Segment.

inter secty = minY + (maxY � minY ) �
clipCentr eX � minX

maxX � minX
(3.18)

Whereedgeline goesfrom (minX ; minY ) to (maxX ; maxY ) andthe in�nite vertical line hasan x
valueof clipCentr eX .

Thesetwo teststogetherwill provide a checkasto whetherany partof theLine Segmentis contained
within theclip box.

3.2.2 Ar cs

To calculatewhetheranarc is locatedwithin a clipping box, I neededto developmy own clipping al-
gorithm,becausethestandardalgorithmsusedby graphicsapplicationsfor curve clipping wereneither
fastnoraccurateenough.Standardalgorithmswork by approximatingthecurve asanumberof straight
lines,andperformingclipping algorithmson thesestraightlines. This is usuallynecessarybecauseof
thecomplex calculationsneededto �nd thepointsonagenericcurve,however I couldreducetheequa-
tion's complexity dueto thefactthatarcsratherthangenericcurvesarebeingused.

I developedanalgorithmwhich worksby �rst calculatingany intersectionpointsbetweentheclip box
andthe circle of which the arc is part. The angleat which thesepointsoccur is thencalculatedand
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2 Intersection Points

(c) ThisshowstheClip Box is notencircledby the
Line Segment,becausetherearetwo intersections
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No Intersection Points

(d) ThisshowstheClip Box is notencircledby the
Line Segment,becausethereareno intersections

Figure3.10: Diagramsdisplayingthe algorithmwhich decidesif the Clip Box is encircledby a Line
Segment
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checked againsttheminimum andmaximumanglesof thearc. If the intersectionpointsoccurwithin
theminimumandmaximumangles,thentheclip box intersectswith thearc. If theendpointsof thearc
arewithin theclip box,or thearccutstheclip box,thensomepartof thearcis containedwithin theclip
box.

To calculatetheintersectionpointsof thecircleagainsttheclip box,I usedthefollowing technique.I did
notcalculatetheintersectionsbetweenarectangleandacircle,astheequationsfor thisarecomplicated.
Instead,theviewer tool calculatesthe intersectionsbetweenthecircle andthe in�nite lineswhich can
beusedto make up thebox. Theseintersectionspointsarethenchecked to make surethey areon the
clip box's outlines.Theintersectionpointscanbefoundby solvingtheequationof acircle:

(y � Yc)2 + (x � X c)2 = r 2 (3.19)

Wherethecircle is centredon (X c; Yc) andhasa radiusof r .

Theequationsof the in�nite linesusedto make up thebox aresimple. If, for example,we aredealing
with oneof the horizontallines, then the equationsusedfor the line will be y = K , whereK is a
constant.To �nd the intersectionpointsof thecircle againstthis horizontalline, y = K is substituted
into theequationof thecircle:

(K � Yc)2 + (x � X c)2 = r 2 (3.20)

Whichcanberearrangedinto:

x2 + (� 2X c)x + (X 2
c + Y 2

c + K 2 � 2K Yc � r 2) = 0 (3.21)

If thenwemake:

a = 1 (3.22)

b = � 2X c (3.23)

c = X 2
c + Y 2

c + K 2 � 2K Yc � r 2 (3.24)

Thentheequationbecomes:

ax2 + bx + c = 0 (3.25)

Which is a simplequadraticequation,from which therootscanbefoundusingthefollowing formula.

x =
� b�

p
b2 � 4ac

2a
(3.26)

If thisgivesacomplex number, thentherearenointersectionpoints,otherwisethiswill givethex values
of theintersectionpointbetweenthecircleandthein�nite horizontalline (they valueis equalto K ). A
similar argumentcanbe followed to �nd the intersectionpointsof thecircle againstthevertical lines,
but �nding they valuesinsteadof thex values.

Oncethesepointshave beencheckedto make surethey areon theclip box line, theiranglein thecircle
needsto becheckedagainsttheminimumandmaximumanglesof thearc.Theangleof theintersection
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point is calculatedby convertingtheCartesiancoordinates(x inter sect � xc; yinter sect � yc) to polarco-
ordinates,wherethearcis centredon(xc; yc).

Checkingwhetherthe intersectionangleis betweenthe min andmax anglesis not just assimpleas
checkingwhetherminAng le < = inter sectionAngle < = maxAng le. This is becausetheminimum
anglecanactuallybe greaterthanthe maximumangle,for examplea clockwisearc going from 310�

to 15� . This meansa check�rst needsto be madeto �nd the anglewith the largestvalue,beforethe
appropriatecheckis madeagainsttheintersectionangle.

Overall, this algorithmis very fastandef�cient because,althoughtherearea numberof calculationsto
perform,mostaresimplecomparisons,andthemostcomplex calculationis asimplequadraticequation.

This algorithm�nds the clipping of an in�nitely small line, but onceagain,ArcSegmentsarenot in-
�nitely thin, they have a givenwidth. To �nd theclipping of theseArcSegments,thelineswhich make
up theoutlineof this ArcSegmentarefound,andtheclipping performedon theminsteadof thecentre
line. Theinnerandouterarcsof thisoutlinearefoundby increasingor decreasingtheradiusby width/2,
andpushingthestartandendpointof thearcin or outusingthefollowing equations:

x = xc + ((r adius + (width=2)) � sin(minAng le)) (3.27)

y = yc + ((r adius + (width=2)) � cos(minAng le)) (3.28)

Thiswill pushout thestartpoint. Similarequationsoccurfor theotherpoints.

Straightline clipping (Section3.2.1)is usedto performtheclipping alongthebuttsat eitherendof the
arc.

Like theLine Segmentclipping algorithm,this Arc Segmentclippingalgorithmalsoneedsto dealwith
theclip boxbeingencircledby theoutlineof theArc. Thisencirclementproblemcanbedealtwith in the
sameway asit wasfor theLine Segment,drawing a line from thecentreof theclip box, andcounting
the numberof intersectionsbetweenthis line andthe arc outline. Intersectionfunctionshave already
beenbuilt for both the straightline butts (Section3.2.1)andthe Arcs andso thesearereusedfor the
encirclementfunction.

3.2.3 Polygons

A PCB-XML Polygon's outline is madeup of straight-linesegmentsandarcs.Any pointsof intersec-
tion betweenthe clip box andthe polygoncanbe found by usingthe clipping algorithms,previously
described,for eachof theindividual Line Segmentsor Arc Segmentsmakingup thePolygon's outline.

As well as�nding any intersectionsbetweentheoutlineandtheclip box,acheckneedsto beperformed
to �nd if thePolygonencirclestheclip box. This is againperformedin asimilarwayto theencirclement
algorithmsusedby the Line Segmentsandthe Arc Segments.A line is drawn from the centreof the
clip box, upwardsto in�nity . The numberof intersectionsagainstthis line andthe Polygon's outline
canbeusedto discover if theclip box is insideor outsidethePolygon.If thenumberof intersectionsis
oddthenthecentreof theclip box is insidethePolygon,otherwiseit is not. This checkworkswith any
shapeof Polygon,evenconvex Polygonsasshown in �gure 3.11.
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4 Intersection Points

Polygon

Clip Box

(a) An even numberof intersectionsshows that
theClip Box is outsidethepolygon
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Polygon

3 Intersection Points

Clip Box

(b) An oddnumberof intersectionsshows thatthe
Clip Box is insidethepolygon

Figure3.11:DiagramsdisplayingthePolygonEncirclementAlgorithm clipping

PinandVia PadelementsaredescribedusingasinglePolygon,sotheirclippingcanbesolvedusingthe
above algorithm. Shapeelements,however, aredescribedusingmorethanonePolygon.OnePolygon
describestheoutlineof theShapeandanumberof otherPolygonsdescribevoids,or holesin theShape.
To �nd the clipping of a Shapeelement,thesevoids needto be taken into account. If the clip box is
totally encircledby theoutlineof avoid, then,eventhoughtheclip box is within theShapesoutline,no
partof theShapewill bevisiblewithin theclip box. Theclippingalgorithmof aShapeelementcanthen
bedescribedas:

shapeClipped = outl ineC l ipped& !([voidEncir cles] 8 voids) (3.29)

3.2.4 Cir cles

A circlesclipping couldbe foundusingthealgorithmfor Polygons.However, circlesaresocommon
that I decidedto write an algorithmspeci�cally for them. This algorithmcanbe muchmoreef�cient
becauseit is speci�cally written for acircle.

Thealgorithmdevelopedis very simple. It checkswhetherthecentrepoint of thecircle lies within the
clip boxor if its distancefrom any edgeof theclip box is lessthanthecircle's radius.

3.3 QuadTree

QuadTreesareusedby theauto-balancingtool to �nd emptyspaceavailableonthePCB(seeSection4.2
for afull explanationof QuadTrees).For now, QuadTreescanbethoughtof asaseriesof squares,which
canberecursively subdivided into a largenumberof smallersquares.Eachof theseQuadTreesquares
canhave differentproperties,e.g.somecouldbeempty, some�lled andsomeunchecked.
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3.3.1 Drawing QuadTrees

As QuadTreesareusedin theauto-balancingtool, it would beadvantageousif they couldbedrawn on
theviewer's representationof thePCB.As QuadTreesaresimply madeup of a seriesof squares,they
canbe drawn quite easily to the screenusingJava2D's Rectangle2Dshapeprimitive. The QuadTree
squaresarealsodrawn in sucha way asto show the propertiesof the squares.For example,a �lled
QuadTreesquareis drawn asawhitesquare,�lled with a redsemi-opaquecolouredsquare.

Theproblemwith thisapproachturnedoutto bethesheernumberof squaresthatcouldbein aQuadTree
over thewholePCB.Thesquaresaresubdividedby quarteringtheminto four smallersquares.If a sin-
gle squareis subdivided in sucha way, only 10 times, then the numberof squaresproducedwill be
410 = 1048576, which is a hugenumberof squaresto be drawn. This wasfound to slow the viewer
tool's repaintratetremendously, with the averagerepainttime falling from about5 secondsto over 5
minutes.This would have madetheviewer tool totally unusable,sosomemethodof reducingthenum-
berof squareswhichwouldneedto bedrawn atonetimehadto befound.

The �rst methodusedto reducethenumberof squaresdrawn wasclipping, in thesameway thatPCB
elementsareclippedwhenthey cannotbeseen.Thismeantthatastheview waszoomedin, squaresthat
areno longervisiblewouldnotbedrawn. Thisdoesnotsolve theproblemcompletelyhowever, asif the
wholePCBis visible, thenall of thesquaresstill have to bedrawn.

Whentheview of thePCBiszoomedout,thesquaresthatarebeingdrawn are,in fact,muchsmallerthan
a singlepixel, andsothey cannotbedrawn effectively anyway. Thehierarchalnatureof theQuadTree
structureallows for a granularlevel of detail to be usedwhendrawing thesquares.The draw method
goesdown throughthevariouslevelsof theQuadTree,anddrawsthesmallestlevel of QuadTreesquares
thatcanbedrawn. This granularlevel of resolutionis shown in �gure 3.12. As theview is zoomedin,
moredetail is shown (increasingthenumberof squaresdrawn), but lessof thesquaresaredrawn dueto
clipping,balancingout thenumbersquaresneedingto bedrawn. This methodsubstantiallyreducesthe
timeneededto draw theQuadSquaresanddoesnotnoticeabledegradethequalityof thedisplay.

3.4 Multi-Thr eadedDrawing

Initially the PCB drawing methodswere called straightfrom the PCBPanel's drawComponent()
method. This techniqueworked well andproduceda graphicalview of the PCB, however therewas
onemajorproblemwith it. ThedrawComponent() methoddoesnot getcalledby any of thecode
which I have written, it is calledby theJava Virtual Machinewhenit decidesthatthePanelneedsto be
repainted.This meansthat thedrawing codeis not run in theviewer tool's main thread,but insteadin
the Java Swing Event Dispacherthread.This EventDispatchingthreaddealswith asynchronoususer
eventssuchasbuttonpresses,list changeeventsandrepaintingof swingcomponents.While theEvent
Dispacherthreadis drawing the PCB Panel,it cannotperformany of its otherfunctions. This means
that,duringthis time,buttonscannotbepressedandno partsof theviewer tool will berepainted.This
makesit appearto theuserasif theviewer tool hasfrozenfor the5 or sosecondsit takesto draw the
PCB.To stopthis from happeningit wasnecessaryto remove thedrawing of thePCBfrom theEvent
Dispatchthread.
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Subdivide Level 2

Pixel Size

Drawn Squares

Subdivide Level 3

Subdivide Level 1

Initial Square

Figure3.12: This Diagramshows how theheirarchyof a QuadTreeallows lesssquaresto bedrawn if
they aretoosmallto beseen

3.4.1 Removing the Drawing fr om Event Dispacher

The�rst techniqueI usedto remove thedrawing codefrom theEventDispatcherinvolved spawning a
new threadtodealwith thedrawing of thePCB.TheGraphics2Dobject,usedby thedrawComponent( )
methodto draw on to the PCB Panel,waspassedto this thread. The drawComponent() method
would thenbeableto returnandtheEventDispatcherthreadwould beableto performits otherfunc-
tionsasthePCBis beingdrawn.

This techniqueunfortunatelydid not work properly. ThedrawComponent( ) methoddid returnand
theviewer tool becameimmediatelyresponsive again,however nothingwasdrawn to thePCB Panel.
The problemseemedto be that the Graphics2Dobject,beingdrawn to, becomesunusableassoonas
thedrawComponent() methodreturns.SincethedrawComponent() methodneedsto returnto
allow theEventDispacherthreadto continueperformingwork, thePCBPanelcannotbedrawn to di-
rectlyusinganotherthread.

Insteadof drawing straightto the PCB Panel, it is possibleto draw to an Imageobject. This Image
canthenbedrawn to thePCBPanelat a latertime. ThedrawComponent() methodchecksto seeif
anImageBuffer haspreviously beencreated,or if theview of thePCBhasbeenchangedsincethelast
ImageBuffer wasdrawn. If noImageBuffer is availablethenthePCBPanelspawnsanew Threadwhich
createsa new ImageBuffer andstartsto draw the PCB to it. The drawComponent( ) methodnow
returns,allowing theEventDispatcherthreadto dealwith othereventsasthePCBis beingdrawn. Once
thenewly createdthreadhas�nished drawing the PCB to the ImageBuffer, thenit calls repaint()
on thePCB Panel. This causesthe EventDispatcherthreadto call the drawComponent() method
on thePCBPanel,which this time seesthattheImageBuffer is up-to-dateanddraws it to thescreen.A
timing �o w diagramof thisprocessis shown in �gure 3.13.
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ThreadDispatcher
Event PCB Drawing

Figure3.13:A timing �o w diagramshowing how thedrawing is removedfrom theEventDispacher

As explainedin section3.1.5,eachlayer wasgiven its own ImageBuffer to increaseresponsiveness.
This meansthata threadwascreatedto draw eachlayeron to its own ImageBuffer. Thecheckfor an
up-to-dateImageBuffer is thenmadefor eachlayer, ratherthanthewholePCB.

3.4.2 ThreadCommunication

Whenthesedrawing threadsarestarted,they cannotalwaysbeallowedto runto completion.If theview
of thePCBis changedwhile thepreviousview is still beingdrawn, thennew threadswill bestartedto
draw thenew view. Theold threadsarenow drawing anout-of-dateview of thePCB,andunlessthey are
stopped,they will wasteresources.With thedeprecationof thestop() methodin Java Threads,there
no longerremainsany asynchronousmeansof stoppinga Threadfrom runningto completion.Instead,
thedrawing threadsneedto make a periodiccheckagainsta variable,which canbe changedby other
threadsto indicatethatthethreadshouldstop.If thevariableindicatesthatthethreadshouldstop,then
thethreadsimply returnsfrom its runmethod,�nishing thethread.Thecheckscanbemadeevery time
aPCBelementisdrawn,aslongasthetestisquitelightweightsoasnottoslow thedrawing of thethread.

Sincethesechecksarebeingmadeafter every PCB elementis drawn, the drawing threadcould call
repaint() on thePCBpanel. This would paint thepartially completePCBImageBuffer, sogiving
theusera representationof thePCBasit is beingbuilt up. However, if theImageBuffer is drawn to the
screenevery time a PCB elementis addedto it, thenthe viewer tool would slow to a crawl. Instead,
I decidedto usethe repaint(long time) method,which would allow me to set the PCB Panel
to only repaintaftera certainamountof time (for example,repaintevery 1 second).This methodtook
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quitea long time to returnthoughandslowedthedrawing of thePCBconsiderably, evenif therepaint
periodwasvery large. I createda lightweightmethod,repaintsoon() , which checked thecurrent
timeagainsta time setto givea repaintperiodof 1 second.
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Chapter 4

Finding FreeSpace

To automaticallybalancewiresonabus,thetool needsto addserpentineto wiresto extendtheir length.
Thisaddedserpentinetakesup acertainamountof area,sooneof the�rst thingsthetool needsto do is
�nd enoughfreespaceon thePCBfor thearearequiredby theserpentine.

4.1 The Ar eaRequired by Serpentine

Thearearequiredto balanceabuscanbeapproximatlycalculatedusingmathmaticaltechniques.Some
of themathsin this sectioncomesfrom a privatepaperfrom Dr PeterDickman[5]. A buscanbemod-
elledasa collectionof N parallelwires,of width W , eachseparatedby a distances of non-conducting
dielectricmaterial.Thewholebusalsoneedsto beseparatedfrom otherwiresandcomponents,so the
endwireshave adistancet (whichusuallyequalss) of dielectricbetweenthemandany otherelements.
A simplestraight-line8-wire busof lengthL is shown in �gure 4.1. Theareaoccupiedby this simple
busis givenby solvingtheequationL � (N w + (N � 1)s + 2t).

Thewiresof abusareusually“f anned-out”from thechipconnectorsateitherendinto arow of horizon-
tal or verticalpoints.For thepuposesof thisdiscussionwewill assumethatthebushasbeenfanned-out
andthatthewiresbegin andterminatetogetherin a row of horizontalor verticalpoints.

4.1.1 Turns in Wir e

Therearethreemainmethodsusedby PCBdesignersto changethedirectionof awire track:

w s w s w s w s w s w s w st w
t
t

L

N

Figure4.1: Basicmodelof abusasparallelwires
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90� tur ns - In this method,wirescanonly �o w vertically or horizontally. Wiresareturned90� in the
requireddirection, thuscreatingsquarecornersat the turns. For many yearsthis wasthe only
methodusedto turn wires in a PCBdesign.It is simpleto implementanddesignfor. It alsoal-
lowsfor many designsimpli�cations,suchasalmostcompletelyhorizontalandalmostcompletely
verticallayers,simplifying thedesignprocessandallowing themaximumareaof thelayersto be
usedwith theminimumdesigneffort.

Theproblemwith thismethodof turningis thesquarecornersit creates.Electrons�o wing through
thewireswill have to travel differentdistancesdependinguponwherethey arein thewire. Elec-
tronsalongthe insideedgeof a squarecornerhave a muchshorterdistanceto travel roundthe
cornerthanelectronsat the outsideedge. In fact they travel a distanceof 2W lessthan those
travelling roundtheoutside(see�gure 4.2). This causesa skew in thesignalreceivedcompared
with thesignalsent,with thesignalarriving spreadoutover time(see�gure 4.3).Thisskew effect
is not noticeableat low speeds,but asthe switchingfrequency of digital circuits increases,the
skew hasmoreof aneffect. This effect cancausefastpartsof thecurrentsignalto catchup with
theslow partsof theprevioussignal,disruptingbothsignals.
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Figure4.2: Thisshows thedifferencebetweentheinsideandoutsidelengthsof awire

45� tur ns - In an effort to reducethis skew effect on high speedsignals,many boardsnowadaysuse
45� turnsin PCBs.Theeffectof these45� turnsis to reducethedifferencein distancebetweenthe
insideandoutsideedgesof thewire. Thedesignof aboardusingthis techniqueis notmuchmore
dif�cult thanusing90� turns. In general,thedesignerwill usetwo 45� turnsto make a complete
90� turn, ratherthan travelling diagonallyfor somedistance. The extra turns usedmeanthat
this techniqueusesslightly moreareathanthe90� turn method,however this canbe somewhat
balancedby thefactthatmorefreegapscanbefoundusingdiagonalwires.Many boardsuse45�

turnsfor all wiresin motherboardsnowadays,evenonwireswhosesignalswill notbeaffectedby
theskew, becausethe lessacuteangleshelpreduceerrorscausedon thePCBby trappedcopper
etchduringthemanufacturingprocess.

Curved tur ns - Somesignalsareof sucha high frequency thateven 45� turnscancauseskew prob-
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Figure4.3: Thisshows theresultingskew from a 90� turn in awire

lems. Curved wires have the leastskew possibleandso canbe usedfor thesevery fastsignals.
Designinga PCB usingcurved wires is extremelydif�cult though. It is dif�cult to keepbusses
parallel,anda lot of spacecanbeloston theboard.Becauseof thesedif�culties, curvedturnsare
usedveryseldomandonly for extremelyhighly constrainedsignalwires,suchasGigabitEthernet
signals.

Althoughthevastmajority of PCBdesignsuse45� turnsnowadays,thecalculationsinvolved in calcu-
latingareaandfreespacefor thesedesignsarehighly complex. In factmostauto-routingprogramswill
routeaPCBusing90� turns,thenchampertheresultingwiresto give45� turns.I shallthereforeassume
that90� turnsareusedfor therestof thisdiscussion.

4.1.2 Turning Busses

As thewireson a bus turn, if theorientationof thestartandendpointsis different,thentherewill be
a disparitybetweenthe lengthsof the innermostandoutermostwires. Consider, for example,thebus
shown in �gure 4.4. Thisshows asimplebusof four wireswhich turn throughthreeright angledturns.

Theinnermostwire (W 1) hasanoverall lengthof L1 + L2 + L3 + L4 + 2c asshown in thediagram.
To keepthebuswiresparallel,it is necessaryto extendthewires,which arefurtherout,by theamount
shown by theunmarkedarrows. It canbeseenthatthesecondinnermostwire (W 2) is extendedin two
places,thelengthof eachis w + s, sotheline is extendedby 2(w + s). Eachline furtherout is extended
by anadditional2(w + s).

It canbenotedfrom thisexamplethatthenumberof internalturnsbackwardsandforwardsdonotaffect
thedifferencein lengthbetweenthewiresof thebus. Theonly turnswhich producedifferencesin the
lengthsof thewiresarethosethatproducea changein orientationin thestartandendpointsof thebus.
For eachright angledifferencebetweenthestartandendpointsof a bus, therewill be a differencein
lengthof 2(w + s)( i � 1) betweentheinnermostandoutermostwire in abusof i wires.

For example, given a 36-wire bus, which is reorientedthrough 180� (i.e. the bus forms an over-
all U shape),then the differencebetweenthe length of the inner and outer wires of a bus will be
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Figure4.4: A simplebuswith threesquareturns

35 � 2 � (w + s) � 2. Typical valuesfor w ands arew = 0:125mm ands = 0:5mm. This gives
anoveralldiscrepancy of 87.5mmbetweentheinnerandoutermostwires.Givenatransmissiondelayof
108m/sin thewire, this would give a timing skew of 0:0875=108 = 0:875ns. With theextra lengthdis-
crepanciescausedby thefan-outstages,andthewiresinsidethechippackagethiscaneasilybedoubled.
1.75nscanbe a considerabledelayfor signals,which have a frequency of above 500MHz. Typically
highperformancebussessuchasSCSIor GigabitEthernethave lengthconstraintsof about6.5mm.

Differential wires, which rely on electromagneticcoupling betweenthe differential pair to provide
shielding,musthave much tighter coupling so that the coupling is effective. The length constraints
betweenadifferentialpair is typically lessthan0.05mm.

4.1.3 Ar eaRequired for Simple Balancing

This shows why thebus needsto be balancedin the �rst placeandroughly the amountof lengththat
needsto beaddedto thewires,but how muchareawill thisextra lengthtake up?

Considertheeffect of trying to balancea bus,which hasa singleright anglechangein orientationbe-
tweenthebeginningpointsandtheendpoints. To do this we shalladdtheextra lengthto wires in the
straightline sectionof thebusshown in �gure 4.5.

If weassumethatwire W 4 is thelongestwire (i.e. W 4 is theoutermostwire onthebus),then,with one
right angledturn in thebus,section4.1.2tells us that thenext wire inwards(W 3) shouldbeextended
by 2(w + s). Sincewe do not wantto extendtheoutermostwire, we mustextendthis wire by pushing
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Figure4.5: Thestraightline sectionof abuswhichshallbebalanced

it inwards,displacingall thewiresfurtherin andcreatingabulgeasillustratedin �gure 4.6.

This bulge increasesthe lengthof the innermostwires (W 2 andW 1) asa sideeffect of moving wire
W 3 inwards,but is this increaseenoughto balancethesewiresaswell? Eachof thesewiresrequiresan
additional2(w + s) of additionallengthaddedto themcomparedto thepreviouswire to balancethem.
This meansW 2 needs4(w + s) andW 1 needs6(w + s) of lengthadded.Looking at diagram4.6, it
appearsasif theaddedlengthincreasesaswe move inwards.However, looking morecarefullywe see
thatalthoughthelengthof thebulgeincreasesfor theinnerwires,thelengthof thestraightline decreases
by thesameamountandsoall threeinnerwiresareincreasedequallyby 2(w + s).

Thismeansthatto balancethisbus,W 2 needsto haveafurther2(w+ s) of lengthadded,andW 1 needs
a further4(w + s) of spaceadded.A simpleadditionof this lengthcouldbeperformedasin �gure 4.7.
Herethebulgein eachwire is increasedby (w + s) towardstheinnersideof thebus.This givesthere-
quired2(w+ s) additionin lengthfor eachwire inwards,since(w+ s) is addedto eachsideof thebulge.

The total arearequiredto accommodatethe balancingbulge is given by X � Y , whereX andY are
givenby:

Y = (N � 1)(w + s) + w + t (4.1)

X = 2(N � 1)w + 2(N � 2)s + s + 2t (4.2)
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Figure4.6: Simpleadditionof lengthto astraightsection
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Figure4.7: Simpleadditionof lengthto balanceaquarterturnover astraightsection
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Figure4.8: AddingSerpintineto reducethewidth of thebulgewhile balancingthebus

4.1.4 Serpentined Balancing

Thesimplebalancing,which wasperformedin theprevious section,doesnot make themostef�cient
useof thefreespaceon thePCB.In �gure 4.7, it canbeseenthatthereis a largeun�lled gapbetween
thewires. Thesegapscanbe �lled with wigglesor serpentinein theouteredgeof thewire. This ser-
pentiningwill addlengthto thewire, so reducingtheamountby which it needsto bepushedinwards.
Figure4.8shows how thisserpentinedbalancingcanbeaccomplished.

The overall effect of this serpentineis that,althoughthe lengthX of the bulge is thesame,the width
Y is reduced,thusreducingtherequiredarea.Thewire W 2 is extendedby a bulgeof w + s, asin the
simplebalancing.Wire W 3 is alsoextendedoutwardsby w + s (to add2(w + s) of length)so that
it doesnot overlapW 2. It needsto be extendedby a further 2(w + s) in length,andthe serpentine
meansthatthis lengthcanbeaddedin thefour outwardandinwardsectionsof theserpentine.Thisadds
2(w + s) � 4 = (w + s) � 2 to the bulge. Wire W 4 is againextendedoutwardsby 3(w + s) � 2
to stop it from overlapingwire W 3, which extendsthe lengthby 3(w + s). Wire W 4 needsa fur-
ther 3(w + s) addedto its length,alongthe six outward andinward sectionsof the serpentine.This
adds3(w + s) � 6 = (w + s) � 2 to thebulge. This givesa total bulge sizefor the four wire bus of
2(w + s) + w + t, which is w + s lessthanthatof thesimplebalancing.

Thegeneralequationof theY lengthof thebulge,for a busgreaterthan2 wires,is givenby:

Y = (w + s) +
1
2

(N � 2)(w + s) + w + t (4.3)

This is alwayslessthanequation4.1 for abusof morethan2 wires.
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4.2 QuadTrees

Theauto-balancingtool canusetheabovetechniquestoapproximatehow muchareaisneededtobalance
abus,but it still needsto �nd whereandhow muchfreespacethereis aroundthebuson thePCB:

Grid BasedSpaceFinding - This methodof space�nding involvessplittingup thewholePCBinto a
grid of equalsizedsquares.Eachof thesesquaresis thencheckedto seeif any PCBelementsarein
thesquare,or whetherthesquareis empty. Thegrid now providesanapproximaterepresentation
of thePCB.Space�nding canbe performedrelatively easilyusingthis grid, asthe areacanbe
foundby addingup theareaof eachemptysquaresurroundingthewiresof thebus.Theproblem
with this techniqueis that it is an approximation;a lot of spacecanbe lost dueto the implicit
inaccuraciesinvolved in using squareshapesto approximatethe abstractshapesusedin PCB
design.Theapproximationcanbeimprovedby decreasingthesizeof thesquares.This increases
thenumberof squaresneededto cover thewholePCB,whichincreasesthememoryandprocessor
usageof analreadyresourceintensive technique.

ShapeBasedSpaceFinding - This techniqueusesvectorbasedcalculationsto computethedistance
betweenthe elementson the PCB.Thesedistancesarethenusedto createshapesof the empty
spaceon the PCB. This techniqueis accurate,becausethe shapesfollow the emptyspacepre-
cisely. It is alsoquite ef�cient in memoryusage,as large areasof free spacecanbe described
usinga singleshape,ratherthana large numberof small squares.The problemis that the vec-
tor calculationsusedto createtheseshapesarevery complicated.They arealsovery processor
intensive,andareextremelydif�cult to performon acomplex PCBdesign.

Neitherof thesetwo techniqueswould be ideal for theauto-balancingtool. TheGrid-Basedmethodis
far too memoryintensive if appliedto anaccuraterepresentationof thePCB.Thecalculationsusedin
theShape-Basedmethodaretoocomplex to implementin thetimeallowed.TheQuadTreemethodthat
I �nally usedcombinessomeof theadvantagesof bothof thesetechniques.

This techniqueworks in a similar way to the Grid-Basedtechnique,but it usesvariablesizedsquares
to provide small squaresfor more resolutionin areaswith high detail, and large squareswhich save
memoryfor areaswith no detail.

4.2.1 What is a QuadTree?

A QuadTreeis createdby recursively subdividing squaresuntil, eitherthereis noreasonto subdivide the
squarefurther, or the maximumsubdivide level hasbeenreached.The auto-balancingtool createsan
arrayof about100� 100initial squares.Eachsquareis thencheckedto discover whetherit is emptyor
containsany PCBelementswithin it. If it is emptyor thesquareis completelyencircledby a PCBele-
ment,thenno furtheractionis taken.Otherwisethesquareis subdividedinto four equalquartersquares
andthe samechecksareperformedrecursively on thesesquares.This createsa grid which hasmore
squaresat theedgesof PCBelementsanda few largesquaresinsideandoutsidethePCBelements,as
in �gure 4.9.

4.2.2 Creatinga QuadTree

To createtheQuadTreesystem,thereneedsto bea way of �nding out if any of thePCBelementsare
within asquare.Theclippingalgorithmsusedby theviewer tool in section3.2canbereusedto do this.
They alsoprovideencirclementalgorithmswhichcanbeusedto calculatewhetherthesquareshouldbe
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(a) The PCB Layer which will be approximated
usingtheQuadTree

(b) TheQuadTreeon topof thePCBLayer

(c) TheQuadTreeCreated

Figure4.9: Diagramsdisplayinghow aQuadTreeis created
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furthersubdivided.

Checkingthewholeof thePCBin this way wasextremelyslow, sincea hugenumberof squaresneed
to becreatedandall of thesesquaresneedto becheckedagainstevery elementin thePCB.Therearea
numberof trickswhich I usedto speedup thisprocessto anacceptablelevel in theauto-balancingtool.
Theclippingalgorithmswerealreadycreatedto beasef�cient aspossiblefor theviewer tool, sothis left
mewith two possibleoptionsto speedthe QuadTreecreation,either, reducethenumberof QuadTree
squaresproduced,or reducethenumberof elementseachsquareneedsto becheckedagainst.

Decreasingthenumberof subdivisionscanreducethenumberof QuadTreesquaresproduced.However,
this reducesthedetail thatcanbe approximatedby theQuadTreeandso is unacceptable.Instead,the
numberof QuadTreesquaresis reducedby limiting thesubdivision to theareaof thePCBin which we
areinterested.Initially thereis a grid of 100� 100squarescreated.Insteadof subdividing all of these
squares,thesquareswhich containthewire or buswhich is beingbalancedarefound(againusingthe
clipping algorithms)andonly thesearesubdivided. This substantiallyreducesthe numberof squares
thatneedto bechecked.However, thesesquareswhicharecreatedmightnot containenoughfreespace
to balancethewires,andso theadjacentsquaresmight alsoneedto bechecked. Seesection4.3 for a
descriptionof how thecheckedspaceis expandedif thereis notenoughfreespacefound.

The recursive methodof subdivision, usedto createthe QuadTree,canbe usedto reducethe number
of PCBelementswhich needto be checked. Insteadof simply checkingwhetherany PCB elementis
locatedwithin thesquare,a list of all of theelementscontainedwithin thesquare's boundscanbecre-
ated. If this squareis to besubdivided, thenthesubdividedsquarescanbechecked againstthis list of
elements,ratherthanall of theelementsin thePCB.This is becausethesubdividedsquaresarewithin
theparent's bounds,soany elementwhich is notwithin theparent'sboundsis notgoingto bewithin the
subdividedsquares.This signi�cantly reducesthenumberof PCBelementswhich needto bechecked
by eachsubdividedsquare.

Bothof thesetechniquessubstantiallyreducedtheamountof timetakento createtheQuadTree,making
thetool useable.

4.2.3 Finding Nearby Squares

A numberof the techniquesusedby the auto-balancingtool, suchas the �ood-�ll describedin sec-
tion 4.3 andthe distance�nding function describedin section4.3.2,neededa methodof �nding the
squareswhichneighbouraninitial square.Thiswouldbesimpleonagrid of equallysizedsquares.You
wouldsimplymove in thedirectionof travel by thewidth of asquare.With aQuadTreesystemit is not
aseasybecausethesquaresarenotall of equalsizes.

Take, for example,the casewherewe wish to �nd the neighbouringsquaresto the right of a single
QuadTreesquare.Theremaybemultiple smallersquaresto theright asin �gure 4.10(a),or theremay
beamuchlargersinglesquareasin �gure 4.10(b).To copewith this,a list of theneighbouringsquares
needsto bereturnedratherthanjusta singleneighbourperside.

Becausethediffering sizeof squarespreventsthelocationof theneighbouringsquaresfrom beingcal-
culated,anothermethodwasneeded.The QuadTree's hierarchicalstructureprovidesanothermethod
of �nding theneighbouringsquares.Sincea QuadTreeis createdby subdividing a square,this initial
squarewill containall of thesubdividedsquares,includingthecurrentsquarewe arelooking at andits
neighbour(s).This meansthat the square's neighbour(s)will be containedby a squarefurther up the
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Figure4.10:Diagramsshowing differing sizes,andnumberof neighboursin aQuadTree
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Figure4.11: This is a representationof a side-onQuadTree. It shows how neighbouringsquaresare
foundusingtheheirarchy.

hierarchy(eitherby the square's parentor its parent's parentetc). Theneighbouringsquarescannow
befoundby travelling up thehierarchyuntil a squareis foundwhich couldcontaintheneighbour, then
travelling down to theneighbours.For example,if we arelooking for a square's right-handneighbour,
thenthe function would recursively travel up from child to parentuntil it found a squarewhich hasa
right-handsidewhich is furtherright thantheinitial square's right handside.This squaremustcontain
the initial squaresright-handneighbour, sothefunctionnow travelsdown throughthehierarchy, even-
tually �nding theneighbouringsquares.Figure4.11shows thisprocess.

Theonly difference,betweenthis functionandthat�nally implementedin theauto-balancingtool, was
that the QuadTreewasnot createdby subdividing a singlesquare,but insteadtherewere100 � 100
equalsizedsquaresinitially created,which werethensubdivided. This meansthat the top level of the
hierarchymight not containtheneighbouringsquare.It might becontainedin oneof theneighbouring
initially createdsquares.Thankfully, sincetheseinitially createdsquareswereall of thesamesize,the
neighbouringinitial squarecouldbecalculatedquiteeasily.
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4.2.4 Accuracy of QuadTree

Theaboveneighbour�nding algorithmreliesonthefactthatthesquaresareplaceddirectlynext to each
other, i.e. onesquare's boundsbegin whereanother's ends.This is theway a QuadTreeshouldbelaid
out, however, inaccuraciesin �oating point multiplicationanddivision initially causedinconsistencies
andgapsbetweenthesubdividedsquares.

Theboundsof theQuadTreesquareswereinitially storedasRectangle2Dobjects,becausethisallowed
themto bedrawn to thePCBPanel.Rectangle2Dobjectsconsistof an(x; y) origin, aswell asaheight
andwidth. Whenasquareis subdivided,theheightandwidth of thenew squaresaresetto onehalf that
of theoriginal square's heightandwidth. Theproblemwith this is that,dueto �oating point inaccura-
cies,N

2 + N
2 doesnotalwaysequalN , sothefour subdividedsquarescouldbeslightly biggeror slightly

smallerthantheparentthey weresubdividedfrom, creatinggapsor overlapsin theQuadTreesystem.

Thesolutionto thiswasto de�ne asquareusingminx , maxX , minY andmaxY , ratherthanan(x; y)
origin andaheightandwidth. Whenasquareis subdivided,thecentralsubdividing linesarecalculated,
andalthoughthesemay not make absolutelyidentically sizedsubdivided squares,dueto the �oating
point inaccuracies,it is guaranteedthat every squarewill have a neighbourwith a maxX equalto its
minX , andsimilarly with theothervalues.

4.3 Flood-Fill

With theQuadTreesystemcreated,theauto-balancingtool cancalculatethetotal amountof freespace
on thePCBby summingtheareaof all of theemptyQuadTreesquares.Someof this freespace,how-
ever, will notbeusablewhenbalancingthebusbecauseit is behinda“wall” of �lled QuadTreesquares.

The auto-balancingtool needsa methodof �nding whatportion of the total free spacethe bus, being
balanced,canuse.A �ood-�lling algorithmcanbeusedto provide this. This is analgorithm,usedby
graphicalpackages,to �ll an areaof onecolour with anothercolour. A goodexampleof a �ood-�ll
algorithmis thatusedby the“paint pot” tool in MicrosoftPaint. In thiscase,thealgorithmis beingused
to �ll anareaof QuadTreesquaresof onetype- empty- with thatof anothertype - �ooded. If this is
initiated from thebus to be balanced,thentherewill be anareaof �ooded squareswhich canbeused
by thebus,surroundedby �lled squares,outsideof which any freespacecannotbeused.Figure4.12
shows anexampleof the�ood �ll process.

4.3.1 Flood-Fill Implementation

A �ood-�ll is performedby checkingwhetherasquareis of thecorrectcolour(or in thiscasechecking
it is empty)then,if it is, settingit to thenew colour(settingthetypeto �ooded) andrecursively calling
the samefunction on all of the neighbouringsquares.The algorithmcanbe either4-way or 8-way,
dependinguponwhetherit classesdiagonallyadjacentsquaresasneighbours(see�gure 4.13). For the
auto-balancertool's implementation,I chosethe 4-way algorithmbecauseit is simplerandthe8-way
algorithmcould causeproblemsby incorrectly �ooding an areabehinda 1-pixel wide diagonalline,
which thebuswouldnotbeableto pass.
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Figure4.12: An Exampleof a �ood �ll to �nd freespacearoundtheselectednet. Theyellow squares
arethe�ood �lled squares,thelight bluesquaresarethosewhichcontaintheselectednet.
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Figure4.13:Thedifferenttechniqueswhichcanbeusedby a �ood �ll algorithm
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A relatively simplerecursive algorithmcanbeusedto performa4-way �ood-�ll in anormalgrid-based
systemwith equallysizedsquares.Thefollowing pseudo-codecanbeusedto �ood-�ll anarea:

floodfill() {

if (square_is_empty && !flooded) {

flooded = true;

left_neighbour.f lo odfi ll ();
top_neighbour.fl oodf il l( );
right_neighbour. fl oodf il l() ;
bottom_neighbour .f lo odfi ll( );

}
}

However, theQuadTreeusedby theauto-balancingtool is not a systemof equallysizedsquares.The
algorithmcanbemodi�ed sothata list of all of thesquaresto eachsideof thesquareis found(usingthe
functionsdescribedin section4.2.3)andall of thesquaresin theselistshave the�ood-�ll methodcalled
uponthem.

Theproblemwith this recursive algorithmis that thestackcanquickly over�ow, dueto thenumberof
recursive methodcalls.Thealgorithmtendsto move roundthesquaresof thefreespaceareain a spiral
motion. This meansthat a hugenumberof methodcalls aremade,beforeany of the methodsreturn,
over�owing thestack. This stackover�ow waspreventedin the auto-balancertool by performingthe
recursive �ood-�ll up to a maximumnumberof methodcalls. Oncethemaximumnumberof method
callsis reached,thecurrentsquareis addedto a list, andthemethodis returned.Onceall of themethods
have returned,therecursive algorithmis startedagainfrom thesquaresthathave beenaddedto thelist.

4.3.2 Granular Flood-Fill

The�ood-�ll will helpeliminatea largeamountof freespaceon thePCBthat is not usableby thebus
to bebalanced,however someof thespacethatcanbereachedby a �ood-�ll is still not usableby the
busto bebalanced.For example,if thereis asmallgapbetweentwo areasof �lled squares,the�ood-�ll
will getthroughthis gapandsothespaceat theothersidewill bemarkedasusable.However thewire
beingbalancedmay not be ableto get throughthis gapandso won't be ableto useany of the space,
whichhasbeenmarkedasusable,on theotherside.

To solve this, a granular�ood-�ll wasdeveloped,whereonly gapsgreaterthana certainsizecanbe
passedthrough.The�rst proposalwasto make surethat thesquaresthatarebeing�ooded aregreater
thana certainsize.This would have preventedthe�ood-�ll from �o wing throughsmallgaps,however
it would alsohave preventedsomeof the free spacefrom beingusedeven thoughit could be usable
by thewire beingbalanced.Thesquaresaroundtheedgeof PCBfeaturesaregoingto besmallerthan
thosein the centreof the free space,so with this techniquetherewill be a jaggededgearoundthe
sideof the �ooded area,with usablespacenot beingusedat theedgeof the freespacearea.In fact it
is evenworsethanthis, sincethesquaresaroundtheedgeof thebus beingbalancedwill besmall,so,
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sincethe�ood-�ll startsfrom thewiresonthebus,the�ood �ll will notevengetpasttheedgeof thebus.

Instead,the actualwidth of the gapthat the �ood is passingthroughis calculated.Becausethe auto-
balancingtool is usinga 4-way �ood-�ll algorithm,the �ood will be moving eitherup, down, left or
right. This meansthatthesizeof thegapcanbefoundby �nding thedistancebetween�lled squaresat
� 90� to thedirectionof movement.

With agrid of equallysizedsquares,thedistancecanbefoundeasilyby travelling at � 90� andcounting
thedistanceuntil a �lled squareis found. With theQuadTreesystemit is slightly moredif�cult. The
squaresin either the +90 � or � 90� directionscanbe found by recursively �nding the neighbouring
squaresin onedirection. Thefunctiondescribedin section4.2.3will �nd theseneighbouringsquares,
however thisfunctioncanreturnamultiplenumberof squaresdependingonthesizeof theneighbouring
squares.Thismeanstherecouldbemultipleclosest�lled squares(asin �gure 4.14(a)).Thesmallestof
thesedistancesis usedto calculatethesizeof thegap.

Anotherproblemwith theQuadTreesystemis that thediffering sizesof thesquarescancausethearea
beingusedto checkthedistanceto expandoutwardsasin �gure 4.14(b).Thiscausesthesizeof thegap
to be incorrectlymeasuredasbeingsmallerthanit actuallyis if thereis a smallergapaheador behind
the squarebeingchecked. It is thereforenecessaryto checkthe boundsof every squarebeingmoved
into by thedistance�nding algorithm,to �nd if they arewithin theouterlimits of theoriginal squareas
shown in �gure 4.14(c)

Oncethesizeof thegaphasbeenfound,it canbeusedto decidewhetherthe �ood-�ll shouldproceed
in thisdirection.Thisprocessstopsareas,whichcannotbeusedby thewires,from being�ooded andit
alsoallows the�ood-�ll to work its wayalongtheedgeof PCBelementswithouthaving acoursejaggy
outline,aswith theprevioustechnique.An exampleof the�ooded freespaceis shown in �gure 4.15.
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Figure4.14:Theproblemsinvolvedin performingagranular�ood �ll in aQuadTree
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Figure4.15:This is anexampleof theGranularFloodFill
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Figure4.16: This shows how the Flood Fill decideswhich squaresshouldbe checked next. The left
handneighbouringsquaresarenotcheckedbecausethey arebehinda “wall” of �lled squares.

4.3.3 UsingFlood-Fill to Expand Subdivided Ar ea

As describedin section4.2.2,only theinitial QuadTreesquaresthatcontainthebusbeingbalancedare
subdivided, in aneffort to reducethenumberof squareswhich needto befound. However, theremay
notbeenoughfreespaceto balancethebusfrom thesquareswhichhavebeensubdivided.Moresquares
obviouslyneedto besubdividedto �nd morefreespace,but whichsquares?

Themostobvioussolutionis to subdivide thesquareswhich neighbourthosewhich have alreadybeen
subdivided, thusexpandingthesubdivided areaby a radiusof oneinitial square's size. Thereis, how-
ever, abetterwayof choosingwhichsquaresshouldbesubdivided.Whena �ood-�ll is performedfrom
thebus,it will eventuallyreachsquaresthathave not yet beensubdivided. Thenon-subdividedsquares
thatthe�ood �ll reacheswill bethosewhichcanbereachedfrom thebusthroughfreespace.If theauto-
balancerchoosesthesesquaresto besubdivided, thesubdivided areawill still beeffectively expanded
by oneradius,however it will eliminatethosesquareswhich arebehinda “wall” of �lled squares,so
providing no additionalusablefree space. Figure4.16 shows an exampleof the �ood �ll algorithm
�nding which squaresshouldbesubdivided. Note thesquaresto the left arenot selectedbecauseof a
wall of �lled squarescausedby a longwire down theleft-handside.

When a �ood �ll doesnot �nd any more initial QuadTree squaresto be subdivided, then the auto-
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balancingtool knows thatno morefreespaceis usableby thebusbeingbalanced.
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Chapter 5

BalancingBuses

Oncefreespacehasbeenfound on thePCB, thewires beingbalancedneedto be routedthroughthis
spacein sucha way as to provide the addedlength. For this to be possible,someform of routing
algorithmis neededto make surethe wire beingbalancedis correctlyrouted,abidingby the spacing
constraintsandbeingof thecorrectlength.

5.1 Routing Algorithms

Whenrouting wires of the bus which is beingbalanced,therearetwo main optionsavailable: either
reroutethewire from scratch,creatinga newly routedwire of thecorrectlengthbetweenthestartand
endpoints;or modify theoriginally routedwire sothatit gainsthelengthneededto balancethebus.

5.1.1 RouteNewWir e

The�rst methodfor balancinga wire which I investigatedinvolved “ripping up” theoriginally human-
routedwire, andcreatinga new wire from scratchthat wasof thecorrectlength. To do this, an auto-
routing algorithm,suchasthoseusedby commercialauto-routingtools, wasneeded.This algorithm
needsto routefrom thestartpoint to theendpoint of thenet,passingthroughcompulsorypointssuch
aspinsandviasin thecorrectorder. It alsoneedsto avoid passingthroughany otherPCBelementsand
�nally needsto produceawire which is therequiredlengthto balancethebus.

An algorithmwhichI developedto performthesenecessaryfunctionswasbaseduponamodi�ed version
of theLee-MazeAlgorithm.

Lee-MazeAlgorithm

The Lee-Mazeroutingalgorithm[10] wasdevelopedin 1961,andis now usedin a numberof differ-
entapplications,includingAI for computercontrolledcharactermovementin gamesandroutingPCB
wires. This is a grid-basedalgorithmwhich guaranteesto �nd a connectionbetweentwo endpoints,if
oneexists.

Thisalgorithmeffectively performsanexhaustive searchof all of thepossiblepathsfrom thestartpoint
to theendpoint. It doesthis by propagatinga wave front throughthegrid from thestartpoint until it
`hits' theendpoint.

Thegrid squarethatcontainsthestartpoint is labelled`0'. Thewave front is thenpropagatedoutwards
by labellingall of this square's neighboursas`1'. The wave front is continuallypropagatedoutwards
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(b) TheLee-Maze®ndstheShortestroute

Figure5.1: DiagramsdisplayingtheLeeMazeAlgorithm

by labellingtheouterneighboursof the lastsetof squares,by labelling themwith thenext number, as
shown in �gure 5.1(a).Oncetheendpoint is labelledwith anumber, theshortestroutebetweenthestart
andendpointshasbeenfoundasshown in �gure 5.1(b).

Modifying the Lee-MazeAlgorithm

TheLee-Mazealgorithmworkswell for �nding theshortestroutebetweentwo points,however this is
notwhatwasneededfor theauto-balancingtool. Theauto-balancingtool needsto �nd a routebetween
thetwo endpointsof a speci�c length. To do this, theLee-Mazealgorithmcanbemodi�ed sothat the
wave front cangobackthroughitself, thusaddingadditionallengthto theroute.To dothis,eachsquare
needsto keepmultiple labelsfor eachroutethat's passedthroughit, asshown in �gure 5.2. The �nal
point will be labelledmultiple timesby different routespassingthroughit andtheselabelswill have
differentlabelnumbers,astherouteswill havepassedthroughdifferentnumbersof squaresto getto the
endpoint. Thedistanceof theroutecanbeapproximatedby thenumberof squaresit haspassedthrough
(i.e. thecurrentlabelnumberof theroute),sowhentheendpoint is labelledwith a numberequalling
therequireddistance,a routehasbeenfoundwhich is of therequiredlength.

Problemswith Modi�ed Lee-MazeAlgorithm

Thereareanumberof problemswith usingthismodi�ed Lee-Mazealgorithmto balancethewiresona
PCB.The�rst of theseis thefactthatthealgorithmoperatesonagrid of equallysizedsquares.Theauto-
balancingtool, however, usesa QuadTreesystemto calculatethefreespaceavailable(seesection4.2).
While it would bepossibleto modify thealgorithmto supporta QuadTreesystem,therewould besig-
ni�cant dif�culties. In a grid-basedsystem,thesizeof thegrid squarescouldbesetto bethesamesize
asthewidth of thewire beingbalanced.This would meanthatthewire couldsafelyberoutedthrough
thecentreof thechosensquares.With a QuadTreesystem,however, thesquaresareof differing sizes.
Someof thesquareswill besmallerthanthewidth of thewire, sotheneighbouringsquareswouldneed
to becheckedto makesurethattherearenoPCBelementswithin thewidth requiredby theroutedwire.
Othersquareswould be larger thanthe width of the wire, so a decisionwould needto be madeasto
whereto routethecentreof thewire throughthesesquares.
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Figure5.2: This shows how the Lee-Mazealgorithmcould be modi�ed to �nd multiple routes. The
possibleroutesfrom side`1' areshown by arrows.

Anotherproblemwith thisalgorithmis thatit is verymemoryandprocessortimeintensive. Everysquare
needsto storemultiple labels,which cantake up a greatdealof memory. Also, thenumberof squares
thatneedto becheckedincreasesexponentiallywith eachpropagationoutwards.Overall, thiswouldbe
averyslow algorithm,especiallywith theaddedchecksneeded,dueto theuseof aQuadTreestructure.

5.1.2 Modify Existing Wir e

Oneof the disadvantagesof balancingthe bus by completelyreroutingthe wires, is that the routing
decisionsmadeby thehumanwhoroutedthebusoriginally arebeingimmediatelythrown away. This is
not only wasteful,astheeffort put into theroutingdesignof theoriginal bus is thrown away, but there
couldbe a goodreasonthat thebus wasrouteda certainway originally, andthis “rip up andreroute”
methodwould completelydisregardthis decision.In aneffort to reducetheseproblems,a methodwas
developedwhichmodi�es theexisting wires,to addtherequiredlength.

To balancea bus by modifying theexisting wires, I neededto �nd somemethodwhich couldaddthe
requiredlengthto all of theindividualwiresof thebus.Lookingcarefullyatsection4.1.4,therearetwo
processeswhichareusedto balanceabus.Firstly, theinnerwiresof thebusneedto bepushedoutby a
certainamount.This allows thenext stageto proceed,whereserpentineis addedto thewiresto extend
themto therequiredlength.Thesetwo processescanbeseparated,andperformedoneaftertheother.

5.2 PushingWir esOut

The�rst stagein modifying theexisting wiresis to pushthesewiresoutwards,away from thebus. My
�rst ideawasto pushthewire out by usinga grid-basedroutingalgorithm,suchastheLee-Mazealgo-
rithm, onasmall,straightline sectionof thebus.Evenusingthesamealgorithmasthecompletereroute
in section5.1.1,thiswouldhavebeeneasierto performbecausethedirectionof travel is alreadyknown.
Thereis still thedif�culty involvedin usingagrid-basedalgorithmwith aQuadTreesystemhowever.
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Pushed Outwards

Figure5.3: Two connectinglinesarecreatedsothatthewire is still fully connectedaftera line segment
is pushed

Insteadof usinga routingalgorithmto modify sectionsof the wire, I �nally decidedthatstraight-line
sectionsof the wire could be “pushed”in the requireddirection. To do this, the original straight-line
sectionis movedsidewaysin therequireddirection,andconnectinglinesaredrawn betweentheoriginal
startandendpointsof thesegment,andits new startandendpointsasshown in �gure 5.3.

5.2.1 The PushAlgorithm

If a straight-linesegmentis to bemovedin a certaindirectionto pushout thewire, thenit is necessary
to �nd how far the segmentcanbe “pushed”beforeit hits anotherPCB element,or cannotmeetits
spacingconstraints.Therefore,thedistancebetweenthe line segmentandthenearestPCBelementin
thedirectionof thepushneedsto befound.

This wasdoneusingtheQuadTreesystem.Firstly, thesquares,which containthe line segmentbeing
pushed,arefound.Thedistance�nding function,usedfor thegranular�ood-�ll in section4.3.2,is then
usedto �nd thedistancebetweeneachof thesesquaresandthenearest�lled squarein thedirectionthe
wire is beingpushed.The minimum of thesedistances,minusthe spacingdistanceconstraint,is the
amountby which theline-segmentcanbepushed.Theauto-balancingtool canthenmake a decisionto
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move the line-segmentout by this amount,or a smalleramount,dependingupontheamountof length
whichneedsto beaddedto thewires.

Now thatline segmenthasbeenmoved,it needsto bereconnectedto theoriginal wire. This is doneby
simplyaddinganadditionaltwostraight-linesegments:[(x or igStar t ; yor igStar t ) to (xnewStar t ; ynewStar t )];
and[(xor igE nd ; yor igE nd ) to (xnewE nd ; ynewE nd)].

5.2.2 Multiple Pusheson OneLine Segment

This algorithmwill pusha line segmentout to the�rst PCBelementwhich is in theway, however a lot
of free spacecouldbe lost if thereis a PCB elementwhich is considerablycloserto the line-segment
thantheaveragedistance,asshown in �gure 5.4(a).To solve this,theline segmentcanbepushedoutby
differentamountsdependingon theavailablespacealongthe line segmentasin �gure 5.4(b). This in-
creasestheamountby which thewire canbepushedoutward.Oneproblemwith thispushingalgorithm
canbeseenin the�gure. Thewire hasbeenpushedaroundthevia andis notrunningbehindit, aswould
bepreferablein thissituation.This will bedealtwith whenanotherproblemis solvedin section5.2.3.

(a) Theclosecircularvia stopsthewire from us-
ing a lot of theavailablespace

(b) With multiplepushesthewire is extendedfur-
therout

Figure5.4: Diagramsdisplayingawire beingpushedoutby differentamounts

Eachof theQuadTreesquares,whichcontaintheoriginal line segment,canbeusedto �nd thedistance
thatthepartof thesegment,containedin thesquare,canbepushed.However, if thewire is pushedfor
every square,therewould bea largenumberof unnecessaryline segmentscreatedwhereneighbouring
squarescanbepushedby thesamedistance.To dealwith this,a structurewascreatedwheretheavail-
abledistancescouldbestoredandneighbouringequaldistancesconcatenatedtogether. Thedistancesin
thisstructureareusedto decidewheretheline segmentshouldbepushedoutwardsandby whatamount,
thusreducingthenumberof line segmentsproduced.

While testingthis pushalgorithm,onebug wasfoundwhich provedto becausedby this multiple push
process.WhentheQuadTreeis checkedto seewhichsquarestheline is in, becausetheline hasacertain
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Figure5.5: Multiple squarescausemultipleclosestdistancesto befound

width, therecould be more thanonesquarewidthwaysalong the line (as in �gure 5.5). This would
not normallycausea problemif thesquareswerethesamesize,asthedistanceis found from a point
on the line, ratherthanthe centreof the squarebeingused. This meansthat therewould simply be a
duplicatedistancecreated,bothof which would beconcatenatedby thedistancestoringstructure.The
problemoccurswhensquaresof differentsizesareateithersideof a line. Thiscouldcausetwo different
distancesto bestoredfor thesamesectionof theline. This would causemultiple linesto bepushedout
from thesamesectionof wire, producinga distortedpieceof wire. This problemwas�nally solvedby
modifying thedistancestoringstructuresothatit concatenatedmultipledistancesover thesamesection
of wire into asingledistance.

5.2.3 IntersectionsCausedby PushingPast the Wir e

Previously, this pushalgorithmwasdescribedaspushinga singleline segmentof thewire beingbal-
anced.It may, however, beusedto pushoutmorethanoneline segementof thewire, sothatmorespace
is availablein thecentreof thebus for serpentine.Whenmultiple line segmentsarepushedusingthis
algorithm,someproblemswith it becomeapparent.

If we take asan example,a wire consistingof two line segmentsat 90� to eachother, forming an L
shape,asshown in �gure 5.6(a). If theemptyspacearoundthewire alsoformsanL shape,thenthere
will bea problemif bothline segmentsarepushedto their left side.As is shown in �gure 5.6(b),when
both line segmentsarepushedto thefurthestpossibledistance,they endup overlappingandcreatinga
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doublyroutedwire.

This overlapingis causedbecausetherestof thewire, which is beingbalanced,is not beingtaken into
accountwhendecidinghow far to pushout a line segment.My �rst ideawasthereforeto take therest
of thewire into accountwhendecidingon thedistancebetweennearestPCBelementandtheline seg-
mentbeingpushed.This, however, would have requireda new QuadTreeto becreatedafterevery line
segmentwaspushed,slowing down thespeedof thealgorithmtremendously.

Insteadof preventing this overlapingfrom occuring,I decidedto let it happenand then remove the
intersectionsanddoubly routedwireswhich it caused.The overlapsareremoved usingthe following
method.Thewire is traversedandeachline segmentis checked to �nd if it hasany intersectionswith
theline segmentswhich follow it in thewire. If thereis any intersections,thenall of theline segments
on thewire betweenthetwo intersectingline segmentsareremoved. Thetwo lineswhich intersectare
thenshortened,sothatonestartsandtheother�nishesattheintersectionpoint. Thiscreatesa“shortcut”
throughtheroutingof thewire, which removesthedoubleroutingandoverlaping.Figure5.6(c)shows
thisprocessin detail.

This methodof allowing overlapsto occur, andthen�xing them,actuallysolvedanotherproblemwith
thepushalgorithmmethodof balancing.As wasshown in section5.2.2,thestandardpushmethodwill
not routea wire behinda freestandingvia or otherPCBelement.However, if we performthepushal-
gorithmmultiple timesuponthesamewire, theintersection�xing methodwill allow wiresto berouted
behindelementswhich arefreestanding.Figure5.7(b)shows a straightline wire beingpushedto one
side,wherethereis a freestandingvia in theway. If thewire is pushedagain,thenoverlapingwiresare
producedasshown in �gure 5.7(c).Oncetheintersectionsare�x edontheseoverlappingwires,thewire
is now beingroutedbehindthefreestandingvia (�gure 5.7(d)).

5.2.4 Finding the Intersection Point of two Line Segments

To �x theoverlappingline segmentsusingtheabovemethod,it is necessaryto �nd theintersectionpoint
betweentwo line segments.This wasdonein theauto-balancingtool by �nding the intersectionpoint
betweenthetwo in�nite lengthlines,extendedfrom thetwo line segments,andthencheckingwhether
thisintersectionpoint is on bothof theline segments.Theintersectionpoint betweenthetwo lineswas
found,by �rst �nding thedeterminantof thecoef�cients usingtheequation:

det = sx � r y � sy � r x (5.1)

where

r x = Line 1Point 2X � Line 1Point 1X (5.2)

r y = Line 1Point 2Y � Line 1Point 1Y (5.3)

sx = Line 2Point 2X � Line 2Point 1X (5.4)

sy = Line 2Point 2Y � Line 2Point 1Y (5.5)
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(d) This is the ®nal pushed
wire.

Figure5.6: Diagramsdisplayinghow theintersectionproblemwassolved
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(a) This is the wire which will be pushedto its
right

(b) Thisshowsthewire afterit hasbeenpushedto
theright onetime

(c) The wire has now beenpushedto the right
twice. Noticethattherearetwo wiresat theother
sideof thevia, causedby thewiresrunningat ei-
therendof thevia afterthe®rst push.

(d) This is the®nal wire after it hashadtheover-
laping sections®xed. Note that the wire is now
routedto theothersideof thevia.

Figure5.7: Diagramsdisplayinghow awire canbepushedpastavia
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If this is zero,thenthelinesareparallel,anddo not intersect,otherwiseit is used�nd how far alongthe
vector(createdfrom line 1), theintersectionpoint is, usingtheequation:

z =
(sx � (Line 2Point 1Y � Line 1Point 1Y ) + sy � (Line 1Point 1X � Line 2Point 1X ))

det
(5.6)

Which is thenusedto �nd theactualpointof intersection:

X = (Line 1Point 1X + z � r x) (5.7)

Y = (Line 1Point 1Y + z � r y) (5.8)

5.2.5 Lines Which Ar eToo CloseTogether

Wehave seenthatintersectionsbetweenline segmentscauseproblemswith a wire whichhasto bebal-
anced,but equally, line segmentswhich areclosertogetherthanthebus' minimumspacingconstraint
will causethebusto beincorrect.Becausea wire hasa width, line segmentswhich arevery closewill
alsocauseseparatesectionsof thewire to incorrectlyshorttogether.

This canbe solved in a similar way to that of the intersectingwires. The closestpointsbetweentwo
line segmentsarefound,andthedistancebetweenthesetwo pointscalculated.If thedistanceis smaller
than(width � 2) + minS pacing, thenthewiresaretoo closetogether. In this case,thesectionof the
wire betweenthesetwo pointsis removed,anda connectingline segmentis createdbetweenthesetwo
closestpoints.

5.2.6 Finding the ClosestPoints BetweenTwo Lines

This �x for lines that aretoo close,needsa function that will �nd the closestpoint betweentwo line
segments.I usedageometric,vectorbasedapproachto �nd theclosestpointbetweentwo line segments.

Firstly, threevectorsarecreated,u which is thedifferencebetweenthetwo pointsof line 1, v which is
thedifferencebetweenthetwo pointsof line 2 andw which is thedifferencebetweenthestartpoint of
both lines. Thesearethenusedto �nd thefractionalongvectorsu andv wherethey areclosestwhen
they areseparatedby thevectorw. This fractioncanbeusedto �nd theactualpointson theline which
areclosesttogether.

Thefractionsalongthevectorsarefoundwith thefollowing dotproducts:

a = u � u (5.9)

b = u � v (5.10)

c = v � v (5.11)
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d = u � w (5.12)

e = v � w (5.13)

Theclosestpointasa fractionalongthevectoru is foundby:

s =
be� cd
ac � b2 (5.14)

andasa fractionalongthevectorv by:

t =
ae� bd
ac � b2 (5.15)

5.2.7 ConnectionLine Spacing

The line segment,which hasbeenpushedoutwards,hasbeenchecked to make sureit is further from
any PCBelementsthantheminimumspacing.Theconnectinglines,however, have not beenchecked
andmaybecloserto aPCBelementthattheminimumspacingconstraintallows.

The�rst solutionto this involvedcheckingtheminimumdistancebetweentheconnectionlinesandthe
PCBelements,usingthesamedistancecheckingfunctionusedby thepushalgorithm. If this distance
waslessthantheminimumdistanceconstraint,thentheconnectingwire (andthestartor endpoint of
thepushedline) couldbepushedin theoppositedirectionby therequiredamount.Theproblemwith
thisapproachis thattheconnectingwirescouldbepushedpasteachother, ruining thewires.

Instead,I took a pessimisticapproach,wherethe auto-balancerassumesthat therearePCB elements
alongtheedgeof thewire beingpushed.To prevent theconnectingwires from beingtoo closeto the
PCB elements,the line segmentsareonly pushedoutwardsfrom a distanceof the minimum spacing
constraintfrom thestartandendpointsof the line, asshown in �gure 5.8. This meansthat eachline
segmentto bepushedneedsto beat leastthreetimestheminimumlengthconstraint,sothattheconnec-
tion linesarenot toocloseto eachother.
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(a) This is the wire which will be pushedto its
right
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Satisfy Constraint
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Min Space

(b) This shows how the connectingwires can
breaktheminimumspacingconstraints
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(c) This is solved by only pushingthe wire after
a distanceof theminimumspacingfrom thestart
andendpoints

Figure5.8: Diagramsdisplayingtheproblemsof theconnectingwiresbreakingminimumspacingcon-
straints
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Chapter 6

Problems& Solutions

6.1 Accessto CadenceAllegro

CadenceAllegro wastheindustrialPCBdesigntool to which I decidedto interfacetheauto-balancing
tool. To dothis I neededto createextractandimportroutinesusingtheSKILL scriptinglanguagewithin
Allegro. SKILL routinescanonly beruninsideof CadenceAllegro,soto write anddebugtheseroutines
I neededaccessto aversionof CadenceAllegro.

As anindustrialtool, Allegro is veryexpensive,about£10,000for asingleuserlicence.It wastherefore
impossibleto buy for theproject.Therewere,however, anumberof otherpossibleoptions.Initially Ca-
denceseemedinterestedin offering a “singleyear” copy, which couldonly beusedduringtheduration
of theproject,in returnfor a copy of this reportaftertheprojectwascompleted.This would have been
ideal,but unfortunatelyaftertheinitial correspondence,therewerenorepliesto any of theemailswhich
I sentto my contactin Cadence.

The next option wasto temporarilyuseoneof the Allegro licences,usedby the PCB designteamin
Greenock,over thecourseof theproject.Thiswasinvestigated,but unfortunatelyCadencelicence�les
usetheMAC addressof acomputerto tie it to aspeci�c computer, meaningthatI couldnotusealicence
from theGreenocksitefrom my computer.

Anotheroptionbecameavailableafterconsultingwith my supervisor. An alliancebetweentheInstitute
of SystemLevel Integration,CadenceandtheUniversityof Glasgow allowedtheUniversityof Glasgow
to useCadenceproductsfor academicpurposes.This shoulda have allowedmeaccessto a University
computerwith Allegro installed,howeverdueto aseriesof bureaucraticblunders,thiswasnotavailable
in time to beof usefor theproject.

In theend,theonly optionwasto useAllegro in theIBM plantin Greenock.Thiswasnot idealbecause
it restrictedtheamountof time I hadto write theseroutines.It alsomeantthatI hadto drive 2 hoursto
GreenockeverytimeI wantedto useAllegro,however, withouttheuseof theGreenockcopy of Allegro,
I would not have beenableto testtheauto-balancingtool on motherboarddesigns,or integratethetool
into thetool �o w.

6.2 Debugging Skill Routines

Oneof themajorproblemswith writing theseskill routineswasdebuggingany errorsin thecode.Al-
thoughthereis a SKILL developmentenvironment,with debuggingtools,this wasnot availableto me
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duringthecourseof theproject.

Theonly optionwasto testthe routinesusinga trial anderrorprocess.This causeda numberof dif�-
cultiesdueto thenatureof SKILL routines.SKILL, asa scriptinglanguage,is not compiled,therefore
any errorsin thecodeonly becomeapparentat runtime. Sincetheextractingroutinecould take a con-
siderabletimeto runto completion,anerrorat theendof thecodecouldtakesometimeto debug. More
thanthat,themodi�ed SKILL routinewould only bereadinto Allegro whenAllegro wasstarted.This
meantthateachchangeto thecoderequireda timeconsumingrestartof Allegro to test.

6.3 Running out of Memory

ThestandardJava Virtual Machineonly reservesa maximumof 64Mb of memorywhenit starts.This
wouldtypically beenoughfor aJavaprogram,however theauto-balancertool is verymemoryintensive.
Someof theboarddesignsI wasworking on arevery complex, with thePCB-XML �le for oneboard
being55Mb. ThismeantthatassoonasthePCBdesignwasreadinto thetool, theJavaVirtual Machine
ranoutof memory.

Luckily, I discoveredthat the maximummemoryallocationcould be increasedusing the -Xms and
-Xmx arguments,whichmeantenoughmemorycouldbereservedfor theuseof theauto-balancingtool.

6.4 ComplexBoard Designs

Thefactthatthis projectwasco-supervisedby IBM Greenockallowedmeaccessto anumberof actual
moderncommercialmotherboards.This wasinvaluableto allow me to develop a tool which couldbe
usedin industry, however thecomplexity of theseboardsdid leadto dif�culties whentrying to debug
problemsin algorithmsusedthroughoutthetool.

Becauseof this I manuallywrote a numberof simplePCB-XML �les (an exampleof which is given
in AppendixD.2), which speci�cally identi�ed any problemswith someof thesealgorithms.I created
PCB-XML �les for thefollowing algorithms:theline intersectiontest;thedrawing andclippingof arcs;
theintersectionbetweenanarcanda line test;andthepushalgorithm.
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Chapter 7

Conclusion

7.1 Aims

The main aim of this projectwasto createan interesting,worthwhile andchallengingprojectwhich
demonstratedtheskills that I have learnedon thedegreecourse.A secondaryaim wasto createa tool
thatcouldassistin PCBdesign.Theprojectwasto beacontinuationof my summerindustrialplacement
at thePCBdesigngroupof IBM in Greenock,andsoanimportanttargetfor thisprojectwasto createa
tool whichcouldbeusedby thisdesigngroupto reducethetimeto marketof theirmotherboarddesigns.

To createa tool for anindustrialdesignteam,therewerea numberof importantconsiderationswhich I
neededto take into account.Firstly, it is importantthatthenew tool �ts into thenaturaltool �o w of the
designdepartment.Thetool shouldalsonot loseany of thedatatheprevioustool in the�o w asit passes
on themodi�ed datato thenext tool in the�o w.

Thetool shouldalsobalancetheselectedbustheway a humanroutingdesignerwould expect.A major
problemwith auto-routingtools is that,oncethey have beenautomaticallyrouted,theboardsbecome
very dif�cult to modify if changesare made,becausethe auto-routingtool hasnot usedthe design
methodologiesthatthedesignerwouldhave expectedto have beenused.

If theauto-balancingtool is to beusedwith industrialPCBdesigns,thenit is importantthatthererouted
wiresdo not causeany unwantedelectronicproblems.To preventany of theseproblems,thetool must
take into accountconstraintsplaceduponnets,suchasminimumseparations.Thetool mustalsoinsure
thatthebalancedwiresdo notcreateunwantedelectromagneticradiation.

In acommercialsetting,thetoolmustalsobeuseable.It mustcompletethebalancingandotherfunctions
in a reasonablytimely manner. In otherwords,it mustsave theusertime in thelong run. A tool which
almostbalancesa bus, but meansthat the designersneedto spendtwice as long �xing errorsin the
balancedbusthanthey wouldhave takento balancethewire in the�rst place,is of nouse.Finally, if the
tool is to bewidely used,thenit is importantthatit canbeusedin asmany differentsystemsaspossible.
It shouldthereforebehighly portable,andableto interfacewith anumberof industrialdesigntools.

7.2 Curr ent Status

Althoughtheautobalancertool wasnot fully completed,many of thecomponentsneededwere�nished
to completion.Othercomponentsarecurrentlyin varyingstagesof completion.
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7.2.1 CompletedComponents

PCB-XML Format

ThePCB-XML dataformatis fully functionalandcanbeusedto storethecompletedesignof a PCB.

Extracting from Allegro

The SKILL routine which extractsan Allegro boarddesigninto PCB-XML is fully completedand
extractsall of the designdatawhich canbe storedin PCB-XML andwhich is neededby either the
viewer or auto-balancertool.

Graphical View of PCB

Thecodewhichis usedto show thePCBonscreenis fully complete.All of thePCBelementsareshown
in thegraphicalview, anddifferentlayersaredisplayedin differentcolours.

Viewer Tool

A viewer tool wascreatedwhich allows PCB-XML boarddesignsto bedisplayedon screen.Theview
canbezoomedandmovedabout,to allow eitherthewholePCB,or smalldetailsto beviewed.This tool
wasfully completedandallows usersto view any valid PCB-XML �le.

SpaceFinding on the PCB

The auto-balancingtool cansuccessfully�nd the available,usablespacearounda wire or bus. It can
alsocalculatetheamountof freespacewhich is available.

Outward Pushingof Wires

Theauto-balancingtool canpusha wire over to eitherside,thusproviding spacefor theotherwiresof
abusto bebalanced.

7.2.2 IncompleteComponents

Serpentining of Wire

Althoughthewiresof a buscanbepushedout (which couldbeusedto performsimplebalancingasin
section4.1.3)it doesnot, asyet, addserpentineto a wire. This couldbeaddedby modifying thepush
algorithmto performmultiplepushesalongthewire.

AutomatedBalancingof a Bus

At presentthe space�nding and balancingis performedon a single wire. This balancingcould be
manuallyperformedupona bus,by separatelybalancingeachwire, however it doesnot automatically
balanceall of the wires on a bus. All that is neededto provide this is somecontrol code,aroundthe
balancingandspace�nding methods.
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Refactoring Modi�ed DesignBack Into Allegro

The auto-balancingtool works uponPCB-XML �les, however these�les areextractedfrom Allegro
board�les. To completethe tool-�o w, the modi�ed PCB-XML �le needsto be refactoredinto the
Allegro board.An Allegro SKILL routinecouldbecreatedto do this in a similar way to theextracting
routine,however, althoughI proved this conceptcouldwork, I simply did not have enoughtime using
Allegro to producea �nished routine.

7.3 Evaluation

Uponcompletionof thisprojectI wasnotableto createanauto-balancingtool whichcanbeusedby an
industrialPCBdesigntool. However, agreatdealof researchhasbeendoneinto techniqueswhichcould
be usedto createsucha tool. In fact, a large numberof the techniquesneededto balancea bus have
beeninvestigatedduring the courseof the project. If time hadallowed, the auto-balancingtool could
have beenmadeinto anindustriallyusabletool with theadditionof somereasonablysimplecontrolling
code.

As well asresearchingPCBbalancingtechniques,over thecourseof this projectI createda numberof
componentsthatcouldbeusedcommercially. I succeededin creatinga new dataformat (PCB-XML)
which canbeusedto storePCBdesigns.This formatcanbeused,not only by theauto-balancingtool,
but alsoasan independentway of transferringdatafrom otherPCBdesigntools. I have createda Ca-
denceSKILL routinewhich allows Allegro PCB designsto be extractedinto PCB-XML. I have also
createda fully functionalviewer tool for this dataformat, allowing usersto view �les in this format
withoutneedingto import theminto expensive designtools.

Figure7.1showsanoverview of themaincomponentscreatedin thisproject.It alsoshowsthetool �o w
usedwhenmodifyingPCBdesign�les with theauto-balancingtool.

With hindsight,theaimsof theprojectwereover ambitiousgiven the time availablefor a fourth year
project.Thereasonfor this is thattheprojectbecamemuchmoreresearchorientedthenI expected.A
numberof thegraphicalalgorithmswhich I used,althoughnotnew, wereverypoorlydocumented.The
algorithmusedto draw arcswith quadraticcurves,for example,is usedin many commercialgraphical
packages,including AdobePostscript,however after considerableresearch,I could only �nd onepa-
perthatdescribedthis process.This paperwaswritten asa mathematicalexplanationof thetechnique,
ratherthana descriptionof theprogrammingalgorithm. This meantthat I not only hadto understand
themathematicsbehindtheprocess,but alsodeviseaprogrammingalgorithmfrom thismaths.

Otheralgorithms,suchasthegranularQuadTree�ood-�ll process,hadno paperswritten aboutthem,
andasfar asI know, hadnever beencreatedbefore.The“Push” algorithmwasalsounusual,especially
whenusedin aQuadTreesystem,andalot of timewasspentdebuggingproblemswhichemergedduring
its development.

Becausetheprojectbecamemuchmoreresearchoriented,thedesignof thesoftwarecomponentssuf-
fered.Ratherthanperformingadetaileddesignof theentiresystem,planningthemethodcallsandclass
relationshipsbeforeimplementingany of algorithms,I useda prototypingprocessduring the course
of theproject. A roughdesignof thesystemwasused,however dueto theunknowns involved in this
project,adetaileddesignwasnot possiblebeforehandandchangesin thedesignwereinevitableduring
thecourseof theproject.This meansthatthecodeof theauto-balancingtool is not of �nal production
quality. However, now thata numberof theproblemshave beensolved,thetool couldbequitequickly
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Figure7.1: An overview of thecompletedcomponentsandhow they �t into thetool �o w
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berewrittenwith bettersoftwareengineeringprocesses.

Therewerea numberof toolswhich wereusedduringthecourseof this project.ThemainPCBdesign
tool usedwasCadenceAllegro. Thisis averypowerful industrialtool and,assuch,canbeusedto create
very complex PCBdesignswhich couldbeusedto thoroughlytesttheprojecttools. Theproblemwith
this wassimply that theboarddesignsweretoo complicatedwhentrying to debug problems.Luckily
thestructureof PCB-XML allowedmeto producemy own simplePCBdesignswithoutusingCadence
Allegro. Themainproblemwith CadenceAllegro duringthis projectwasaccess.I did not have time to
drive to Greenockevery timeI neededto useCadenceAllegroandsothissectionof theprojectsuffered.

TheSKILL scriptinglanguagewasusedto extractPCB-XML from CadenceAllegro. This wasa very
dif�cult languagein which to program,especiallywhentrying to debug problems.BecauseI hadno
accessto a developmentenvironment,I had to rely on error messageoutputby Cadencewhenthere
wereproblems,andthesewerealmostuseless,giving practicallyno informationaboutthenatureof the
erroror its locationin thecode.AnotherproblemwasthefactthatAllegro neededto berestartedevery
timeachangewasmadeto aSKILL routine,slowing down thedevelopmentprocess.

To readthePCB-XML �les into theviewerandauto-balancertools,theJavaAPI for XML Bindingwas
used.This tool createsJava class�les for eachXML elementin theschemadescriptionof the format.
XML �les canthenbe“unmarshalled”into objectsof theseclass�les, allowing themto beimmediately
manipulatedby Java Code.This tool wasidealfor this projectandsubstantiallyreducedtheamountof
timeneededto createaparserfor PCB-XML.

To write theJava tools,I usedtheEclipseIntegratedDevelopmentEnvironment(IDE). This is anopen
sourcetool whichcanbeusedtoaidthedevelopmentof programmingprojects.Thisenvironmenthelped
with anumberof aspectsof theimplementationprocessincludingcoderefactoring,packagedesignand
debugging.

X�g, aLinux vectordrawing program,providedaquickandeffectivemethodof drawing mostof thedi-
agramsin this report.Theothersarescreenshotstakenof thevieweror balancertool. Finally, LATEXwas
usedto producethewordingandstructureof this report. This allowedquick andeasyformatchanges
andprovidedstaticdisplayformatsover thewholeof thereport.

7.4 Futur e Work

Thecomponentsusedin this projectwerecreatedto provide thespeci�edfunctionalityrequiredby the
auto-balancingtool. However, they weredesignedsothataddedfunctionalitycouldbeaddedat a later
dateif timeallowed.Thefollowing sectionsdescribesomeportionsof work which I identi�ed aspossi-
ble futurework.

7.4.1 PCB-XML

PCB-XML wascreatedspeci�cally for theuseof the auto-balancingtool andso it canstorethe PCB
designdetailsneededfor this function.It couldhowever beusedby othertoolsasaPCBdesignstorage
format. Almost all of thedetailsneededfor a completePCBdesigncanbestoredin a PCB-XML �le,
but theschemacanbeeasilyextendedto provide any additionaldataitems,suchasglobalconstraints.
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7.4.2 Extracting From Additional DesignTools

At presentonly CadenceAllegrodesign�les canbeextractedinto PCB-XML usingtheSKILL routineI
wrote.Extractingroutinescould,however, bewritten for many otherPCBdesigntools,suchasMentor
ExpeditionPCB or Orcad,allowing theauto-balancingtool to be interfacedinto tool �o ws which use
thesedesigntools.

7.4.3 Integrated Chip Wir eBalancing

While thisauto-balancingtoolwascreatedspeci�cally to balancewiresonaPCB,thetechniquesequally
apply to the balancingof interconnectsin a integratedchip, suchasa computerCPU.The tool could
easilybemodi�ed to balancethesechip interconnectionsinsteadof thewireson a PCB,with themajor
work beingthecreationof anextractingroutinefor thechip designtool.

7.4.4 Viewer Tool

Theviewer tool displaysaPCB-XML �le to screen,but it couldquiteeasilybeadaptedto displayother
typesof graphicalXML dataformats,soproducingviewersfor otherdatatypes.

7.4.5 WYSIWYG Net Choosing

At present,thechoiceof which netis to bebalancedis doneby selectinganetfrom a list of netnames.
Theselectednetis thenhighlightedon theview of thePCB.It canbequitedif�cult to �nd thenameof
thenetwhich is to bebalanced,andsoselectit in this way. It would bepossibleto addan interactive
WYSIWYG choosingoption,sothatnetscouldbeselectedby simply clicking thewire upontheview
of thePCB.

7.4.6 Automating Balancing

At presentthe auto-balancingaddslengthto only singlewire. To balancea completebus, eachwire
needsto be balancedseparately. It would be possibleto addcontrol codeto automatethe processof
balancingacompletebus.

7.5 Summary of Achievements

Althoughtheauto-balancingtool wasnot completely�nished, I have accomplisheda numberof learn-
ing andbuilding achievementsover thecourseof this project. Firstly, I createda large, complex data
structure(PCB-XML) which ef�ciently storesall the dataneededto describea complex PCB design.
This is the �rst time I hadcreateda seriousdataformat,andalsothe�rst time I hadever workedwith
XML. It thereforegavemenew experiencein a typeof databasedesign.

The viewer tool alsogave me considerableexperiencein anotherareaof computingscienceof which
I hadno previousknowledge. By studyingtheElectronicandSoftwareEngineeringcourseI have not
beentaughtany Graphicsor UserInterfaceDesignmodules,bothof whichwouldhavebeenveryuseful
whencreatingtheviewer. However, building this viewer tool allowedmeto learngraphicaltechniques
andalgorithms,which otherwise,I would not have hadtheopportunityto learn.Thespace�nding and
pushingalgorithmswerealsobasedon graphicaltechniquesandsoallowedmeto learnothermaterial
suchasclippingalgorithms.
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Theauto-balancingtool gave metheopportunityto developinterestingalgorithms.Theapproximation
of a PCB usinga QuadTree,ratherthana grid or vectorshapes,is, asfar as I know, the only useof
QuadTreesin a PCB routing tool. The pushingalgorithm,for addinglengthto wires, is alsoan very
unusualwayof routingwiresacrossaboard.

In a moregeneralsense,thecreationof a largeindustrialtool of this typegave mea greatdealof expe-
riencein thesoftwareengineeringof a large system.As well asbeinga softwareengineeringproject,
it wasalsovery researchoriented.Many of the techniquesusedhave not beenusedin a PCB routing
settingbefore,andso a lot of researchwasneededto �nd problemsthat could be causedby routing
wiresonaPCBthisway. I hadto learnanumberof researchtechniquesin orderto �nd theinformation
neededto implementthevariousalgorithms.

Overall, this projecthasprovidedmewith anexciting industrial,softwareengineeringproject,aswell
asaninterestingresearchassignment.It hasprovidedmewith a �rm basisfor eithergoinginto a job in
industry, or takingup apositionin research.

79



Bibliography

[1] ElectronicIndustriesAlliance. Electronic DesignInterchange Format (EDIF) (URL). http:
//www.edif.org ; accessedOctober2003.

[2] The World Wide Web Consortium. TheDocumentObjectModel (DOM) Level 1 Speci�cation,
1998.

[3] W3 Consortium. SAXProject Website(URL). http://www.saxpr oj ec t. or g; accessed
October2003.

[4] W3 Consortium. XML Linking Language (X-Link) (URL). http://www.w3.o rg /TR /
xlink/ ; accessedNovember2003.

[5] PeterDickman. MathematicalUnderpinningsof Serpentininga Bus, 2003. PrivateCorrespon-
dence.

[6] e tools. EDA XML DTD (URL). http://e- tools.c om/x lm /d tds /E daXML. dtd ; ac-
cessedOctober2003.

[7] SunMicrosystemsInc. ExtendingJAXBGeneratedClasses(URL). http://java.su n. com/
xml/jaxb/extend in gJ ax bGenera te dCla sse s. ht ml ; accessedNovember2003.

[8] SunMicrosystemsInc. TheJavaArchitecture for XML BindingSpeci�cation, 2003.

[9] Don Lancaster. Drawing Arcs with Curves (URL). http://www.tina ja .c om/g lib /
bezarc1.pdf ; accessedDecember2003.

[10] Lee.An algorithmfor pathconnectionandits application.IRETrans.ElectronicComputer, EC-10,
1961.

[11] W Newman and R Sproull. Principles of Interactive ComputerGraphics (SecondEdition).
McGraw-Hill, 1983.

80



Appendix A

Acknowledgements

I would like to acknowledgethehelpandadvicereceivedfrom thefollowing people,duringthecourse
of this project.

TheGreenockIBM PCBdesignteam,namelyRichardCroll, PeterPaterson,JohnLaing, David Rum-
bold andAlan Downie andtheir managerRobertStark,for providing insight into thedesignof modern
PCBsandfor allowing meto usetheir copy of Allegro.

Dr Andrew Knox, for arrangingaccessto the GreenockIBM plant over the courseof the projectand
providing theuseof anIBM laptopfor thisproject.

My projectsupervisor, Dr PeterDickmanfor theinvaluableadvice,supportandencouragementhegave
duringthecourseof theproject.

81



Appendix B

Copyright and Trademarks

IBM is a registeredtrademarkof InternationalBusinessMachinesCorporation.

Cadence,Allegro andOrcadareregisteredtrademarksof CadenceDesignSystemsInc.

MentorandExpeditionareregisteredtrademarksof MentorGraphicsCorporation.

Java is a registeredtrademarkof SunMicrosystemsInc.

82



Appendix C

Summary Project Log

Month Activities
October Familiarisationwith CadenceAllegro.

Sortoutaccessto CadenceAllegro
InvestigateHumanroutingtechniquesfrom IBM Greenock
PCBdesigners.
ResearchXML asadataformat.
ResearchSKILL scriptinglanguage.
CreatePCB-XML schema.
StartPCB-XML Extractingroutinein SKILL.

November ContinuePCB-XML Extractingroutinein SKILL.
ResearchXML parsingtools, including DOM, SAX and
JAXB.
ImplementPCB-XML parserusingJAXB.
Researchwriting subclassesof JAXB generatedclasses,
andcontrollingparserto createthesesubclasses.
Researchindustrialauto-routingprocesses.

December FinishPCB-XML Extractingroutine.
ResearchQuadTrees.
ImplementLine Segmentdrawing in viewer tool.
Researchline clippingalgorithms.
Implementline clippingalgoritms.
ImplementPolygondrawing in viewer tool.
Researchmethodsfor cuttingvoidsfrom shapes.
ImplementAlphaComposition,laterrejected.
ImplementBooleanaddition, usedto reducenumberof
booleansubtractionsneeded.
Implementscrollingandzoomingfor viewer tool.
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Month Activities
January Researchdrawing anarcwith quadraticcurves.

Implementdrawing anarcwith quadraticcurvesin viewer
tool.
Implementclippingalgorithmsfor arclines.
Implementclippingalgorithmsfor polygons.
Implementbuffering andthreadingfor drawing in viewer
tool.
Implementencirclementalgorithmsfor all drawn PCBel-
ements.
Researchspace�nding techniques.
ImplementQuadTreecreation.
Implementdrawing of QuadTrees.
Implementnearbysquare�nding algorithm in QuadTree
system.
Research�ood �lling algorithms.
Implementdistance�nding algorithmin QuadTreesystem.

February ImplementGranular�ood �ll.
Researchroutingalgorithms,suchasLee-Maze.
Considermodi�cations necessaryto useLee-Mazealgo-
rithm, laterrejected.
Developpushalgorithm.
Implementpushalgorithmon QuadTreesystem.
Discover problemwith overlapingwiresusingpushalgo-
rithm.
Researchmeasuresto preventoverlaps.
DevelopIntersection�x methodandimplementit.
Implementclosewires�x.
Discover connectionline spacingproblem.
Implement�x for thisconnectionline spacingproblem.

March Write Report.
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Appendix D

PCB-XML Schema
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D.1 X-Link Schema
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D.2 ExamplePCB-XML File
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Appendix E

CodeListings
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E.1 Allegro SKILL Extract Routine
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E.2 Java BalancingTool Code
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Appendix F

JAXB GeneratedCode
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F.1 JAXB Bindings

TheJAXB codewasgeneratedusingthePCB-XML schema(AppendixD) andthe following binding
�le.
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F.2 JAXB GeneratedCodefor PCB-XML
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