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Abstract

Thisreportdealswith the creationof atool thatcanautomaticallybalancehelengthof wiresona PCB
bus. To do this, the tool needsto extract PCB designinformationfrom a major industrial PCB design

tool, graphicallydisplaythe PCB, nd spaceo addtheserpentin@nthePCBand nally routetheextra
lengthrequiredacrosghis free space.
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Chapter 1

Intr oduction

As moderncomputersystemgeachfasterandfasterspeedsthe electronicdesignof thesesystemdse-
comesmoreandmoredif cult dueto thetiming constraint€ausedy thisincreasen speed Oneof the
mostchallengingareasof moderrelectronicss the creationof high speednterconnectsysedto connect
thevariouselectricalcomponentsogether Electricity takesa nite timeto o w throughthesentercon-
nects,proportionalto thelengthof theinterconnectThe designof theseinterconnectstherefore must
not only make surethatthe signalat the receving endis ascloseaspossibleto the signalwhich was
sent,but mustalsodealwith how long it will take the signalto propagatehroughtheinterconnect.

If aseriesof sighals(suchasthoseon a bus)needto reachanelectricalcomponenttthe samepointin
time, thenthe lengthsof interconnectaisedto carry thosesignalsneedto be ascloseto eachotheras
possible As the clock speedf thesedigital signalsincreasesthetolerancebetweerthearrival timesof
the signalsdecreaseandsotheinterconnectsnustbe morecloselybalancedn length.

To balancetheseinterconnectsthe designemwould increasehe lengthof the shorterinterconnectdy
addingwiggles,calledserpentineto them. Thisis avery time consumingandrepetitive processyhich
takesthedesigners time away from theactualroutingof theinterconnectacrosghesystem My project
brief involved the creationof a tool which could automaticallybalancetheseinterconnectsso freeing
thedesigneifrom thistask.

Therearemary differenttypesof interconnectsisedby electricalsystemsfor examplethetransistorsn
CMOSchipsareconnectedy metalinterconnectayers.Thetool describedn thisreportwasprimarily
designedo balancethe metaletchwires of printedcircuit boards(PCBs),however it couldequallybe
adaptedor usewith otherinterconnectssuchasthoseusedin chip designs.

1.1 Background

To placetherestof thisreportin context, this sectionwill dealwith the backgroundandhistoryof PCB
Design.It alsode neswherein thedesignprocessny tool is intendedo be used.
1.1.1 PCB Manufacturing

The methodsusedto designPCBs(PrintedCircuit Boards)have changecover the years,asnew tech-
nologieshave becomeavailableandelectricalconstraintdave becomemorelimiting.

Initially, electricalcomponentsveresimply connectedogethemwith piecesof freestandingvire. This
soonbecamemessywhen a large numberof componentsvere used. It wasalso unreliableaswires



could easilybe pulled out of the componentsSoon,componentsvere placeduponwoodenboardsso
thatthey couldbe moreeasilymovedin onepiece.Wireswerestill usedto connecthecomponentshut

they couldbeclippedto theboardto keepthemtidier andreducehe possibilityof thewiresbeingpulled

out. PrintedCircuit Boardscameaboutwhenthe wireswerebuilt into the board. Stripsof copperare
printedonto a sheebf dielectricmaterialandthenthe electricalcomponentsresolderedo the copper
to form the electricalcircuit.

Modern PCBstypically have wires printed on morethanjust the top and bottomlayersof the board.
Layersof printeddielectricaresandwichedogetherallowing a PCBto containmultiple layersof con-
nections.Theconnection®n differentlayerscanbeconnectedogethewusing“vias”, smallholesdrilled

throughthe board,andlined with metalto connecieachlayer Modernprintedcircuit boardsare,in fact,
not printedat all. Instead,a pieceof dielectricis coveredcompletelywith a layer of metal(typically

copper).The copperis then“etched”to remove the unwantedsectionsof coppey thusgiving thename
“etch” to thecopperwhichis left.

1.1.2 DesignTools

Theseboardswere originally designedy drawing the wireson to a pieceof tracingpaper whichwas
thenusedto createthe boards.Eventuallythe PCB layout anddesignwasmoved into a computerap-
plication, which allowed the designerto more quickly and accuratelyroute the wires. Graduallythe
sophisticatiorof thesedesigntools hasgronn andmodernhigh-speed®CB designsvould be virtually
impossiblewithoutthem.

Thereis alarge numberof PCB Designtools availableto the electricalengineemowadays. Thereare
simplertools suchasOrcad,which is typically usedfor studenttuition in Universitiesor Collegesand
also more professionatools suchas Mentor ExpeditionPCB and CadenceAllegro. Thesetools are
speci cally designedo dealwith the constraintglacedon modernhigh-speediesigns.

My projectwasco-supervisedby IBM, andsinceoneof the mainaimsof this projectwasto developa
softwaretool thatcouldbeusedby the GreenockPCB DesignDepartmentit wasnecessaryo interface
my tool to the designtool usedby the departmentIBM usesCadenceAllegro to develop their printed
circuit boardsandsol hadto nd away of linking my tool into this commerciaproduct.

Cadenceillegrois aprofessionaHigh SpeedPCB DesignTool. It is commonlyusedto producecom-
puter motherboardsor high-speedhetwork device boards(suchasroutersor switches). It provides
an interactve ervironmentfor creatingand editing complex and high-speedmulti-layer printed cir-
cuit boards.lt is speciallydesignedo provide managementver the electricalconstraintsuchasline
impedancer propagatiordelaywhich aremuchmoreprevalentin high-speediesign.

SinceAllegro'sintendedmarletis largeindustrialcompaniesit hasanumberof optionsandtechniques
for customisingheinbuilt tools. Thisis sothatthe large companiexcancustomiseAllegro to perform
functionsthatoccurin thework proces®f thatcompary. Oneof the maincustomisatiorioolsavailable
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 programmingervironmentthat automaticallyhandles
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traditional systemprogrammingoperations suchas memorymanagementlt also providesfunctions
that allow the programmetto accesghe detailsof a boarddesigndatabase.This meansthat SKILL
programsanmake changeso, andextractdetailsfrom, saved Allegro les usedto designPCBs.

TheSKILL languagegave meanumberof optionswheninterfacingmy tool into the Allegro tool chain.
Oneof theseoptionswasto write my auto-balancingool completelyin SKILL, thususingthefunctions
in SKILL to interactdirectly with theboard les, removing wiresandaddingthe newvly balancedvires
straightinto thedatabasde. Anotheroptionwasto useSKILL to extractthe necessargata.This data
couldthenbereadinto my tool, allowing it to bewrittenin ary otherprogramminganguage.

The rst option obviously hasa numberof adwantages.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, createand deletewires. This
would have substantiallyreducedthe amountof codethat neededo be written, howvever SKILL does
have somemajor dravbacks. Firstly, asa scriptinglanguaget is muchslover thana compiledlan-
guage which would have hada hugeimpacton the usefulnes®f thetool, dueto the large amountof
computationsiecessaryn the complex PCBsusedasmotherboardsSecondly SKILL is not anobject
orientedlanguagewhich would increasehe compleity of whatwould alreadybe very complex code,
andreduceits easeof understandingonsiderably Lastly, SKILL scriptsonly work within Cadence
Allegro, meaningthat the tool could not be usedwith otherdesigntools, suchasMentor Expedition
PCB,withouta completerewrite.

Insteadof writing the completetool in SKILL, | decidedto write a small SKILL routinewhich extracts
the necessarylata,thenwrite my tool asa separatgrogram which runson the extracteddata,andhas
no dependencuponAllegro. This option hasa numberof adwantagessuchasbeingmainly platform

independenandallowing thetool to bewrittenin anappropriatepbjectorientedandcompiledlanguage.

1.1.4 PCB DesignProcess

The designprocesof a PCBiis typically split into threemajor stages.First the major electricalcom-
ponentsare placedon the board. The wires arethenroutedbetweenthesecomponents&nd nally the
wiresaremodi ed sothatthey conformto ary constraintghathave beenplaceduponthem. This nal
stageis wherethewiresof a busarebalancedandsothisis the partof thedesignprocesavhichwould
beaddressety my tool.

Sincetheauto-balancingool of this projectonly dealswith partof the PCB designprocessit is impor
tantthatit integratesinto thenormaldesigntool o w effectively. This meanghatno designinformation
shouldbelostwhenthedesign o ws throughthistool, andinto the next tool usedin thedesignprocess.

1.2 Explanation of Project

Theaimof this projectwasto createatool which couldassisPCBdesignerdy automaticallybalancing
thelengthof wiresin a bus. To do this it needso integrateinto the designtool o w usedby the PCB
designers.This meansthatthe tool needssomemethodof extractingthe requireddesigninformation
from the previous tool andrefactoringthe modi ed datainto the next tool in the sequence.The user
thenneeddo identify which bussesandwires shouldbe modi ed by the auto-balancingool. This user
interactioncould be eithera text basedbatchmethodor aninteractve graphicalview of the PCB. The
interactve graphicaloptionwaschosersothattheauto-balancinglgorithmscouldbeeasilytested. The



project,thereforeneededo graphicallydisplayarepresentationf the PCBto thescreen.

Oncethedetailsof the PCBhave beeninputinto thetool andthe PCBis displayedon screentheselected
bussesnustbe balanced Balancinga bus, by extendingthe lengthof someof the shorterwires, takes

extraarea,sothe rst stagein balancingabusis nding freespaceonthe PCBto balancehebus. The

nal stages to actuallyextendthelengthof thewires,thusbalancinghe bus.

1.3 Motivation

Themainmotivationbehindthis projectwasto createa usableool, which couldbeusedby PCBdesign-
ersto increaseheir productvity. Therewerehowever othermotivationsbehindthe choiceof project. It
wasimportantthatthe projectwasinterestingandchallengingandallowedmeto learnnew softwareen-
gineeringtechniquesindcomputingscienceprocessesrl he auto-balancingool alsoprovided a project
which hadelementof bothcomputingscienceandelectronicdesign allowing meto usebothhalvesof
the Electronicand SoftwareEngineeringcourse.

Another importantconsiderationwas the fact that there are currently no commercialtools available
which performthis auto-balancingrocess. Auto-routing tools nowadayscantake length constraints
into considerationandwould routethe bussego theseconstraintshowvever theseare very expensve
andbalancinga bususingthemwould requirean unnecessargeroutingof the bus.

1.4 DocumentOutline

The remainderof this reportprovidesdetaileddescriptionsof the designandimplementatiorof all of
the major componentsnvolved in the creationof this project. The reasoningoehindthe major deci-
sionsin the designof the systemareanalysedanddescribed.The nal sectionof thereportdetailsthe
lessonavhich | learnedduringthe project,andits valueasa learningexperience Themainsectionsare
describeelow:

Extract of Board Layout This sectiondealswith extractingthe datafrom industrial designtools so
thatit canbeusedby theauto-balancingool.

Graphical Display This sectiondealswith the algorithmswhich wereusedto displaythe PCBon the
screenlt alsodescribelipping algorithmswhich areusedto speedup thedrawving of the PCB,
aswell asbeingusedto nd freespacen thefollowing section.

Finding FreeSpace This sectiondescribeghe techniquesvhich wereusedto nd free spaceon the
PCB, which could thenbe usedto addthe requirediengthto wires. It alsoexplainshow much
spacds neededo balancebusses.

Balancing BussesThis sectiondescribeshowv length can be addedto a wire, so that bussescan be
balanced.

Problems& Solutions Thissectiondiscussethoseproblemsconfrontedduringthecourseof theproject,
which arenotdiscussedn ary of theothersectionsanddescribesiow | overcamehese.

Conclusion In theconclusion evaluatethe successf theproject,its currentstatusandary futurework
which couldimprove thetool atalaterdate.



Chapter 2

Extract of Board Layout

If theauto-balancingool is to beintegratedinto a PCB designtool chain,thenit needgo getthedesign
informationfrom the previous toolsin the chain. This sectiondetailsthe methodl usedfor extracting
informationfrom theindustrialdesigntool, Cadencellegro.

2.1 Extract Data Format

Therearea numberof differentDataFormatsavailableto extractthe PCBlayoutdatafrom Allegro and
importit into my balancingool. Themainformatsl investigatedarelistedbelow:

Allegro Save File - The simplestoption, from the extractingpoint of view, is simply to save theboard
le normallyandthengettheinformationneededn theJava Toolfrom this le. Theproblemwith
this option comesfrom having to understandhe format of the Allegro save le. This formatis
totally proprietyto Cadenceandits structures notavailableto thegenerapublic. The le format
is alsobinaryratherthana humanreadableASCIl format. Theseproblemscombineto malke the
sase les next to impossibleto decoddfor someoneutsideof Cadence.

Proprietary Format - This optionsimply involveswriting datato a le, withoutary regardto format
standards. This hasthe adwantagethat only datathatis speci cally neededfor my balancing
tool hasto be written to the le. This meansthe data le canbe more compactandthe code
for extractingandimporting doesnt needto be very complex. The dif culty with this method
is the very factthatit is completelyproprietary Thereare no tools available to help with the
programmingof theroutinesandary othertoolswould alsonot supportit. It would alsobevery
easyto structurethe dataformatin a similar way to the internalformat of a single program(in
this case Allegro), makingit muchmoredif cult to portthetool sothatit workson otherdesign
tools.

Standard Format - Over theyears,electronicdesigncompanie$iave produceda numberof standard
formatsfor transferringdatabetweenthe varioustools on offer. One of the mostsuccessfubf
theseis the ElectronicData Interchange~ormat (EDIF) [1] standardcreatedby the Electronic
IndustriesAlliance (EIA). It wasproducedn 1985sothatdesignersvho wishedto usea combi-
nationof CAD tools from differentvendorswerent forcedto corvert amongvariousformatsin
orderto completethe designs.This is a very complicatedormathowever, andtools which work
upontheformatareexpensve andnot opensource.The standardalsocontainsa hugeamountof
informationthat! would never use,sinceit is usedfor mary differenttypesof electricaldesign,
suchasASICsandmulti-chipmoduleshot just PCBlayout.



Standard XML Format - With theemegenceof XML asastandardormatfor dataexchangebetween
applications EDIF hasnow startedto be supersedethy an XML versionof the format, called
EDAXML [6]. This is still a relatvely new format, and hasnot gaineduniversalacceptance
by the tool producers. Thereare, hovever, morefree tools available thanwith EDIF, possibly
to promotethe standard.The standards still very complicatedand containsa hugeamountof
informationthatwould not be neededor anauto-balancingool.

Proprietary XML Format - Anotheroptionis to createanew XML standardyhich containsonly the
informationneededy thebalancingool, thusreducinghecompleity of exportingandimporting
routines. This new standardcould be createdin sucha way asto be easily extensibleso that it
couldbeputto otheruses.Themainproblemwith this optionis thevery factthatit is proprietary
| would needto write ary toolsrequiredmyself. However, thefactthatthe standards basedupon
XML meanghat! couldusethe mary XML toolsto help producethe tools neededor this new
standard.

XML hasbecomea very popularformat,andsotherearenon a numberof very sophisticatedoolsfor
dealingwith XML les. It would seemthat EDAXML would thereforebe the perfectformat, asit is
bothanindustrialstandarcandan XML format. However, the compleity of thisformatwould have ne-
cessitateé very complicatedSKILL routineto extracta le tothisformat.Indeedtheonly realassebf
EDAXML, thefactthatit is anindustrialstandardis negatedby its slow acceptancey thetoolmalers.
Therearevery few toolsthatactuponEDAXML, andalthoughtherearesomeextractingtools, which
have beenbuilt for EDA tools, onehasnot yet beencreatedfor CadenceAllegro. For thesereasond
decidedo createmy own XML formatfor transferringherequireddata.

2.2 PCB-XML

Thedataformatusedfor thetransferof datafrom Allegroto theauto-balancingool is calledPCB-XML.
Thisformatcontainsall theinformationnecessaryo completelydescribea PCBboard.It alsocontains
informationaboutthe constraintplaceduponwires, shapesr otherobjects,sothatthe auto-balanced
wirescanbedesignedo t within theserestrictions.

2.2.1 Design

A PrintedCircuit Board effectively consistsof a seriesof layers,uponwhich metallic etchis printed
to provide electricalconnectiondetweercomponentsTheseconnectiondbetweercomponentsreset
up beforethe layout stage,in anelectricalschematieeditor andde ne the electriccircuit thatis to be
produced.Eachof theseconnectionss calleda net. Therecanbe mary thousand®f netsin a modern
motherboardlesign.An exampleof a netwould be the connectiorbetweera pin on the memorycon-
troller anda singlebit of a RAM chip. With a modernRAM modulehaving up to 128 pinsandthere
being4 to 16 of theseRAM modulesonasingleboard,notto mention:10 bussesuchasPClandAGP;
harddisk IDE or SCSIcontrollersandbussesperipheralUSB andFirewire controllers;power regula-
tors; anda modernCPU with 400to 1000pins, it is not hardto seehow complicatedboardsbecome.
In factthis is noteventhewhole story asmary of theseconnectionsredecoupledvith capacitorsand
othercomponentsgreatingeven morenets. The nal mainconstituentof a PCB arethe components
placeduponthe board,suchas capacitorsyesistorsand even batteryconnectorsright up to the CPU.
Someof thesehave no electricalfunction, but still needto be incorporatednto the boardto male it
functional, suchas stiffeners(to strengtherthe board)and ducials (markersthat are locatedby the



manuacturingmachinesothatcomponentganbe placedaccurately).

A PCBcanbedif cult andcomplex to describeandif PCB-XML is to beaneffective extractingroutine
thenit needdgo provide detaileddescriptionf all of the constituentseferredto above. Whenlooking
atthedescriptionof a PCB, it canquite easilybe seernthatthreemainpartsarepresenin ary PCB:

Layers
Nets

Components

Thesethreeelementsvould be sufcient to fully de ne a PCB design,hovever onemorewasneeded
to malke the format practical. Pins, which connectcomponentgo the board,andvias, which connect
layerstogetheraremadeup of a seriesof padson eachlayer Thesepadsare lled etchshapesandso

theseshapesnustbe describedn someway. Thesepadshapesouldbe describedwithin every pin or

via element.This, however, would be very wastefulasthereis usuallyonly a smallnumberof different
typesof padsin a PCB andso the sameshapesvould be describednary times. Instead,a top level

elementcalleda PadStackis de ned. EachPadStackdescribesvhich padshouldbe locatedon each
layer A pin or via now simply needdo referto the type of PadStackit usesandprovide a description
of wherethe PadStackshouldbe placed.

Therearethereforefour mainpartsof aPCBin PCB-XML:

Layers
Nets
Components

PadStacks

Eachof thesepartsarerelatedin someway. For example,alayercontainsanumberof netsandeachnet
connectgwo or morecomponentsHowever, thereis no hierarchicakelationshipbetweerthemwhich
canbeexploitedin thedataformat. This meanghatit is not practicalto placeoneof thesethreeobjects
within anotherasit would necessitata large overlapof data. For instancealthoughthe descriptionof
netscould be placedwithin the layerswherethey occur if a netoccurredin 5 layersthentherewould
be4 unnecessarglescription®of thatnet.

XML is a very hierarchaldataformat, with relationshipsbetweenobjectsformed by their hierarchal
structure. As this approachwasnot practicalfor PCB-XML, a differentmethodwasneeded.An ob-
viousway to storetheserelationshipsvould be to link objectswith somethingsimilar to hyperlinksin

HTML. Althoughthisis notbuilt into XML, thereisanXML standardwhich provideslinking within an
XML documentgalledX-Link [4]. A typeof X-Link, calledanarc,wasusedto provide abi-directional
link betweerrelatedobjectswith a“REF” elemenipointingtowardsa“LOCATOR” element.Theauto-
balancingtool thenprocessethesedlinks asthe PCB-XML le is readin (seesection2.4 for detailson

how thisis done).

Thethreemainconstituent®f a PCB- layers,netsandcomponentsirethereforestoredasbottomlevel
elementsn PCB-XML, with links betweerthem. Thesemainelementsarenow described.
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Layer Element

Thereis alayerelementfor eachphysicallayerin the PCB. Eachof theselayerelementxontaina list
of referenceso all of the netswhich have someetchon thatlayer They alsohave a nametag, sothat
humanaunderstanavherethelayeris locatedandalocatortagsothatreferenceso this layer, from nets
or componentscanbe processetby the balancingool.

| discovered,duringthe productionof the balancingool, thattherewasa needfor anothedataelement
within alayer A layernumberwasneededvhich indicatedthe orderof the layers(i.e. from thetop to
the bottom). This wasneededecausef componentmirroring. Componentgandthe padsof etchon
to which the componentsare soldered)are describedonly on oneside of the board(e.g. components
placedonthetop). If acomponents mirrored,thenthe padshave to be put on the oppositeside(i.e. a
padon the top would be placedto the bottomlayer). This meanghata recordof the orderof layersis
neededsothattheoppositdayercanbefound.

Thelayerelements descriptionn the schemgseeSection2.2.2)is shavn 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 nedl 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 canbeseenthelLayerTypeextendsa Locatorelementwhichis anx-link item,whichis linkedto by
Refitems.TheLocatorandReftypesareshavn 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

The mostcomplicatedelementwithin a PCB-XML le is anetelement.A netcanbe somethingvery
simple,suchasa singleline of wire connectingwo capacitorsup to a very complex netconsistingof
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abstracshapesintricatepathsandviasgoingbetweerlayers,suchasthegroundnetusedasareference
by mary componentsAt thesimplestievel, anetis a portionof the metallicetchwhichis alwaysatthe
samevoltagelevel. For example the5V power netshouldbe5 volts abore thegroundnetatary section
of its length. Thisis a simplisticview, with thereality beingmorecomplicatedespeciallyat high speed
aswe shallseelater However, it is adequateat this stage.

In PCB-XML anetis split upinto anumberof branchesEachbranchis acompletelyconnectedection
of etch,i.e. ary partof theetchin abranchcanbegottento from ary otherpartin the samebranch by
simply following thebranchetch. A netshouldbe connectedrom oneendto theother soafully routed
netshouldonly have onebranch.However netsthathave not beencompletednay containa numberof
differentbranchesAs this tool is to be usedon incompletePCB designsit is necessaryo split netsup
into branchesn this way.

Thesebranchesonsistof differentelementsvhich describehe etchprintedonthe PCB:

Path - A pathis a seriesof connectedstraightor curved lines betweerntwo points. A pathconsistsof
asingleconnectedine, which doesnotfork into multiple sections A fork is addedasa separate
pathfrom the T pointto the fork's end. Pathsareusedto describewiresandbussesandso most
of theauto-balancingool will bedealingwith these.

Shape- A shapeasyou would expect,describesnabstracshapeof metaletch. It is describedy an
outline madeup by a seriesof pointsconnectedy straightor curved points. A shapecanalso
containa numberof voids, or holesin the etchwhich aredescribedn the sameway asthe outline
of theshape.Shapesretypically usedfor power andgroundnetsin modernPCBs. They allow
thevoltageto bekeptsteadyascurrentis dravn by componentsHigh-speedviresarealsooften
run with power planeshapeson the layersabore and belov the wire to improve the electrical
characteristicef thesewires.

Via - A viais a connectiorbetweenhelayerson a PCB.It is de ned by a PadStackwhich describes
the pads(or shapes)ocatedon eachlayer Viasaremanufcturedby drilling a hole betweerthe
layers,andcoatingthe edgeof the holewith metal,thusconnectinghelayerstogether

Pin - A pin connectsaanetto acomponentPinsareactuallypartof acomponentsoapin in thenetis
de ned by areferenceo theactualpin de nition within thecomponentlement.

Figure2.1shaws therelationshipbetweerthe elementsisedto fully describea net.

ComponentElement

A Componengtlementin PCB-XML describegachphysicalcomponenplaceduponthe PCB.Thisel-
ementgivesthe partnumbey descriptionandphysicalpackagdormatof thecomponentA component
caneitherbe placeduponthe PCB designor it could be presenin the schematicsbut not yet placed
upontheboard.If it is unplacedthe partnumbey descriptionandpackagdormatareall thatareavail-
able,howeverif thecomponents placedwe wantto know its locationonthe PCB. Thisis accomplished
by having atagin the componenielementwhich canbe one of two types,Placedor Unplaced. The
Unplacedelements simply anemptytagindicatingthatthe components yetto be placed.The Placed
type elementcontainsinformationaboutthe location of the componentijts rotationandwhetherit is
mirrored(i.e. placedonthebottomlayer)or not. It alsocontainsa list of all the pinsonthe component
andtheirlocation. Thepinsalsohave referenceso thetype of Padstackusedto createthemandthe net
whichit is partof.
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Figure2.1: Thisdiagramshavstherelationshipbetweentheelementsisedn thenettypeof PCB-XML




For my auto-balancingool, PCB-XML only needdo describestchprintedon layersof the PCB,which
is doneby the abore elements.However, boarddesigntools containa lot of otherinformationabout
componentssuchasasymbolto bedisplayedonthe screerandkeep-outareasvhereothercomponents
cant beplaced.Althoughmy auto-balancetool doesnot needthis information,it is importantto other
applications. Soto make PCB-XML usablein otherapplications,| addeda SymbolDescriptiortag,
whichis a X-Link andsocanbeareferenceao anothempartof thedocumentpr to anotherdocument.

PadStackElement

A PadStacks simplyalist of Pads.EachPadis a lled shapeof Etchupona certainlayer, which allows
componentaindwiresto be connectedo the pinsor viaswhich areusingthe PadStack Padstherefore
have alayertag,whichlinks to thelayeruponwhich the padshouldbe placed anda outlinetag,which
useshe samepolygontype usedto make up shapesn anet.

2.2.2 PCB-XML Schema

An XML Schemas usedto describePCB-XML, sothatsomecontrolcanbe keptovertheformat. This
enablesles tobeveri ed, providing aguarante¢hatary le whichconformsto thePCB-XML Schema
will work with toolswrittenfor it. An XML Schemavaswritteninsteadof aDocumentTypeDe nition
(DTD - anothemway of de ning thesyntaxof anXML le) for thefollowing reasons:

DTDs have very limited supportfor modularity and reuse,which is importantin a large and
complex XML specsuchasPCB-XML. The PCB-XML Schemamales greatuseof this, e.g.
PointTypeelementsarereusedalarge numberof times.

DTDs alsohave no supportfor schemaevolution, extension or inheritanceof declarationsAgain
this wasusedin the PCB-XML schemdor referencesandlocatorsusedby the X-Links. Thus
elementnly needto extendthe LocatorTypeif they areto belocatedby otherlinks, anddo not
needto rede nethenecessarglementags.

A DTD isaninherently at structureandsoit wouldbeverydif cult to modelthevery hierarchial
structureof PCB-XML from it. An XML Schemas a muchmorehierarchialstructureto start
with, which malesit easierto understan@é comple datatype.

The XML Schemawhich describe?CB-XML is availableasAppendixD.

2.3 XML Tools

Onceaboardhasbheenwrittenin PCB-XML, the XML le needgo bereador parsednto thebalancing
toolin someway. | decidedo write thetool in the Java languagewith which | have hada greatdealof
experienceandbecauséherearealarge numberof XML toolswritten speci cally for Java. Someof the
toolsthatl consideredisingto parsethe PCB-XML les into the Jasa balancingprogramaredetailed
belaw:

DOM - DOM or DocumentObjectModel [2] de nes an API for accessingand manipulatingXML
documentsastreestructures.A tool which implementghe DOM API allows hierarchicalXML
documentgo be accessedsa programminganguageneutralobjectmodel, storedwithin mem-
ory. Thereweretwo main problemswith this tool. Firstly, the entire documentmustbe read
into memoryandsomeDOM implementationsisemary timesthe original documens sizein
memory Thiswould beavery signi cant overheadvhensomePCB-XML les are60Mbin size.
Secondly DOM's programminglanguageneutralformat meansthat interfacing with the object
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modelis reasonablglonv andunnecessarilgomplex. Sincethebalancingool needdo make reg-
ular queriesto the objectmodel,this couldhave contributedto a signi cant dropin performance.

SAX - SAX or SimpleAPI for XML [3] is aneventbasedoarsingtool, ratherthanthetreemodelused
by DOM. This parserworks by invoking one of several methodssuppliedby the callerwhena
"parsing event” occurs. "Events” include recognizingan XML tag and nding anerror This
parsetis idealwhenonly smallpartsof the XML le areneededasthey canbeextractedwithout
readingthe whole le into memory The auto-balancindgool, howvever, needsalmostall of the
informationin aPCB-XML le, soalarge numberof eventswould be neededaswell asalarge
numberof methodsto handletheseevents.

JAXB - JAXB or Java API for XML Binding [8] providesa way of accessinglementsn XML les
asJava objects.JAXB is a Javatechnologythatenableslasa classego be generatedrom XML
schemady meansf aJAXB bindingcompiler TheJAXB bindingcompilertakesXML schemas
asinput, and then generates packageof Java classesand interfaces,which re ects the rules
de nedin thesourceschemaThe JAXB bindingframevork providesmethodgor unmarshalling
XML instancedocumentsnto Java contenttrees(a hierarchyof Java dataobjectsthatrepresent
thesourceXML data)andfor marshallinglava contenttreesbackinto XML instancedocuments.
This meansthat Java applicationscanwork with schema-complianKML dataas Java objects,
without having to worry abouthow to move betweenXML andthe Java objects.

| decidedto useJAXB for parsingthe PCB-XML le, sinceit providedexactly whatl neededaccesso
aJava Objectrepresentationf the XML le. Anotheradvantagevasthatalmostall of thecodedealing
with XML would be prewritten by the JAXB bindingcompiler Sincel alreadyhada XML-Schemafor
PCB-XML, all thatwasnecessaryasto compiletheschemanto Java Classesisingthe JAXB binding
compiler

2.4 Managing Data Imported into Auto-Balancing Tool

Onepossibleproblemwith the JAXB approacho parsingPCB-XML could be alack of e xibility in
the Jasa Classesreated.If operationspot provided by the JAVB Binding Compiler neededo be per
formedon one of theseClassegfor exampleto calculatethe length of a path),thenthey would need
to bewritten into thesegenerateclassesandsothe modi cations would be overwritteneachtime the
JAXB Binding compilerwasrun. This could be x ed by creatingsubclassesf the generatedtlasses
andmakingthe modi cations to thesesubclassesHowever, the unmarshallemwould createobjectsof
the superclassesneaningthe subclassesould needto be createdmanuallyfrom thesesuperclasses.
Thankfully, | discoreredthat the bindingsusedto compilea XML-Schemacould be modi ed with a
suitablebindingscon guration le sothatsubclassesould be unmarshalledinsteadof the originally
generatedlassegsee[7] for detailsandAppendixF.1 for thebinding le).

Oneof thepeculiaritiesof PCB-XML is thefactthatthereareanumberof X-Links betweertheelements
within it. Thesdinks, though,aresimplestringlabels,notactualaddressesotheitemwhichis referred
toneedgo besearchedor. Thesdinks needio beconsultedftenby theauto-balancingool, soit would
bevery inefcient to searchthroughthe completelist of elementdooking for a correspondindocator
eachtime areferenceabjectwasneededinstead]inks to thelocationof the java objectaresetup just
afterthe PCB-XML le hasbeenparsed.This requiresgoingthroughthe completdlist to searchor all
possiblelocatorsandreferencesHowever, we do not know whethera locatortag will comebeforeor
afterareferenceo it. To save traversingthelist multiple times,| useda datastructuresomevhatlike a
tuple-spacelt worksby placingall referencesndlocatorsfoundinto alist structure.lf alocatorwhich
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correspondso a referencebeingaddedis alreadyin thelist, thenboth of theseareremaved from the
list, andJava referencesrecreatedn eachpointingto oneanother The samehappensf areferenceas
alreadyin thelist andcorrespondso alocatorbeingadded.
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Chapter 3

Graphical Display

A majorsectionof this projectwasthe creationof agraphicalkool which couldshav arepresentationf
aPCB-XML board le anddisplaychangesnadewhile auto-balancingvires. A graphicalview of the
boardwasnot absolutelynecessaryo thetool's effectivenesssincethe tool wasoriginally intendedto
have a non-graphicabatchmodewhich would simply performthe changesvithout ary externalinter
vention.However, thisbatchmodeof operationwould have madedeluggingandtestingof thebalancing
operationverydif cult. It wasnecessaryo seewhatchangesveremadeto theboard,aswireswerebal-
ancedsinceasl wasinventingmary of thealgorithmsusedthey neededo betestedhoroughly If there
wasno graphicalviewer built into the tool, the PCB-XML createdvould needto bereadinto a design
tool, suchasAllegro, to displaytheboard. Thiswould notonly be slov andtime consumingbut sincel
only hadaccesso AllegroatthelBM Greenoclsite,thiswould have severelyhamperedhetimewhich|
couldspendworkingontheproject.It wasthereforeeasietto createmy own viewer for PCB-XML les.

Figure3.1shavs anthe nal viewertool displayingaPCB-XML le.

3.1 Drawing the PCB

Therearemary tools availablewhich provide the ability to drav in Java. However, mary of theseare
tailoredto draw graphs,block diagramsor otherwell usedgraphicalobjectsand did not provide the
level of e xibility neededo drav aPCB.Thereareno Javatoolswhich provide amethodto easilydrav
aPCBto screensotheonly effective option| wasleft with wasto usethefairly low level Java2D API,
which comesaspartof Java.

Java2Dallows the userto overwritethedrawComponent() methodof a swinggraphicalobject,such
asaJPRanel. This methodis calledby the Java virtual machinewheneer the swingcomponenteedso
beredravn. This methodcanbe changedsothatinsteadof draving a grey box, aswould be donefor a
JPanel,the PCBis drawn to screen.The JPanelis dravn to by calling methodssuchasdraw(Shape
s) andfill(Shape s) uponaGraphics2Dobjectwhichis associateavith the JRanel.

My PCB-XML viewer dravs a PCB by creatinga JRanel, and overwriting the drawComponent
methodso thatit passeghe Graphics2Dobjectto a drav methodin every elementin the list of Java
Objectsextractedfrom the PCB-XML le. Theseelementgshendrav themselesonto the Graphics2D
objectandsoappeanon themodi ed JPanel.
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Figure3.1: This shawvs theviewer tool zoomedn to a sectionof a sener motherboard
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3.1.1 Drawing all of the PCB Elements

Thereis a reasonablyarge numberof elementtypesin a PCB-XML le (e.g. nets,vias, pins). The
schema(Section2.2.2) however, was designedso thatary elementswvhich needto be dravn canbe
madeup of threebaseelements:

Line Segments A straightline betweertwo points,usedto represenstraightwiresin anet.

Arc Segments An arcconsistingof the centrepoint of a circle andthe startandendpointsof the arc
aroundhatcentre.lt alsocontainghedirectionwhichthearcfollows arounchecircle (clockwise
or anticlockwise).Thesearcsareusedfor curvedwiresonthe PCB.

Polygons- Polygonsn PCB-XML go beyondwhatthe word polygonwould usuallydescribe As well
asa lled shapede ned by straightlines,a PCB-XML polygoncanusearcsto de ne its outline.
This meanghatcirclescanalsobe describedy a PCB-XML polygon.Polygonsareusedfor via
andpin pads,aswell asfor etchshapesEtchshapesanalsocontainvoids, or holesin the lled
etch.Thesevoidsarealsodescribedisingpolygons.

Whenanew PCB-XML le is openedyy theviewer, the XML elementsareunmarshalleihto Java Ob-
jects(seelJAXB descriptionin Section2.3). Thereis thenaninitialisationstagewherethelinks between
the elementsare setup (seeSection2.4). During this Initialisation stagethe viewer createsJava2D
shapegor eachof theabore elementshich arefound. Theseshapesanthenbesimply drawvn ontothe
Graphics2Dobjectevery time the drav methodis called. Sincethe shapesrestored.they do not need
to becreatedevery time the PCBis drawn, thusspeedingup theredrav rategreatly

Theelementshapesverecreatedn thefollowing way:

Line Segments

EachLine Sggmentconsistof a straightline betweertwo pointswith a certainwidth. The Java2D api

containsa General@th primitive shape.This shapecould be usedto drav aline sggment,sinceit can
be usedto draw aline betweerntwo pointswith agivenwidth. This hovever would be wasteful,sincea

Generallgth candrav morethanoneline sggment,i.e. it could be usedto drav a completePCB path.
Theoneproblemwith thisis thatPCBpathscancontainlineswith differentwidths,while aGeneralth

canonly bedravn with a singlewidth. In the PCB viewer tool, aseachPCB pathis initialised,a series
of General@thsare created onefor eachconnectedetof line segmentswith the samewidth. These
pathscanthenbedravn whenneeded.

Arc Segments

An Arc Sggmentis similarto a Line Segment,in thatit consistof aline betweertwo pointswith acer
tain width, however theline connectinghe pointsis a curved arc, ratherthana straightline. Thereare
no arcprimitivesin Java2D,however a GeneralRth candrav quadraticcurves. Althoughanarccannot
be accuratelyproducedby a quadraticcurve, after muchresearchprimarily the mathmaticalbproof in
paper9]), | discoreredhow anarc,whichis lessthan90 , couldbecloselyapproximatedby aquadratic
cune.

A quadraticcurwe is describedn Java2D by four control points, (X g, Yo) which is the startpoint of the
curwe, (X3, y3) which is the endpoint of the curve andtwo points(x 1, y1) and(X2, y2) which describe
the gradientof the line at the startandendpoints. To correctly approximatean arc, thesefour points
needto befoundcorrectly
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Thepoints(Xg, Yo) and(x3z, y3) aresimpleto nd, asthey aresimply the startandendpoints.However,
(X1, Y1) and(x2, y») take morework to nd.

y

(X5 Y9

Figure3.2: A curve canapproximatea symmetricarc suchasthis

If wetake thesymmetricalrcof unitradius,asshavn in Figure3.2,we cancalculate(x 1, y1) usingthe
following formula:

_ 4 cos(=2)

X1 = 3 (3.1)
PR C oo
Sincethearcis symmetrical(x», y2) canbefoundby:
X2 = X1 (3.3)
Y2= V1 (3.4)

Theseequationsallow an arc, symmetricalongthe x axis, with unit radius,centrepoint (0; 0) anda
maximumangleof 90 , to be approximatedy a quadraticcurve. This, however, is not a very generic
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arc. Transformingthe coordinatesreatedby theseequationsusingthe following transformationgan
approximatanoregenericarcs(suchasthatshavn in gure 3.3),with aradiusof r, centre(X¢, y¢) and
rotatedby fromthex axis:

y

X
Figure3.3: A Genericarcsuchasthis canbe corvertedinto asymmetricarc
Rotateby (matrix multiply):
! ! !
X cog ) sin( ) X
I ; 3.5
y sin() cog) (35
Scaleby (scalamultiply):
! !
X rx
I 3.6
y ry (3.6)
Shift by (add):
! !
Xy Xt Xe (3.7)
y y+ Ye

This techniques usedby theviewer tool to draw ary arcwhichis lessthan90 . Arcs which aremore
than90 aresimply split upinto themultiple arcsof lessthan90 andthendrawn.
Polygons

A PCB-XML Polygonis a lled shapegde nedby anoutlineof straightlines,or arclines. This polygon
canagainbe dravn usinga GeneralRth. A lled shapewill bedrawn to screenf the General@this
closed(i.e. the startand end pointsare connectedpndis passedo the Graphics2Dobjectusingthe
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fill(Shape) ratherthanthedraw(Shape) method.

Sincelinesandarcsde ne a polygons outline,the sametechniquessabove for line segmentsandarc
sgmentscanbeusedto drav the General@thoutline.

Shape Outline

Separate Polygon
Elements

Void

Figure3.4: An exampleof a shapewith two voids. Theshapéds de ned by 3 polygons,1 for the outline
and1 for eachvoid

Shapeelementsaremadeup of a numberof polygons. Onepolygonde nesthe generaloutline of the

shapeanda numberof otherpolygonsde ne voids, or holesin the shape(see gure 3.4). To drav

thesecomplex shapessomemethodof cutting holesout of theoriginal lled outlineis neededJava2D

providesa methodto do this, throughBooleansubtractionsThe Booleansubtractmethod however, is

very slow. With someboardsequiringthousand®f voidscutoutof asingleshapethistechniquenmade
the programfar too slow to be useablel investigatedhefollowing techniquedo speedup this process
before nding asatisactorysolution:

Alpha Compositing- Alpha compositingcan be usedto combinetwo imagesinto a singleimagein
variousways(e.g. oneimageappearingn the foregroundandthe otherin the background).An
alphavalueis storedalongwith its colourof eachpixel. This alphavalueis usedto describethe
transparencof the pixel, which canthenbe usedin the compositingoperations|t is possibleto
usethesource-oubperatiorto “punch” holesthroughimagesof theshapeoutline. Thistechnique
is muchfasterthanusingthe Booleansubtractionhowever it needgo be performedonafull size
imageof the outline shape.This wasvery memoryintensve, andon large boardsincreasedhe
maximummemoryusageof theviewer tool from 100Mbto over 4Gb- unfeasiblylarge, evenfor
aworkstation.

Rewrite BooleanSubtraction - Java2D Shapeobjectsare de ned by a pathiteratarwhich describes
how to draw the shape.By comparingthe pathlteratorof two shapesit is possibleto write a
routineto createa modi ed pathiteratodescribingthe subtractiorbetweerthe two shapesThis
would performthe samefunction asthe Javza2D BooleanSubtractmethod,but would be much
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moreefcient. The problemwith this methodis thatit would be very dif cult to write andwas
notfeasiblein thetime periodallowedfor the project.

In theend, | useda compromiseof rewriting a mucheasierBooleanAddition method,ratherthanthe
complex BooleanSubtractiormethod. This Addition methodcanbe usedto addall of the voidsinto
oneshapewhich canthenbe subtractedrom the outline in onego, reducingthe numberof subtrac-
tion methodcalls from thousandslonn to one, substantiallyincreasingthe speedof the viewer tool's
initialization stage.

3.1.2 Splitting the PCBinto Layers

A PCBis madeup of anumberof layers,eachof which containdifferentmetaletchpatterns.If all of
the PCB elementswverejust dravn straightto the screenthe etchon eachlayerwould overlap,making
theview of the PCBunintelligible.

To preventthis from happening] wrotetheviewer tool sothatit dravs eachlayerin a differentcolout
At initialisationeachlayeris associatedavith a colour Whenthe PCBis beingdravn, the wholelist of
elementgs traverseda numberof times,oncefor eachlayer. The colour of the stroke usedto draw the
elementss setto thatof the associatethyerandonly elementaiponthatlayeraredrawn.

This approachat rst seemsawvasteful,sincethe whole list of elementsneedsto be traversedoncefor

eachlayer A betterapproactwould seemto beto traversethelist once,settingthe stroke colourto that
of thelayerthe currentelementis upon. The problemwith this, however, is thatdifferentlayerswould

not be drawn in the correctorder The elementsare not listed by the orderof the layersthatthey are
containedn, andso,becausdaza2D only dravs ontop of whathasalreadybeendravn, someelement,
from layer 1 for example,would be dravn above thosefrom layer 2, while otherswould appeatto be
dravn belov thosefrom layer 2. The only option wasto drav eachlayer separatelyon top of those
drawn beforeit.

Extra buttonswere addedto the viewer tool, which allow eachlayerto be visible or hidden. A button
wasalsoaddedfor eachlayerwhich shavs the currentcolour of the layerandallows that colourto be
changed.

3.1.3 Transforming Coordinateson to ScreenSpace

Thecoordinatesisedin PCB-XML to lay outthe elementon the boardaresubstantiallydifferentfrom
thoseusedby Java2Dto drav on to the screen. Firstly, the boardsareusuallymeasuredn thousandths
of inches,soa 10 inchessquareboardwould produceanimageof 10,000x 10,000pixelsif theimage
wasnot scaled.Secondlythe coordinatef the boardstartfrom (0, 0) in the bottomleft corner The
coordinatesn Java2D, however, (like mostcomputerscreencoordinatesystemshave theinitial point
in thetop left corner This meanghatthe PCB needgo be ipped vertically beforebeingdrawn.

Oneway to drav the PCB correctlyis to transformthe coordinatef all of the elementsso thatthe
Shapedhave the correctcoordinatedo be dravn. The problemwith this approachis that the Shape
elementsow have differentcoordinatego their correspondindg®CB elements.This would necessitate
comple calculationgo transformcoordinategachtime a changdas madeto the PCB, or clipping cal-
culationsareperformedseeSection3.2).

Insteadbf transformingheshapesjara2Dmalkesit possibleio performtransformationsnthe Graphic2D
object,on to which the shapesaredravn. This meanghatthe Shapecanusethe samecoordinatesas
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the PCB elementsandthe Graphic2Dobjecttakes careof transformingtheseshapesnto the screen
space.

3.1.4 Panning and Zooming the PCB

A normalPCB containsfar too muchdetailto be shavn on onescreen A userneedghe opportunityto
zoominto anareaof interestif the viewer tool is to be of ary practicaluse. For this, bothpanningand
zoomingof the PCB panelis needed.

Sincethe PCBiis beingdravn to a Swing componentwe canmalke useof Swingto provide panning
of the PCB Panel. Swing providesa ScrollPanecomponentwhich allows large graphicalcomponents
to be placedinside a smallerpanel,which shavs a small sectionof the larger componentgcalledthe
Viewport. Scroll barscanthenbe usedto move the Viewport aroundthe larger componentFigure 3.5
shawvs how alarge PCB panelcanbedisplayedusingthe ScrollPane.

Full Graphical Figure

Viewable ScrollPane

Viewport

Figure3.5: This shavs how a scrollpaneallows partof alarge graphical gure to beshavn on screen

To provide zoomingcapability | createda ZoomRaneobject. This objectactsin a similar way to a
ScrollRPane.Componentgsuchasthe PCBPanel)canbe addedo theZoomRane which thenscaleshe
graphicsof the componentsisingtransformsjn a similar way to the transformationperformedon the
PCBto scaleit onto thescreermspace.The ZoomRanealsorecalculateshe sizeof thezoomedcompo-
nents sothatthe ScrollPanecanpanacrosghe zoomedcomponentorrectly

As the PCB Panelis zoomedn or out, the centreof the viewport will appeard¢o move in relationto the
drawing of the PCB. This is a side effect of the increaseor decreasén size of the PCB. Figure 3.6(a)
and gure 3.6(b) shaws this effect occurring. This apparentmovementwasdisconcertingo the user
andso neededo be dealtwith. The centrepoint of the Viewport canbe modi ed sothatit is scaled
by the zoomingtransformationin the sameway asthe PCB Panel. This canbeseenin gure 3.7. This
eliminateghe apparentmovementasthe PCB Panelis zoomedn andout.
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(b) This shawvs theview of thegraphicasit is zoomednto. Noticethattheview in the scrollpaneappears

to have moved (to shav moreof theredrectangleandlessof the bluecircle) sincethe sizeof theoriginal
®gurehasincreased

Figure3.6: Diagramsdisplayinga graphicbeingzoomed
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Figure3.7: This shavs how this apparentmovementis correctecby maving the centreof the viewport
to compensate

As well asproviding zoomingin andout of the PCB, by a userde nable multiplication, | alsocreated
a“Zoom Fit” button, which zoomsthe PCB Panelsothatit lls thewhole of thevisible area. Thisis

doneby calculatingthe requiredzoomfactor which is theratio betweernthe viewableareasizeandthe

PCBsize. The centrepoint of the PCBis alsocalculatedandthe Viewport moved here,thusshaving

thewhole PCBin theviewablearea.

3.1.5 IncreasingEf ciency using Buffering

Thisdraving routinecanbe quite slow, becaus¢hethousandsf shapesmeedto bedravn to the Graph-
ics2D object. Evenwith theseshapedeingcalculatedandcreatedn theinitialisation stage beforethe
PCBis drawvn, theactualdrawving of all the shapegakesbetweeril to 5 secondsThisis bearablevhen
the PCBis beingdrawn for the rst time; however, eachtime theviewertool is coveredby anothempro-
gramor is minimisedandthenbecomewisible again,thewhole PCBneeddo beredravn, eventhough
theimageis the sameasbefore.

Thesolutionto this problemwasto drav the PCBto a bufferedimage ratherthandirectly to thescreen.
Whenthe screemeedso be redravn, the bufferedimagecanbe dravn to screenf theimagehasnot

beenchangedwhich is much quicker (almostinstantaneousthan redraving the whole board. This

meansthat ary changesnadeto the boardor viewport needto be kept track of, sothatthe tool can

decidewhetherit shoulddraw the bufferedimage,or redrav the PCB andreplacethe buffer.

Insteadof drawing all of the layersto onebufferedimage,l decidedo splitit up sothateachlayerwas
drawn to a separatdufferedimage. This meanghatthe PCB doesnt have to beredravn eachtime the
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visibility of thelayersis changedor they arereorderedWhile this takesmorememoryto storetheextra
bufferedimagesthememoryuseds insigni cant comparedo thatneededo storetheboarddescription
andit providesamuchmoreresponsie tool to theuser

3.2 Clipping

Clipping is a processwhich testswhetheran objectis containedwithin a certain(usuallyrectangular)
area.Thistestcanbe usedon objectsthatareto bedrawvn to the screenlf they arewithin the Viewport
thenthey shouldbe drawn, otherwisethey dont needto be. This cansubstantiallyncreasehe speedf
thedrawing, especiallywhentheview is zoomedn, closeto theboard.

For this to be an effective methodof drawing, the clipping algorithmsneedto be very muchfasterthan
the methodsusedto draw the objects,otherwiseratherthanspeedingup thetool it will slow it down
further They alsoneedto beaccurateptherwiseobjectsmaydisappeafrom view whenthey shouldbe
visible, or bedravn unnecessarily

Built in methodsareincorporatedn Java2D Shapeswhich checkwhetherthe Shapés containedvithin
a rectangularareaand so could be usedas clipping tests. Javza2D Shapeshave alreadybeencreated
for eachPCB elementsothey canbe drawvn (Section3.1.1)andso the useof thesemethodswvould be
relatively easy Theseinbuilt methodshowever, do not satisfythe above criteria, they are extremely
slow andareinaccuratavhenperformingtheteston circles,wherethetestis performeduponthesquare
boundssurroundinghecircle ratherthanthecircle itself.

It wasnecessaryo createmy own clipping algorithms,which would work uponary of the elements
occurringin aPCB. Theseelementganagainbe split up into cateyories:

StraightLine Segments
Arcs
Polygons

Circles

A circleisthesameasaPolygonmadefrom one360 Arc, howeverit wascalculatedseparatelypecause
circlesarevery commonandthetestcanbe mademuchmoreef cient thanthatof ageneraPolygon.

Theclipping algorithmsusedfor theseelementsaredescribedelow:

3.2.1 Straight Line Segments

To calculatewhetherary portion of a straightline segmentoccurswithin a rectangulaarea,l useda
modi ed versionof an algorithmdevelopedby Dan Cohenand Ivan Sutherlandasreportedin [11]).
This algorithmis designedo very rapidly detectlines thatarewholly within the visible areaandeven
morerapidly rejectlinesthatareclearlyoutwith thearea.

The Algorithm works by extendingthe edgesof the clipping areato in nity , thussplitting the whole
PCBiinto nineregions,asshavn in gure 3.8(a). Theregionscontaina numberof tagsshavn in the
diagram(e.g. “Top” and“Bottom”). Theregion of eachendpointis calculatedandthey aregiventhe
tagswithin thoseregions. Clearly, if eitherendpointcontainsno tags,thenit is within theclip areaand
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(c) This diagramshaws two lines being subdi-
videdto ®nd if they lie in theclip box

Figure3.8: Diagramsdisplayingthe algorithmsusedin line sggmentclipping

the line shouldbe dravn. Somethingthat is not so obvious is the fact thatif both endpointscontain
the sametag, (e.g. onecontains“Top” and“Left” while the othercontains*Top” and“Right” asin

gure 3.8(b))thentheline lies alongonesideof the clip box andcannotpassthroughthe box, socan
beimmediatelyrejected.Thesetwo testscanbe performedvery quickly which meanghatlinesclearly
within or outwith thebox canbeacceptedr rejectedalmostimmediately

If neitherof thesetestsis successfuthenthe line needsto be subdiided. The line is subdiided by
splitting the line at its intersectionwith one of the edgesusedto de ne the regions(see gure 3.8(c)).
Theline betweerthe original endpointandthe subdvide pointis thrown away andthe abore testsare
performedon theline betweernthe subdvide pointandthe otherendpoint.This is repeatedintil oneof
the testsacceptor rejectthe line. Eventuallythe subdvided line will eitherhave a point lying within
theclip box, or will lie alongthe sideof oneof theboxes.In gure 3.8(c)Line 1 will besubdvided at
point"a’', andthentheline from point "a’' to theendpointis checled. It will thenbe furthersubdvided
atpoint "b'. Whenthe line from point "b' to the endpointis checled, it will be found that point "b'
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lies insidethe box, andtherefore so mustpartof theline andsotheline shoulddravn. Line 2 will be
subdvidedatpoint 'x', andoncethisis done,it will befoundthatbothpoint x' andtheendpointlie to
theleft of theclip boxandsotheline cannotpassthroughtheclip box andshouldnot bedravn.

Thisalgorithmis relatively easyto implementwith theonly dif culty beingcalculatingtheintersection
point betweernthe edgesandtheline. Thefollowing formulawill calculatethe intersectiorbetweena
line with endpointgx1, y1), (X2, y2) andtheleft handedgeatx = leftClipX :

leftClipX X1
X2 X1

y=yi+ (Y2 Y1) (3.8)

x = leftClipX (3.9)

Similar equationsxist for theintersectiompointswith thetop, bottomandright edges.

This algorithmwasusedfor PCB Line Segments however therewasa problem. PCB Line Sggments
have awidth, andthis algorithmassumeshatthelinesareof in nitely thin width. If thewidth of aline

madean edgecrossinto the clip box, but the centreline did not crossinto the clip box, thentheline

would beincorrectlyrejected. To correctfor this, | usedthe algorithmto calculatethe clipping of the

four edgef theline ratherthanthe centreline (see gure 3.9(a)).

To calculatethe clipping of the edgelines, it is rst necessaryo nd thefour cornerpointsof theline.
The angleof theline is calculated( in gure 3.9(b))in relationto the x-axis. Sincethe edgepoints
are90 outwardsfrom theline, thenthe edgepointsarelocatedhalf awidth distancealongthelinesat
angles + 90 and 90 . Thisinformationcanbe usedto calculatethe edgepointsusinggeometry
asbelow:

idth
X3 = X1+ % cos( + 90) (3.10)
idth

V3= Y1+ —ng sin( + 90) (3.11)
Xa = X1+ @ cos( 90) (3.12)
Vo= y1+ @ sin( 90) (3.13)
X5 = X+ @ cos( + 90) (3.14)
V5 = Yo+ @ sin( + 90) (3.15)
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(a) This diagramshaws how a line between(Xo; Yo) to (X 1; Y1) with a given width canbe modeled
usingfour edgelinesasanoutline

(X ¥s)

X ¥.)

(b) Thisshavstheangleshetweertheedgepoints,(X 3; Y3) and(X 4; Ya)
andthecentralpoint (X 1; Y1)

Figure3.9: Clipping a Line which hasa width
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width

Xg = X2+ > cos( 90) (3.16)
Vo = Yo+ @ sin( 90) (3.17)

Oncethe edgepointsarecalculatedtheclipping algorithmis usedon thelines betweerpoints[(x 3, y3)

to (X4, Ya)l, [(X4, Ya) to (X5, ¥5)], [(Xs, V¥5) to (X6, Y6)] @and[(Xe, Ys) tO (X3, Y3)]. If ary of thesdlinesis
within, or passthroughthe clipping box thenthe Line Segmentshouldbe drawvn.

Thereis one nal occurrencehatthisclippingalgorithmdoesnottake into account if theLine Segment
completelysurroundgheclippingbox,asin gure 3.10(a) thenno edgelineswill passhroughtheclip

boxandsotheline will beincorrectlyrejected.To handlethis, anencirclementlgorithmalsoneedgo

be createdwhich calculatesf theclip boxis completelyencircledby theLine Segment.

The algorithmusedby the viewer tool to calculateif the clip box is encircledby aline sgmentworks
in thefollowing way. A line is takenfrom the centrepoint of the clip box upwardsto in nity . Thisline

is thenchecled againsthe edgelinesof the Line Segmentbeingtestedto seehow oftenthey intersect.
If the line intersectswith the edgelines exactly once,thenthe line musthave startedwithin the Line

Segment. This meanghat, if theclip box doesnotintersectwith the edgelines,thenthe Line Segment
mustencircletheclip box (asshavnin gure 3.10(b)).If theline intersectsvith theedgeinesary other
numberof times,thenthe Line Segmentdoesnot encircletheclip box (see gures 3.10(c)and3.10(d)).

Theintersectiontestis performedon eachedgeline by checkingif the edgeline intersectswith aline
fromy = 1 toy = 1 throughthecentrepointof theclip box. If the edgeline doesintersectthis
line, thenthey pointof theintersectioris foundusingequation3.18.If thisy pointis greatetthanthey
point at the centreof theclip box, thenthe edgeline intersectswith the line from the centreof theclip
box. This testis performedon eachedgeline to nd the numberof intersection®f this line with the
Line Sggment.

clipCentreX minX
maxX  minX

Whereedgeline goesfrom (minX ; minY ) to (maxX ; maxY ) andthein nite verticalline hasanx
valueof clipCentreX.

inter secty = minY + (maxY minY)

(3.18)

Thesetwo teststogethemwill provide a checkasto whetherary partof the Line Segmentis contained
within theclip box.

3.2.2 Arcs

To calculatewhetheran arcis locatedwithin a clipping box, | neededo develop my own clipping al-
gorithm, becausehe standardalgorithmsusedby graphicsapplicationdor curve clipping wereneither
fastnor accurateenough.Standardalgorithmswork by approximatinghe curve asa numberof straight
lines, and performingclipping algorithmson thesestraightlines. This is usuallynecessarpecausef
thecomple calculationneededo nd thepointsonagenericcune, however| couldreducethe equa-
tion's complity dueto thefactthatarcsratherthangenericcurvesarebeingused.

| developedan algorithmwhich worksby rst calculatingary intersectiorpointsbetweerthe clip box
andthe circle of which the arcis part. The angleat which thesepointsoccuris then calculatedand
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1 Intersection Point

Clip Box

Line
(a) This shaws a Clip Box being excircled by a (b) This shaws the testfor a Clip Box beingen-
Line Segment circledby aLine Seggment.lt is encircledbecause

thereis only oneintersection
No Intersection Points
b
2 Intersection Points

(c) ThisshavstheClip Box is notencircledby the (d) ThisshavstheClip Box is notencircledoy the
Line Sggment,because¢herearetwo intersections Line Segment,becauseherearenointersections

Figure 3.10: Diagramsdisplayingthe algorithmwhich decidesf the Clip Box is encircledby a Line
Segment
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checled againstthe minimum and maximumanglesof the arc. If the intersectionpointsoccurwithin
the minimumandmaximumanglesthentheclip box intersectswith thearc. If theendpointof thearc
arewithin theclip box, or thearccutstheclip box, thensomepartof thearcis containedwithin theclip
box.

To calculateheintersectiorpointsof thecircle againstheclip box, | usedthefollowing techniquel did
notcalculateheintersectionbetweerarectangleandacircle, astheequationgor thisarecomplicated.
Instead the viewer tool calculateghe intersectiondetweenthe circle andthe in nite lineswhich can
be usedto make up the box. Theseintersectiongointsarethenchecled to malke surethey areon the
clip box's outlines.Theintersectiorpointscanbefoundby solvingthe equationof a circle:

(y Y2+ (x Xg)?=r? (3.19)
Wherethecircleis centredon (X ¢; Y¢) andhasaradiusof r.
The equationf thein nite linesusedto make up thebox aresimple. If, for example,we aredealing
with one of the horizontallines, thenthe equationsusedfor the line will bey = K, whereK is a

constant.To nd theintersectionpointsof the circle againsthis horizontalline,y = K is substituted
into the equationof thecircle:

(K Yo)2+ (x X)?=r? (3.20)
Which canberearrangednto:
X2+ ( 2X)x+ X2+ Y2+ K2 2KY, r?)=0 (3.21)
If thenwe male:
a=1 (3.22)
b= 2X. (3.23)
c= X2+ Y2+ K?Z 2KY. r? (3.24)
Thentheequatiorbecomes:
ax’+ bx+c=0 (3.25)
Whichis a simplequadraticequationfrom which therootscanbefoundusingthefollowing formula.
P
b ¥ 4dac
X = a (3.26)

If this givesacomplex numberthentherearenointersectiorpoints,otherwisethiswill givethex values
of theintersectiomoint betweerthecircle andthein nite horizontalline (they valueis equalto K ). A

similar alumentcanbe followedto nd theintersectiornpointsof the circle againstthe verticalllines,
but nding they valuesinsteadof thex values.

Oncethesepointshave beenchecledto make surethey areontheclip boxline, theiranglein thecircle
needgso bechecled againsthe minimumandmaximumanglesof thearc. Theangleof theintersection
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pointis calculatedoy corvertingthe Cartesiarcoordinate$Xinter sect  Xc; Vinter sect ~ Yc) t0 polarco-
ordinateswherethearcis centredon (X¢; yc).

Checkingwhetherthe intersectionangleis betweenthe min and max anglesis not just assimple as
checkingwhetherminAng le <= inter sectionAngle <= maxAngle. Thisis becaus¢he minimum
anglecanactually be greaterthanthe maximumangle,for examplea clockwisearc going from 310
to 15 . This meansa check rst needsto be madeto nd the anglewith the largestvalue, beforethe
appropriatecheckis madeagainstheintersectiorangle.

Overall, this algorithmis very fastandef cient becausealthoughtherearea numberof calculationgo
perform,mostaresimplecomparisonsandthemostcomplex calculationis asimplequadraticequation.

This algorithm nds the clipping of anin nitely smallline, but onceagain,ArcSegmentsare not in-
nitely thin, they have agivenwidth. To nd theclipping of theseArcSegmentsthelineswhich make
up the outline of this ArcSegmentarefound, andthe clipping performedon theminsteadof the centre
line. Theinnerandouterarcsof this outlinearefoundby increasingor decreasingheradiusby width/2,
andpushingthe startandendpoint of thearcin or out usingthefollowing equations:

X = Xc¢ + ((radius + (width=2))  sin(minAng le)) (3.27)

y = yc + ((radius + (width=2)) cogminAng le)) (3.28)

Thiswill pushoutthestartpoint. Similar equationsoccurfor the otherpoints.

Straightline clipping (Section3.2.1)is usedto performthe clipping alongthe butts at eitherendof the
arc.

Like theLine Segmentclipping algorithm,this Arc Segmentclipping algorithmalsoneedgo dealwith

theclip boxbeingencircledby theoutlineof the Arc. Thisencirclemenproblemcanbedealtwith in the
sameway asit wasfor the Line Segment,drawving a line from the centreof the clip box, andcounting
the numberof intersectiondetweerthis line andthe arc outline. Intersectionfunctionshave already
beenbuilt for both the straightline butts (Section3.2.1) andthe Arcs and so thesearereusedfor the
encirclemenfunction.

3.2.3 Polygons

A PCB-XML Polygons outlineis madeup of straight-linesegmentsandarcs. Any pointsof intersec-
tion betweenthe clip box andthe polygoncanbe found by usingthe clipping algorithms,previously
describedfor eachof theindividual Line Segmentsor Arc Segmentsmakingup the Polygons outline.

Aswell as nding ary intersectiondetweertheoutlineandtheclip box,acheckneeddo beperformed
to nd if thePolygonencirclegheclip box. Thisis againperformedn asimilarwayto theencirclement
algorithmsusedby the Line Segmentsandthe Arc Segments. A line is dravn from the centreof the

clip box, upwardsto in nity . The numberof intersectionsagainstthis line andthe Polygons outline

canbeusedto discover if theclip boxis insideor outsidethe Polygon.If the numberof intersectionss

oddthenthe centreof theclip boxis insidethe Polygon,otherwiseit is not. This checkworkswith ary

shapeof Polygon,evencornvex Polygonsasshavnin gure 3.11.
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Polygon
Polygon
4 Intersection Points 3 Intersection Points
Clip Box
Clip Box
(a) An even numberof intersectionsshavs that (b) An oddnumberof intersectionshavs thatthe
the Clip Box is outsidethe polygon Clip Box is insidethe polygon

Figure3.11: Diagramsdisplayingthe PolygonEncirclementlgorithm clipping

PinandVia PadelementsaredescribedisingasinglePolygon,sotheir clipping canbe solvedusingthe

above algorithm. Shapeelementshowever, aredescribedusingmorethanonePolygon. One Polygon
describesheoutlineof the Shapeanda numberof otherPolygonsdescribevoids,or holesin the Shape.
To nd the clipping of a Shapeelementthesevoids needto be takeninto account. If theclip box is

totally encircledby the outline of avoid, then,eventhoughtheclip boxis within the Shape®utline,no

partof the Shapewill bevisible within theclip box. Theclipping algorithmof a Shapeslementanthen
bedescribeds:

shapeClipped = outlineClipped & !([voidE ncir cles] 8 voids) (3.29)

3.2.4 Circles

A circlesclipping could be found usingthe algorithmfor Polygons.However, circlesaresocommon
that| decidedto write analgorithmspeci cally for them. This algorithmcanbe muchmore ef cient
becausé is speci cally writtenfor acircle.

Thealgorithmdevelopedis very simple. It checkswhetherthe centrepoint of the circle lies within the
clip boxor if its distancefrom ary edgeof theclip boxis lessthanthecircle's radius.

3.3 QuadTree

QuadTeesareusedby theauto-balancingool to nd emptyspaceavailableonthe PCB(seeSectiord.2
for afull explanationof QuadTees).For now, QuadTeescanbethoughtof asaseriesof squareswhich
canberecursvely subdiidedinto a large numberof smallersquares Eachof theseQuadTeesquares
canhave differentpropertiesge.g.somecouldbe empty somelled andsomeunchecled.
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3.3.1 Drawing QuadTrees

As QuadTeesareusedin the auto-balancingool, it would be advantageous they could bedravn on
the viewer's representationf the PCB. As QuadTeesaresimply madeup of a seriesof squaresthey
canbe dravn quite easilyto the screenusing Java2D's Rectangle2Bshapeprimitive. The QuadTee
squaresare alsodravn in sucha way asto shaw the propertiesof the squares.For example,a lled
QuadTeesquards dravn asawhite square,lled with aredsemi-opaqueolouredsquare.

Theproblemwith thisapproachurnedoutto bethesheemumberof squareshatcouldbein aQuadTee
overthewhole PCB. Thesquaresaresubdvided by quarteringtheminto four smallersquareslf asin-
gle squareis subdvided in sucha way, only 10 times, thenthe numberof squaregproducedwill be
410 = 1048576 which is a hugenumberof squarego be dravn. This wasfoundto slow the viewer
tool's repaintratetremendouslywith the averagerepainttime falling from about5 secondgo over 5
minutes.This would have madethe viewer tool totally unusableso somemethodof reducingthe num-
berof squaresvhichwould needto bedravn atonetime hadto befound.

The rst methodusedto reducethe numberof squaregiravn wasclipping, in the sameway that PCB
elementareclippedwhenthey cannotbe seen.This meantthatastheview waszoomedn, squareshat
arenolongervisible would notbedrawn. This doesnotsolve the problemcompletelyhowever, asif the
whole PCBis visible, thenall of the squarestill have to bedravn.

Whentheview of thePCBis zoomedout, thesquareshatarebeingdravn are,in fact,muchsmallerthan
asinglepixel, andsothey cannotbe dravn effectively aryway. The hierarchahatureof the QuadTee
structureallows for a granularlevel of detailto be usedwhendrawing the squares.The drav method
goesdown throughthevariouslevelsof the QuadTee,anddravs thesmallestievel of QuadTeesquares
thatcanbedravn. This granularlevel of resolutionis shavn in gure 3.12. As theview is zoomedin,
moredetailis shavn (increasinghe numberof squaresiravn), but lessof the squaresredravn dueto
clipping, balancingout the numbersquaresieedingto be dravn. This methodsubstantiallyreduceshe
time neededo drav the QuadSquareanddoesnot noticeabledegradethe quality of thedisplay

3.4 Multi-Thr eadedDrawing

Initially the PCB draving methodswere called straightfrom the PCBRanels drawComponent()
method. This techniqueworked well and produceda graphicalview of the PCB, however therewas
onemajor problemwith it. ThedrawComponent() methoddoesnot getcalledby ary of the code
which | have written, it is calledby the Java Virtual Machinewhenit decideghatthe Panelneedgo be
repainted.This meanghatthe draving codeis not runin the viewer tool's mainthread,but insteadin
the Java Swing Event Dispachetthread. This Event Dispatchingthreaddealswith asynchronousiser
eventssuchashbutton pressesljst changesventsandrepaintingof swing componentsWhile the Event
Dispachetthreadis drawing the PCB Panel,it cannotperformary of its otherfunctions. This means
that, duringthis time, buttonscannotbe pressedndno partsof the viewer tool will be repainted.This
malkesit appearto the userasif the viewer tool hasfrozenfor the 5 or sosecondst takesto draw the
PCB. To stopthis from happeningt wasnecessaryo remove the draving of the PCB from the Event
Dispatchthread.
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Figure3.12: This Diagramshavs how the heirarchyof a QuadTeeallows lesssquarego be drawn if
they aretoo smallto beseen

3.4.1 Removing the Drawing from Event Dispacher

The rst technique usedto remove the drawing codefrom the EventDispatcheiinvolved spavning a
new threadto dealwith thedrawing of thePCB.TheGraphics2Dbbject,usedoy thedrawComponent( )
methodto drav on to the PCB Panel,was passedo this thread. The drawComponent() method
would thenbe ableto returnandthe Event Dispatcheithreadwould be ableto performits otherfunc-
tionsasthe PCBis beingdrawn.

This techniqueunfortunatelydid notwork properly ThedrawComponent( ) methoddid returnand
the viewer tool becamemmediatelyresponsie again,however nothingwasdravn to the PCB Panel.
The problemseemedo be thatthe Graphics2Dobject,beingdravn to, becomesinusableassoonas
thedrawComponent() methodreturns. Sincethe drawComponent() methodneedsto returnto
allow the Event Dispachetthreadto continueperformingwork, the PCB Panelcannotbe dravn to di-
rectly usinganotherthread.

Insteadof drawing straightto the PCB Panel, it is possibleto drav to an Imageobject. This Image
canthenbedrawn to the PCB Panelat a latertime. ThedrawComponent() methodchecksto seeif

anImageBufer haspreviously beencreatedpr if the view of the PCB hasbeenchangedsincethelast
ImageBufer wasdrawn. If nolmageBufer is availablethenthe PCB Panelspavnsanew Threadwhich
createsa newv ImageBufer and startsto drav the PCB to it. The drawComponent( ) methodnow

returns allowing the EventDispatchethreadto dealwith othereventsasthe PCBis beingdravn. Once
the newly createdthreadhas nished drawing the PCB to the ImageBufer, thenit calls repaint()

on the PCB Panel. This causeghe Event Dispatchetthreadto call the drawComponent() method
onthe PCBPanel,whichthistime seeghatthelmageBufer is up-to-dateanddraws it to thescreenA

timing o w diagramof this processs shavnin gure 3.13.
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Event PCB Drawing
Dispatcher Thread

Figure3.13: A timing o w diagramshaving how thedrawing is removedfrom the EventDispacher

As explainedin section3.1.5, eachlayer was given its own ImageBufer to increaseresponsieness.
This meanghata threadwascreatedo drav eachlayeronto its own ImageBufer. The checkfor an
up-to-datdmageBufer is thenmadefor eachlayer, ratherthanthewhole PCB.

3.4.2 Thread Communication

Whenthesedrawing threadsarestartedthey cannotalwaysbeallowedto runto completion.If theview
of the PCBis changedvhile the previous view is still beingdravn, thennew threadswill be startedto
drav thenew view. Theold threadsarenow drawing anout-of-dateview of the PCB,andunlesghey are
stoppedthey will wasteresourcesWith thedeprecatiorof thestop() methodin Java Threadsthere
no longerremainsary asynchronouseansof stoppinga Threadfrom runningto completion.Instead,
the drawing threadsneedto malke a periodic checkagainsta variable,which canbe changedy other
threaddo indicatethatthe threadshouldstop. If thevariableindicatesthatthethreadshouldstop,then
thethreadsimply returnsfrom its run method, nishing thethread.The checkscanbe madeevery time
aPCBelemenisdrawn, aslongasthetestis quitelightweightsoasnotto slow thedraving of thethread.

Sincethesechecksare being madeafter every PCB elementis drawn, the drawing threadcould call
repaint() on the PCB panel. This would paintthe partially completePCB ImageBufer, so giving
theuserarepresentationf the PCBasit is beingbuilt up. However, if the ImageBufer is drawn to the
screenevery time a PCB elementis addedto it, thenthe viewer tool would slow to a crawl. Instead,
| decidedto usethe repaint(long time) method,which would allow meto setthe PCB Panel
to only repaintaftera certainamountof time (for example,repaintevery 1 second).This methodtook
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quite along time to returnthoughandslowed the drawing of the PCB considerablyevenif the repaint
periodwasvery large. | createda lightweightmethod,repaintsoon() , which checled the current
time againstatime setto give a repaintperiodof 1 second.
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Chapter 4

Finding FreeSpace

To automaticallybalancewireson a bus,thetool needgo addserpentingo wiresto extendtheirlength.
This addedserpentingakesup a certainamountof area,sooneof the rst thingsthetool need€o dois
nd enoughfreespaceonthe PCBfor thearearequiredby the serpentine.

4.1 The AreaRequiredby Sementine

Thearearequiredto balancea buscanbeapproximatlycalculatedusingmathmaticatechniquesSome
of the mathsin this sectioncomesfrom a private paperfrom Dr PeterDickman[5]. A buscanbe mod-

elledasacollectionof N parallelwires,of width W, eachseparatedby a distances of non-conducting
dielectricmaterial. The whole bus alsoneedgo be separatedrom otherwiresandcomponentssothe

endwireshave adistance (whichusuallyequalss) of dielectricbetweerthemandary otherelements.
A simplestraight-line8-wire bus of lengthL is shavn in gure 4.1. The areaoccupiedby this simple

busis givenby solvingtheequation. (Nw+ (N  1)s+ 2t).

Thewiresof abusareusually“f anned-outfrom thechip connectorat eitherendinto arow of horizon-
tal or vertical points. For the pupose®f this discussiorwe will assumehatthebushasbeenfanned-out
andthatthewiresbegin andterminatetogethelin arow of horizontalor vertical points.

41.1 Turnsin Wire

Therearethreemainmethodausedby PCB designerdo changehedirectionof awire track:

- W = \y <= \\y = \y = \y = N

s S S s s s LT

Figure4.1: Basicmodelof abusasparallelwires
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90 turns- In this methodwirescanonly o w vertically or horizontally Wiresareturned90 in the
requireddirection, thus creatingsquarecornersat the turns. For mary yearsthis wasthe only
methodusedto turn wiresin a PCB design. It is simpleto implementanddesignfor. It alsoal-
lows for mary designsimpli cations, suchasalmostcompletelyhorizontalandalmostcompletely
verticallayers,simplifying the designprocessaandallowing the maximumareaof thelayersto be
usedwith the minimumdesigneffort.

Theproblemwith thismethodof turningis thesquarecornerst createsElectronso wing through
thewireswill have to travel differentdistanceslependinguponwherethey arein thewire. Elec-
tronsalongthe inside edgeof a squarecornerhave a much shorterdistanceto travel roundthe
cornerthan electronsat the outsideedge. In factthey travel a distanceof 2W lessthanthose
travelling roundthe outside(see gure 4.2). This causes skew in the signalreceved compared
with thesignalsent,with thesignalarriving spreadutovertime (see gure 4.3). This skew effect
is not noticeableat low speedshut asthe switchingfrequeng of digital circuits increasesthe
skew hasmoreof aneffect. This effect cancausefastpartsof the currentsignalto catchup with
the slow partsof the previous signal,disruptingbothsignals.

L1, L

L2 Inside Length = L1 + L2

w L2 Outside Length = L1 + 2w + L2

Figure4.2: This shavs the differencebetweertheinsideandoutsidelengthsof awire

45 turns- In aneffort to reducethis skew effect on high speedsignals,mary boardsnowadaysuse
45 turnsin PCBs.Theeffectof thesed5 turnsis to reducehedifferencen distancebetweerthe
insideandoutsideedgesf thewire. Thedesignof aboardusingthistechniqués notmuchmore
dif cult thanusing90 turns.In generalthe designemwill usetwo 45 turnsto make acomplete
90 turn, ratherthantravelling diagonallyfor somedistance. The extra turns usedmeanthat
this techniqueusesslightly moreareathanthe 90 turn method,however this canbe somevhat
balancedy thefactthatmorefree gapscanbefoundusingdiagonalwires. Many boardsuse45
turnsfor all wiresin motherboardaowadays gvenonwireswhosesignalswill notbeaffectedby
the skew, becauséhe lessacuteangleshelpreduceerrorscausedn the PCB by trappedcopper
etchduringthe manufcturingprocess.

Curvedturns- Somesignalsareof sucha high frequeng thateven45 turnscancauseskew prob-
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Figure4.3: This shavs theresultingskew froma90 turnin 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,andalot of spacecanbelostonthe board.Becausef thesedif culties, curvedturnsare
usedvery seldomandonly for extremelyhighly constrainedignalwires,suchasGigabitEthernet
signals.

Althoughthevastmajority of PCB designause45 turnsnowadaysthe calculationsnvolvedin calcu-
lating areaandfree spacdor thesedesignsarehighly comple. In factmostauto-routingorogramswill
routeaPCBusing90 turns,thenchampetheresultingwiresto give45 turns.| shallthereforeassume
that90 turnsareusedfor therestof this discussion.

4.1.2 Turning Busses

As thewireson abusturn, if the orientationof the startandendpointsis different,thentherewill be
a disparity betweerthe lengthsof the innermostand outermostwires. Considey for example,the bus
shavn in gure 4.4. This shavs a simplebusof four wireswhich turn throughthreeright angledturns.

Theinnermostwire (W 1) hasanoveralllengthof L1+ L2+ L3+ L4+ 2c asshavn in thediagram.
To keepthe buswires parallel,it is necessaryo extendthewires, which arefurtherout, by the amount
shavn by theunmarled arrows. It canbe seenthatthe secondnnermostwire (W 2) is extendedn two
placesthelengthof eachisw + s, sotheline is extendedby 2(w + s). Eachline furtheroutis extended
by anadditional2(w + s).

It canbenotedfrom this examplethatthenumberof internalturnsbackwardsandforwardsdo notaffect
the differencein lengthbetweerthe wires of the bus. The only turnswhich producedifferencesn the
lengthsof thewiresarethosethatproducea changen orientationin the startandendpointsof the bus.
For eachright angledifferencebetweenthe startandendpointsof a bus, therewill be a differencein
lengthof 2(w + s)(i 1) betweertheinnermosi@andoutermosiire 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 threesquardgurns

35 2 (w+ s) 2 Typicalvaluesfor w ands arew = 0:125nm ands = 0:5mm. This gives
anoveralldiscrepang of 87.5mmbetweertheinnerandoutermostvires. Givenatransmissiorelayof
10®8m/sin thewire, this would give a timing skew of 0:0875-10% = 0:875ns. With the extralengthdis-
crepanciesausedy thefan-outstagesandthewiresinsidethe chip packagehis caneasilybedoubled.
1.75nscanbe a considerablalelayfor signals,which have a frequenyg of abore 500MHz. Typically
high performancéussesuchasSCSlor GigabitEthernetave lengthconstraintof about6.5mm.

Differential wires, which rely on electromagneticoupling betweenthe differential pair to provide
shielding, must have much tighter coupling so that the coupling is effective. The length constraints
betweera differentialpairis typically lessthan0.05mm.

4.1.3 AreaRequiredfor Simple Balancing

This shavs why the bus needsto be balancedn the rst placeandroughly the amountof lengththat
needso beaddedo thewires,but hov muchareawill this extralengthtake up?

Considerthe effect of trying to balancea bus, which hasa singleright anglechangen orientationbe-
tweenthe beginning pointsandthe endpoints. To do this we shalladdthe extra lengthto wiresin the
straightline sectionof thebusshavnin gure 4.5.

If weassumehatwire W 4 is thelongestwire (i.e. W 4 is theoutermostvire on thebus),then,with one

right angledturnin the bus, section4.1.2tells usthatthe next wire inwards(W 3) shouldbe extended
by 2(w + s). Sincewe do notwantto extendthe outermostwire, we mustextendthis wire by pushing
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Figure4.5: Thestraightline sectionof abuswhich shallbebalanced

it inwards,displacingall thewiresfurtherin andcreatinga bulge asillustratedin gure 4.6.

This bulge increaseghe length of the innermostwires (W 2 andW 1) asa side effect of moving wire
W 3inwards,but is thisincreaseenoughto balancehesewiresaswell? Eachof thesewiresrequiresan
additional2(w + s) of additionallengthaddedto themcomparedo the previouswire to balancehem.
This meansW 2 needsA(w + s) andW 1 needs5(w + s) of lengthadded.Looking at diagram4.6, it
appearssif theaddedengthincreasesaswe move inwards. However, looking morecarefullywe see
thatalthoughthelengthof thebulgeincreases$or theinnerwires,thelengthof thestraightiine decreases
by thesameamountandsoall threeinnerwiresareincreaseaquallyby 2(w + s).

Thismeanghatto balancehisbus,W 2 needgo have afurther2(w + s) of lengthaddedandW 1 needs
afurther4(w + s) of spaceadded.A simpleadditionof thislengthcouldbeperformedasin gure 4.7.
Herethe bulgein eachwire is increasedy (w + s) towardstheinnersideof the bus. This givesthere-
quired2(w+ s) additionin lengthfor eachwire inwards,since(w+ s) is addedo eachsideof thebulge.

The total arearequiredto accommodat¢he balancingbulgeis givenby X Y, whereX andY are
givenby:

Y=(N 1)(w+s)+w+t (4.1)
X=2N 1w+ 2(N 2)s+s+ 2t 4.2)
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Figure4.7: Simpleadditionof lengthto balancea quarterturn over a straightsection
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Figure4.8: Adding Serpintineto reducethe width of the bulge while balancinghe bus

4.1.4 Sementined Balancing

The simplebalancing which wasperformedin the previous section,doesnot make the mostef cient
useof thefreespaceonthe PCB.In gure 4.7,it canbe seenthatthereis alargeun lled gapbetween
thewires. Thesegapscanbe lled with wigglesor serpentinen the outeredgeof the wire. This ser
pentiningwill addlengthto the wire, so reducingthe amountby which it needso be pushednwards.
Figure4.8shawvs how this serpentinedbalancingcanbe accomplished.

The overall effect of this serpentinas that, althoughthe length X of the bulge is the same the width
Y is reducedthusreducingtherequiredarea.The wire W 2 is extendedby a bulge of w + s, asin the
simple balancing. Wire W 3 is also extendedoutwardsby 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
meanghatthislengthcanbeaddedn thefour outwardandinward sectionof theserpentineThis adds
2w+ s) 4= (w+s) 2tothebulge. Wire W4 is againextendedoutwardsby 3(w + s) 2
to stopit from overlapingwire W 3, which extendsthe lengthby 3(w + s). Wire W4 needsa fur-
ther 3(w + s) addedto its length, alongthe six outward andinward sectionsof the serpentine.This
adds3(w+ s) 6= (w+ s) 2tothehbulge. This givesa total bulge sizefor the four wire bus of
2(w + s) + w+ t,whichisw + s lessthanthatof thesimplebalancing.

Thegenerakquationof theY lengthof thebulge,for abusgreaterthan2 wires, is givenby:

Y = (w+ s)+%(N 2)(W+ S) + W+t (4.3)

Thisis alwayslessthanequatiord.1for a busof morethan2 wires.
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4.2 QuadTrees

Theauto-balancingpol canusetheabore techniqueso approximatdow muchareas neededo balance
abus,butit still needdo nd whereandhow muchfreespacehereis aroundthe busonthe PCB:

Grid BasedSpaceFinding - This methodof spacending involvessplitting up thewhole PCBinto a
grid of equalsizedsquaresEachof thesesquaress thenchecledto seef ary PCBelementsrein
thesquarepr whetherthe squares empty Thegrid now providesanapproximateaepresentation
of the PCB. Spacending canbe performedrelatively easilyusingthis grid, asthe areacanbe
foundby addingup the areaof eachemptysquaresurroundinghewires of the bus. The problem
with this techniqueis thatit is an approximation;a lot of spacecanbe lost dueto the implicit
inaccuraciesnvolved in using squareshapego approximatethe abstractshapesusedin PCB
design.Theapproximatiorcanbeimproved by decreasinghe sizeof the squaresThisincreases
thenumberof squaremeededo coverthewholePCB,whichincreaseshememoryandprocessor
usageof analreadyresourcentensve technique.

ShapeBasedSpaceFinding - This techniqueusesvectorbasedcalculationgo computethe distance
betweernthe elementson the PCB. Thesedistancesarethenusedto createshapesf the empty
spaceon the PCB. This techniqueis accurate pecausehe shapedollow the empty spacepre-
cisely It is alsoquite ef cient in memoryusage aslarge areasof free spacecanbe described
usinga singleshape ratherthana large numberof small squares.The problemis thatthe vec-
tor calculationsusedto createtheseshapesarevery complicated.They arealsovery processor
intensve, andareextremelydif cult to performonacomplex PCBdesign.

Neitherof thesetwo techniquesvould beidealfor the auto-balancingool. The Grid-Basedmethodis
far too memoryintensve if appliedto anaccurateepresentationf the PCB. The calculationsusedin
the Shape-Basemhethodaretoo complex to implementin thetime allowed. The QuadTeemethodthat
I nally usedcombinessomeof theadwantage®f bothof thesetechniques.

This techniqueworks in a similar way to the Grid-Basedechniquebut it usesvariablesizedsquares
to provide small squaredor moreresolutionin areaswith high detail, and large squareswhich save
memoryfor areaswith no detail.

4.2.1 WhatisaQuadTree?

A QuadTeeis createdy recursvely subdviding squaresintil, eitherthereis noreasorto subdvide the
squarefurther, or the maximumsubdvide level hasbeenreached.The auto-balancingool createsan
arrayof aboutl00 100initial squaresEachsquards thenchecledto discover whetherit is emptyor
containsary PCBelementswithin it. If it is emptyor thesquares completelyencircledoy aPCBele-
ment,thenno furtheractionis taken. Otherwisethe squards subdvidedinto four equalquartersquares
andthe samechecksare performedrecursvely on thesesquares.This createsa grid which hasmore
squaresat the edgesof PCB elementsanda few large squaresnsideandoutsidethe PCB elementsas
in gure 4.9.

4.2.2 Creatinga QuadTree

To createthe QuadTeesystem thereneedso be away of nding outif ary of the PCB elementsare
within asquare Theclipping algorithmsusedby the viewer tool in section3.2 canbereusedo dothis.
They alsoprovide encirclemenalgorithmswhich canbeusedto calculatewhetherthe squareshouldbe
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(a) The PCB Layer which will be approximated (b) TheQuadTeeontop of thePCBLayer
usingthe QuadTee

(c) TheQuadTeeCreated

Figure4.9: Diagramsdisplayinghow a QuadTeeis created
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furthersubdvided.

Checkingthewhole of the PCBin this way wasextremelyslow, sincea hugenumberof squaresieed
to becreatedandall of thesesquareseedto be checled againstevery elementin the PCB. Therearea
numberof tricks which | usedto speedup this procesgo anacceptablédevel in theauto-balancingool.
Theclippingalgorithmswerealreadycreatedo beasef cient aspossiblefor theviewertool, sothisleft
me with two possibleoptionsto speedhe QuadTee creation,either reducethe numberof QuadTee
squareproducedpr reducethe numberof elementeachsquareneedso bechecled against.

Decreasinghe numberof subdvisionscanreduceghenumberof QuadTeesquareproduced However,
this reduceghe detail that canbe approximatedy the QuadTeeandsois unacceptablelnstead the
numberof QuadTeesquaress reduceddy limiting the subdvision to the areaof the PCBin whichwe
areinterested Initially thereis agrid of 100 100squaresreated.Insteadof subdviding all of these
squaresthe squaresvhich containthe wire or buswhich is beingbalancedarefound (againusingthe
clipping algorithms)and only theseare subdvided. This substantiallyeduceshe numberof squares
thatneedto bechecled. However, thesesquaresvhich arecreatednight not containenoughfree space
to balancethe wires, andso the adjacentsquaresnight alsoneedto be checled. Seesection4.3for a
descriptionof how thechecled spacds expandedf thereis notenoughfree spacegound.

The recursve methodof subdvision, usedto createthe QuadTee, canbe usedto reducethe number
of PCB elementswvhich needto be checled. Insteadof simply checkingwhetherary PCB elementis

locatedwithin the squarea list of all of the elementscontainedwithin the squares boundscanbe cre-
ated. If this squareis to be subdvided, thenthe subdvided squarex<anbe checled againstthis list of

elementsratherthanall of the elementdn the PCB. This is becausehe subdvided squaresrewithin

theparents boundssoary elementwhichis notwithin the parents boundss notgoingto bewithin the
subdvided squaresThis signi cantly reduceghe numberof PCB elementsvhich needto be checled

by eachsubdvidedsquare.

Both of thesetechniquesubstantiallreducedheamountof time takento createthe QuadTee,making
thetool useable.

4.2.3 Finding Nearby Squares

A numberof the techniqueausedby the auto-balancingool, suchasthe ood- Il describedn sec-
tion 4.3 andthe distance nding function describedn section4.3.2,neededa methodof nding the
squaresvhich neighbouraninitial square.Thiswould besimpleonagrid of equallysizedsquaresYou
would simply move in thedirectionof travel by thewidth of a square With a QuadTeesystemit is not
aseasybecausehesquaresrenotall of equalsizes.

Take, for example,the casewherewe wish to nd the neighbouringsquaredo the right of a single
QuadTeesquare.Theremaybe multiple smallersquaredo theright asin gure 4.10(a),or theremay
beamuchlargersinglesquareasin gure 4.10(b).To copewith this, alist of the neighbouringsquares
needgo bereturnedatherthanjusta singleneighbourperside.

Becausehe differing sizeof squaregpreventsthelocationof the neighbouringsquaresgrom beingcal-
culated,anothermethodwas needed.The QuadTees hierarchicalstructureprovides anothermethod
of nding the neighbouringsquares.Sincea QuadTeeis createdoy subdviding a squarethis initial

squarewill containall of the subdvided squaresincludingthe currentsquarewe arelooking atandits
neighbour(s).This meansthat the squares neighbour(slwill be containedby a squarefurther up the
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Figure4.10: Diagramsshawving differing sizes,andnumberof neighboursn aQuadTee
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Figure4.11: This is a representationf a side-onQuadTee. It shavs how neighbouringsquaresare
foundusingtheheirarchy

hierarchy(eitherby the squares parentor its parents parentetc). The neighbouringsquaresannow
be foundby travelling up the hierarchyuntil a squares foundwhich could containthe neighbourthen
travelling down to the neighbours For example,if we arelooking for a squares right-handneighbour
thenthe function would recursvely travel up from child to parentuntil it found a squarewhich hasa
right-handsidewhich is furtherright thantheinitial squares right handside. This squaremustcontain
theinitial squaresight-handneighboursothe function now travels dovn throughthe hierarchy even-
tually nding theneighbouringsquaresFigure4.11shaws this process.

Theonly difference petweerthis functionandthat nally implementedn the auto-balancingool, was
that the QuadTee was not createdby subdviding a single square but insteadtherewere100 100
equalsizedsquaresnitially createdwhich werethensubdvided. This meanghatthetop level of the
hierarchymight not containthe neighbouringsquare.lt might be containedn oneof the neighbouring
initially createdsquaresThankfully, sincetheseinitially createdsquaresvereall of the samesize,the
neighbouringnitial squarecouldbe calculatedquite easily

50



4.2.4 Accuracy of QuadTree

Theabove neighbournding algorithmreliesonthefactthatthe squaresireplaceddirectly next to each
other i.e. onesquares boundsbegin whereanothers ends. This is theway a QuadTeeshouldbelaid
out, however, inaccuraciesn oating point multiplicationanddivision initially causednconsistencies
andgapsbetweerthe subdivided squares.

Theboundsof the QuadTeesquaresvereinitially storedasRectangle2bjectsbecausehis allowed
themto bedrawvn to the PCB Panel. Rectangle2Dbjectsconsistof an(x; y) origin, aswell asa height
andwidth. Whenasquards subdvided, the heightandwidth of thenew squaresiresetto onehalf that
of the original squares heightandwidth. The problemwith thisis that,dueto oating pointinaccura-
cies, N + N7 doesnotalwaysequalN , sothefour subdvidedsquaresouldbeslightly biggeror slightly
smallerthanthe parentthey weresubdvided from, creatinggapsor overlapsin the QuadTeesystem.

Thesolutionto thiswasto de ne asquareusingminx , maxx , minY andmaxy , ratherthanan(x; y)
origin anda heightandwidth. Whena squards subdvided,the centralsubdviding linesarecalculated,
and althoughthesemay not make absolutelyidentically sizedsubdvided squaresdueto the oating
pointinaccuraciesit is guaranteedhat every squarewill have a neighbourwith a maxX equalto its
minX , andsimilarly with the othervalues.

4.3 Flood-Fill

With the QuadTeesystemcreatedthe auto-balancingool cancalculatethe total amountof free space
on the PCB by summingthe areaof all of the emptyQuadTeesquaresSomeof this free space how-
ever, will notbeusablewhenbalancinghebusbecausdt is behinda“wall” of lled QuadTeesquares.

The auto-balancindool needsa methodof nding what portion of the total free spacethe bus, being
balancedcanuse.A ood- lling algorithmcanbe usedto provide this. Thisis analgorithm,usedby
graphicalpackagesto Il anareaof onecolourwith anothercolour A goodexampleof a ood- |l
algorithmis thatusedby the“paint pot” tool in MicrosoftPaint. In this casethealgorithmis beingused
to Il anareaof QuadTeesquaref onetype - empty- with thatof anothertype- ooded. If thisis
initiated from the bus to be balancedthentherewill be anareaof ooded squareswhich canbe used
by the bus, surroundedy lled squaresputsideof which ary free spacecannotbe used. Figure4.12
shavs anexampleof the ood Il process.

4.3.1 Flood-Fill Implementation

A ood- Il is performedby checkingwhethera squareds of the correctcolour (or in this casechecking
it is empty)then,if it is, settingit to the new colour (settingthetypeto ooded) andrecursvely calling
the samefunction on all of the neighbouringsquares. The algorithm can be either 4-way or 8-way,

dependinguponwhetherit classesliagonallyadjacensquaressneighbourgsee gure 4.13). For the
auto-balancetool's implementation) chosethe 4-way algorithmbecauset is simplerandthe 8-way
algorithm could causeproblemsby incorrectly ooding an areabehinda 1-pixel wide diagonalline,

whichthebuswould notbeableto pass.
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Figure4.12: An Exampleof a ood Il to nd freespacearoundthe selectechet. Theyellow squares
arethe ood lled squaresthelight bluesquaresrethosewhich containthe selectechet.

(a) 4-Way (b) 8-Way

Figure4.13: Thedifferenttechniquesvhich canbeusedby a ood Il algorithm
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A relatively simplerecursve algorithmcanbe usedto performa4-way ood- Il in anormalgrid-based
systemwith equallysizedsquaresThefollowing pseudo-codeanbeusedto ood- Il anarea:

floodfill() {
if (square_is_empty && 'flooded) {
flooded = true;

left_neighbour.f lo odfi Il ();
top_neighbour.fl oodf il I( );
right_neighbour. fl oodfil I() ;
bottom_neighbour  .f lo odfi IlI( );

}

However, the QuadTeeusedby the auto-balancindool is not a systemof equallysizedsquares.The
algorithmcanbemodi ed sothatalist of all of thesquareso eachsideof the squards found (usingthe
functionsdescribedn sectiord.2.3)andall of thesquaresn thesdists have the ood- II methodcalled
uponthem.

The problemwith this recursve algorithmis thatthe stackcanquickly over ow, dueto the numberof
recursve methodcalls. The algorithmtendsto move roundthe square®f the free spaceareain a spiral
motion. This meansthata hugenumberof methodcalls are made,beforeary of the methodsreturn,
over owing the stack. This stackover ow waspreventedin the auto-balancetool by performingthe
recursve ood- Il upto a maximumnumberof methodcalls. Oncethe maximumnumberof method
callsis reachedthecurrentsquaras addedo alist, andthe methodis returned.Onceall of themethods
have returnedtherecursve algorithmis startedagainfrom the squareshathave beenaddedo thelist.

4.3.2 Granular Flood-Fill

The ood- Il will helpeliminatea large amountof free spaceon the PCBthatis not usableby the bus
to be balancedhowever someof the spacethatcanbereachediy a ood- Il is still not usableby the
busto bebalancedFor example,if thereis asmallgapbetweertwo areaf lled squaresthe ood- I
will getthroughthis gapandsothe spaceatthe othersidewill be marked asusable.However thewire
beingbalancedmay not be ableto getthroughthis gapandsowon't be ableto useary of the space,
which hasbeenmarkedasusable pnthe otherside.

To solwe this, a granular ood- Il wasdeveloped,whereonly gapsgreaterthana certainsize canbe
passedhrough. The rst proposalasto malke surethatthe squareghatarebeing ooded aregreater
thana certainsize. This would have preventedthe ood- Il from o wing throughsmallgaps,however
it would also have preventedsomeof the free spacefrom beingusedeven thoughit could be usable
by thewire beingbalanced.The squaresroundthe edgeof PCB featuresaregoingto be smallerthan
thosein the centreof the free space,so with this techniquetherewill be a jaggededgearoundthe
sideof the ooded area,with usablespacenot beingusedat the edgeof the free spacearea. In factit

is evenworsethanthis, sincethe squaresroundthe edgeof the bus beingbalancedwill be small, so,
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sincethe ood- Il startsfrom thewiresonthebus,the ood Il will notevengetpasttheedgeof thebus.

Instead the actualwidth of the gapthatthe ood is passingthroughis calculated.Becausdhe auto-

balancingtool is usinga 4-way ood- Il algorithm,the ood will be moving eitherup, down, left or

right. This meanghatthe sizeof thegapcanbefoundby nding thedistancebetweenlled squarest
90 tothedirectionof movement.

With agrid of equallysizedsquaresthedistancecanbefoundeasilyby travellingat 90 andcounting
the distanceuntil a lled squareis found. With the QuadTeesystemit is slightly moredif cult. The

squaredn eitherthe +90 or 90 directionscanbe found by recursvely nding the neighbouring
squaresn onedirection. The functiondescribedn section4.2.3will nd theseneighbouringsquares,
howeverthisfunctioncanreturnamultiple numberof squareslependingnthesizeof theneighbouring
squaresThis meangherecould be multiple closestlled squaregasin gure 4.14(a)).Thesmallesof

thesedistancess usedto calculatethe sizeof thegap.

Anotherproblemwith the QuadTeesystemis thatthe differing sizesof the squarecancausehearea
beingusedto checkthedistanceo expandoutwardsasin gure 4.14(b).This causeshesizeof thegap
to beincorrectlymeasuredsbeingsmallerthanit actuallyis if thereis a smallergapaheador behind
the squarebeingchecled. It is thereforenecessaryo checkthe boundsof every squarebeingmoved
into by thedistancending algorithm,to nd if they arewithin the outerlimits of the original squareas
shavnin gure 4.14(c)

Oncethesizeof the gaphasbeenfound, it canbe usedto decidewhetherthe ood- Il  shouldproceed
in this direction. This processtopsareaswhich cannotbe usedby thewires,from being ooded andit

alsoallowsthe ood- Il to work its way alongthe edgeof PCB elementsvithout having a coursgaggy
outline,aswith the previoustechnique An exampleof the ooded freespaceds shavnin gure 4.15.
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Figure4.14: Theproblemsnvolvedin performingagranularood Il in aQuadTee
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Figure4.15: Thisis anexampleof the GranularFloodFill
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Figure4.16: This shavs how the Flood Fill decideswhich squareshouldbe checled next. The left
handneighbouringsquaresrenot checled becaus¢hey arebehinda“wall” of lled squares.

4.3.3 UsingFlood-Fill to Expand Subdivided Area

As describedn section4.2.2,only theinitial QuadTeesquareghatcontainthe busbeingbalancedare
subdvided, in an effort to reducethe numberof squaresvhich needto be found. However, theremay
notbeenoughfreespacedo balancahebusfrom the squaresvhich have beensubdvided. More squares
obviously needto besubdvidedto nd morefree spacebut which squares?

The mostobvious solutionis to subdvide the squaresvhich neighbourthosewhich have alreadybeen
subdvided, thusexpandingthe subdiided areaby a radiusof oneinitial squares size. Thereis, how-
ever, a betterway of choosingwhich squareshouldbe subdvided. Whena ood- Il is performedrom
thebus, it will eventuallyreachsquareshathave notyetbeensubdvided. Thenon-subdiided squares
thatthe ood Il reachesvill bethosewhich canbereachedrom thebusthroughfreespacelf theauto-
balancerchooseghesesquarego be subdiided, the subdvided areawill still be effectively expanded
by oneradius,however it will eliminatethosesquaresvhich arebehinda “wall” of lled squaresso
providing no additionalusablefree space. Figure 4.16 shavs an exampleof the ood Il algorithm
nding which squareshouldbe subdvided. Note the squarego the left arenot selectechecausef a
wall of lled squaresausedy alongwire down theleft-handside.

Whena ood Il doesnot nd ary moreinitial QuadTee squaredo be subdvided, then the auto-
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balancingool knows thatno morefree spaces usableby the busbeingbalanced.
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Chapter 5

Balancing Buses

Oncefree spacehasbeenfound on the PCB, the wires beingbalancedheedto be routedthroughthis
spacein sucha way asto provide the addedlength. For this to be possible,someform of routing
algorithmis neededo malke surethe wire being balanceds correctlyrouted,abiding by the spacing
constraintsandbeingof thecorrectlength.

5.1 Routing Algorithms

Whenrouting wires of the bus which is being balancedtherearetwo main optionsavailable: either
reroutethe wire from scratch creatinga newly routedwire of the correctlengthbetweenthe startand
endpoints;or modify the originally routedwire sothatit gainsthelengthneededo balancehebus.

5.1.1 Route NewWire

The rst methodfor balancinga wire which | investigatednvolved “ripping up” the originally human-
routedwire, andcreatinga new wire from scratchthat was of the correctlength. To do this, an auto-
routing algorithm, suchasthoseusedby commercialauto-routingtools, was needed. This algorithm
needdgo routefrom the startpoint to the endpoint of the net, passinghroughcompulsorypointssuch
aspinsandviasin the correctorder It alsoneedgo avoid passinghroughary otherPCB elementand
nally needgo produceawire whichis therequiredengthto balancehebus.

An algorithmwhich| developedio performthesenecessarfunctionswasbasediponamodi ed version
of the Lee-MazeAlgorithm.

Lee-MazeAlgorithm

The Lee-Mazerouting algorithm[10] wasdevelopedin 1961,andis now usedin a numberof differ-
entapplicationsjncluding Al for computercontrolledcharactemovementin gamesandrouting PCB
wires. Thisis a grid-basedalgorithmwhich guaranteeso nd aconnectiorbetweenwo endpointsjf
oneexists.

This algorithmeffectively performsanexhaustve searcthof all of the possiblepathsfrom the startpoint
to the endpoint. It doesthis by propagatinga wave front throughthe grid from the startpoint until it
“hits' theendpoint.

Thegrid squarehatcontainsthe startpointis labelled’0'. Thewave frontis thenpropagateadutwards
by labelling all of this squares neighboursas '1'. The wave front is continually propagatedutwards

59



4 3|2|1|2[3]4 5678‘9‘10‘

3 21| @ 3 b

4 32123 5/6|F
432|345 7

(o‘oo‘\n‘cn old|w | P>

1011112

11)12

(a) This shavs the Lee-Mazealgorithm (b) The Lee-Maze®ndsthe Shortestoute

Figure5.1: Diagramsdisplayingthe Lee MazeAlgorithm

by labellingthe outerneighbourf the lastsetof squaresby labellingthemwith the next numbey as
shavnin gure 5.1(a).Oncetheendpointis labelledwith anumbeytheshortestoutebetweerthestart
andendpointshasbeenfoundasshavnin gure 5.1(b).

Modifying the Lee-MazeAlgorithm

The Lee-Mazealgorithmworkswell for nding the shortestroutebetweenwo points,however thisis
notwhatwasneededor the auto-balancingool. The auto-balancingool needgo nd aroutebetween
the two endpointsof a speci ¢ length. To do this, the Lee-Mazealgorithmcanbe modi ed sothatthe
wave front cango backthroughitself, thusaddingadditionallengthto theroute. To dothis, eachsquare
needgo keepmultiple labelsfor eachroutethat's passedhroughit, asshavn in gure 5.2. The nal
point will be labelledmultiple timesby differentroutespassingthroughit andtheselabelswill have
differentlabelnumbersastherouteswill have passedhroughdifferentnumberf squareso getto the
endpoint. Thedistanceof theroutecanbeapproximatedby the numberof squarest haspassedhrough
(i.e. thecurrentlabelnumberof the route),sowhenthe endpointis labelledwith a numberequalling
therequireddistancearoutehasbeenfoundwhichis of therequiredength.

Problemswith Modi ed Lee-MazeAlgorithm

Thereareanumberof problemswith usingthis modi ed Lee-Mazealgorithmto balanceghewiresona
PCB.The rst of thesds thefactthatthealgorithmoperate®nagrid of equallysizedsquaresTheauto-
balancingtool, however, usesa QuadTeesystenmto calculatethe free spaceavailable (seesectiond.2).
While it would be possibleto modify the algorithmto supporta QuadTeesystem therewould be sig-
ni cant dif culties. In agrid-basedsystemthesizeof thegrid squarexouldbe setto bethe samesize
asthewidth of thewire beingbalanced.This would meanthatthe wire could safelybe routedthrough
the centreof the chosernsquaresWith a QuadTeesystemhowever, the squaresreof differing sizes.
Someof thesquarewill besmallerthanthewidth of thewire, sothe neighbouringsquaresvould need
to bechecledto make surethatthereareno PCBelementswvithin thewidth requiredby theroutedwire.

Othersquaresvould be larger thanthe width of the wire, so a decisionwould needto be madeasto

whereto routethe centreof thewire throughthesesquares.
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Figure5.2: This shavs how the Lee-Mazealgorithm could be modi ed to nd multiple routes. The
possibleroutesfrom side™1' areshawvn by arraws.

Anotherproblemwith thisalgorithmis thatit is verymemoryandprocessotimeintensve. Everysquare
needgo storemultiple labels,which cantake up a greatdealof memory Also, the numberof squares
thatneedto bechecledincreasegxponentiallywith eachpropagatioroutwards.Overall, thiswould be

avery slow algorithm,especiallywith theaddedchecksneededdueto theuseof a QuadTeestructure.

5.1.2 Modify Existing Wire

One of the disadwantagesof balancingthe bus by completelyreroutingthe wires, is that the routing
decisiongnadeby thehumanwho routedthe busoriginally arebeingimmediatelythrown away. Thisis
not only wasteful,asthe effort putinto the routing designof the original busis thrown away, but there
could be a goodreasorthatthe bus wasrouteda certainway originally, andthis “rip up andreroute”
methodwould completelydisregardthis decision.In aneffort to reducetheseproblems a methodwas
developedwhich modi es the existing wires,to addtherequiredlength.

To balancea bus by modifying the existing wires, | neededo nd somemethodwhich could addthe
requirediengthto all of theindividual wires of thebus. Looking carefullyat sectior4.1.4,therearetwo
processewhich areusedto balancea bus. Firstly, theinnerwiresof thebusneedto bepushedutby a
certainamount.This allows the next stageto proceedwhereserpentinags addedto the wiresto extend
themto therequiredlength. Thesetwo processesanbe separatedandperformedoneaftertheother

5.2 PushingWiresOut

The rst stagein modifying the existing wiresis to pushthesewires outwards,away from the bus. My
rst ideawasto pushthewire out by usinga grid-basedoutingalgorithm,suchasthe Lee-Mazealgo-
rithm, ona small,straightline sectionof thebus. Evenusingthe samealgorithmasthecompletereroute
in section5.1.1,thiswould have beeneasietto performbecausehedirectionof travel is alreadyknowvn.
Thereis still thedif culty involvedin usinga grid-basedalgorithmwith a QuadTeesystemhowever.
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Figure5.3: Two connectindinesarecreatedsothatthewire is still fully connectedfteraline sggment
is pushed

Insteadof usinga routing algorithmto modify sectionsof the wire, | nally decidedthat straight-line
sectionsof the wire could be “pushed”in the requireddirection. To do this, the original straight-line
sectionis movedsidevaysin therequireddirection,andconnectindinesaredravn betweertheoriginal
startandendpointsof the sgment,andits new startandendpointsasshavnin gure 5.3.

5.2.1 The PushAlgorithm

If astraight-linesegmentis to be movedin a certaindirectionto pushout thewire, thenit is necessary
to nd how far the segmentcan be “pushed”beforeit hits anotherPCB element,or cannotmeetits
spacingconstraints.Therefore the distancebetweenthe line sgmentandthe nearesPCB elementin
thedirectionof the pushneedgo befound.

This wasdoneusingthe QuadTee system.Firstly, the squaresyhich containthe line sggmentbeing
pushedarefound. Thedistancending function,usedfor thegranularood- Il in section4.3.2,isthen
usedto nd thedistancebetweereachof thesesquaresndthe nearestlled squaren thedirectionthe
wire is being pushed. The minimum of thesedistancesminusthe spacingdistanceconstraint,is the
amountby which theline-sggmentcanbe pushed.The auto-balancingool canthenmake a decisionto
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move the line-sgmentout by this amount,or a smalleramount,dependinguponthe amountof length
which needgo beaddedo thewires.

Now thatline segmenthasbeenmoved, it needgo bereconnectedo the original wire. Thisis doneby
simplyaddinganadditionaltwo straight-linesegments{(X origstar t; Yorigstar t) 10 (Xnewstar t; Ynewstar t)];
and[(xorigEnd ; YOrigEnd) t0 (XnewE nd; YnewE nd)]-

5.2.2 Multiple Pusheson OneLine Segment

This algorithmwill pushaline sggmentoutto the rst PCBelementwhichis in theway, however alot
of free spacecouldbelost if thereis a PCB elementwhich is considerablycloserto the line-sgment
thantheaveragedistanceasshavnin gure 5.4(a).To solve this, theline sggmentcanbe pushedut by
differentamountsdependingn the available spacealongthe line segmentasin gure 5.4(b). Thisin-
creasesheamountby whichthewire canbe pushedutward. Oneproblemwith this pushingalgorithm
canbeseenn the gure. Thewire hasbeenpushedaroundthevia andis notrunningbehindit, aswould
be preferablan this situation.Thiswill be dealtwith whenanothemproblemis solvedin section5.2.3.

(a) Theclosecircularvia stopsthe wire from us- (b) With multiple pusheghewire is extendedur-
ing alot of the availablespace therout

Figure5.4: Diagramgdisplayinga wire beingpushedut by differentamounts

Eachof the QuadTeesquareswhich containthe original line sgment,canbeusedto nd thedistance
thatthe partof the sggment,containedn the squarecanbe pushed.However, if thewire is pushedor
every squaretherewould be a large numberof unnecessarine segmentscreatedvhereneighbouring
squarexanbe pushedy the samedistance.To dealwith this, a structurewascreatedvherethe avail-
abledistancesouldbestoredandneighbouringequaldistancesoncatenatetbgether Thedistancesn
this structureareusedto decidewheretheline sgmentshouldbe pushedutwardsandby whatamount,
thusreducingthe numberof line sgmentsproduced.

While testingthis pushalgorithm,onebug wasfound which proved to be causedy this multiple push
processWhentheQuadTeeis checledto seewhich squareshelineis in, becaus¢heline hasacertain
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width, therecould be more than one squarewidthways alongthe line (asin gure 5.5). This would
not normally causea problemif the squaresverethe samesize,asthe distanceis found from a point
on theline, ratherthanthe centreof the squarebeingused. This meansthat therewould simply be a
duplicatedistancecreatedpoth of which would be concatenatetly the distancestoringstructure.The
problemoccurswhensquare®f differentsizesareateithersideof aline. This couldcausewo different
distancedo be storedfor the samesectionof theline. This would causanultiple linesto be pushedut
from the samesectionof wire, producinga distortedpieceof wire. This problemwas nally solved by
modifying thedistancestoringstructuresothatit concatenatethultiple distance®verthe samesection
of wire into asingledistance.

5.2.3 IntersectionsCausedby PushingPastthe Wire

Previously, this pushalgorithmwas describedas pushinga singleline segmentof the wire beingbal-

anced It may, however, be usedto pushoutmorethanoneline segementf thewire, sothatmorespace
is availablein the centreof the busfor serpentine Whenmultiple line segmentsare pushedusingthis

algorithm,someproblemswith it becomeapparent.

If we take asan example,a wire consistingof two line sgmentsat 90 to eachother forming anL
shapeasshavn in gure 5.6(a). If the emptyspacearoundthewire alsoformsanL shapethenthere
will bea problemif bothline segmentsarepushedo theirleft side. Asis shavn in gure 5.6(b),when
both line segmentsare pushedo the furthestpossibledistancethey endup overlappingandcreatinga
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doublyroutedwire.

This overlapingis causedecaus¢herestof thewire, whichis beingbalancedis not beingtakeninto
accountwhendecidinghow far to pushoutaline sggment. My rst ideawasthereforeto take therest
of thewire into accountwhendecidingon the distancebetweemearesPCB elementandtheline seg-
mentbeingpushed.This, howvever, would have requireda nev QuadTeeto be createdafterevery line
sggmentwaspushedslowing down the speedf thealgorithmtremendously

Insteadof preventing this overlapingfrom occuring,| decidedto let it happenandthenremove the
intersectionsand doubly routedwires which it caused.The overlapsareremoved usingthe following

method. Thewire is traversedandeachline sgmentis checledto nd if it hasary intersectionawith

theline segmentswhich follow it in thewire. If thereis ary intersectionsthenall of theline segments
on thewire betweerthetwo intersectindine sggmentsareremoved. Thetwo lineswhich intersectare
thenshortenedsothatonestartsandtheother nishes attheintersectiorpoint. Thiscreates “shortcut”

throughthe routing of thewire, which removesthe doubleroutingandoverlaping.Figure5.6(c)shavs

this processn detalil.

This methodof allowing overlapsto occur andthen xing them,actuallysolved anothemproblemwith
the pushalgorithmmethodof balancing.As wasshavn in section5.2.2,the standar¢gpoushmethodwill

notroutea wire behinda free standingvia or otherPCB element.However, if we performthe pushal-
gorithmmultiple timesuponthe samewire, theintersectionxing methodwill allow wiresto berouted
behindelementsvhich arefree standing.Figure5.7(b) shavs a straightline wire beingpushedo one
side,wherethereis afreestandingvia in theway:. If thewire is pushedagain,thenoverlapingwiresare
producedasshavnin gure 5.7(c).Oncetheintersectionsre x edontheseoverlappingwires,thewire
is now beingroutedbehindthe free standingvia ( gure 5.7(d)).

5.2.4 Finding the Intersection Point of two Line Segments

To x theoverlappingline segmentausingtheabore method,t is necessarjo nd theintersectiorpoint
betweentwo line segments.This wasdonein the auto-balancingool by nding theintersectiorpoint
betweerthetwo in nite lengthlines, extendedfrom the two line segments,andthencheckingwhether
thisintersectiorpointis on both of theline sggments.Theintersectiorpoint betweerthetwo lineswas
found,by rst nding thedeterminanbf the coefcients usingthe equation:

det=sx ry sy rx (5.1)
where
rx = Line1Point2X Line 1Point1X (5.2)
ry = Line 1Point2Y Line 1Point1lY (5.3)
sx = Line 2Point2X  Line 2P oint 1X (5.4)
sy = Line2Point2Y Line 2Point1lY (5.5)
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(a) This is the wire which will be pushedto its (b) Thisshavsthewire afterit hasbeenpushedo

right theright onetime

(c) The wire hasnow beenpushedto the right (d) This is the®nal wire afterit hashadthe over
twice. Noticethattherearetwo wiresat the other laping sections®xed. Note thatthe wire is now
sideof thevia, causedy thewiresrunningat ei- routedto the othersideof thevia.

therendof thevia afterthe®rst push.

Figure5.7: Diagramsdisplayinghow awire canbe pushedastavia

67



If thisis zero,thenthelinesareparallel,anddo notintersectptherwiseit is used nd how faralongthe
vector(createdrom line 1), theintersectiorpointis, usingthe equation:

S = (sx (Line2PointlY LinelPointlY)+ sy (Line1lPointlX Line 2Point1X))

det
(5.6)
Whichis thenusedto nd theactualpointof intersection:
X = (LinelPoint1X + z rx) (5.7)
Y = (LinelPointlY + z ry) (5.8)

5.2.5 Lines Which Are Too CloseTogether

We have seerthatintersectiondbetweerine sggmentscauseproblemswith a wire which hasto bebal-
anced but equally line sggmentswhich are closertogetherthanthe bus' minimum spacingconstraint
will causethebusto beincorrect. Becausea wire hasa width, line sgmentswhich arevery closewill
alsocauseseparatesectionsof thewire to incorrectlyshorttogether

This canbe solved in a similar way to that of the intersectingwires. The closestpointsbetweentwo

line sggmentsarefound,andthe distancebetweerthesetwo pointscalculatedIf the distanceas smaller
than(width  2) + minS pacing, thenthewiresaretoo closetogether In this case the sectionof the
wire betweerthesetwo pointsis removed,anda connectingine sggmentis createdoetweenthesetwo

closesipoints.

5.2.6 Finding the ClosestPoints BetweenTwo Lines

This x for linesthataretoo close,needsa functionthatwill nd the closestpoint betweentwo line
sgments.| usedageometricyectorbasedapproacho nd theclosespointbetweertwo line sggments.

Firstly, threevectorsarecreatedu which is the differencebetweernthe two pointsof line 1, v whichis
the differencebetweerthe two pointsof line 2 andw which s the differencebetweerthe startpoint of
bothlines. Thesearethenusedto nd thefractionalongvectorsu andv wherethey areclosestwhen
they areseparatedby the vectorw. Thisfractioncanbeusedto nd theactualpointson theline which
areclosestogether

Thefractionsalongthe vectorsarefoundwith thefollowing dot products:

a=uu (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)

Theclosespointasafractionalongthevectoru is foundby:

be cd
s= x B (5.14)
andasa fractionalongthevectorv by:
ae hd
t= P (5.15)

5.2.7 ConnectionLine Spacing

The line sggment,which hasbeenpushedoutwards,hasbeenchecled to make sureit is further from
ary PCB elementghanthe minimum spacing. The connectindines, however, have not beenchecled
andmaybecloserto a PCB elementhatthe minimumspacingconstraintallows.

The rst solutionto this involved checkingthe minimumdistancebetweerthe connectiorlinesandthe
PCB elementsusingthe samedistancecheckingfunction usedby the pushalgorithm. If this distance
waslessthanthe minimumdistanceconstraint thenthe connectingwire (andthe startor endpoint of
the pushedine) could be pushedn the oppositedirectionby the requiredamount. The problemwith
this approachis thatthe connectingwvires couldbe pushedpasteachother ruining thewires.

Instead,l took a pessimisticapproachwherethe auto-balanceassumeshat thereare PCB elements
alongthe edgeof the wire beingpushed.To preventthe connectingwires from beingtoo closeto the
PCB elementsthe line segmentsare only pushedoutwardsfrom a distanceof the minimum spacing
constraintfrom the startandendpointsof theline, asshavn in gure 5.8. This meansthateachline
sgmentto bepushecheeddo beatleastthreetimesthe minimumlengthconstraintsothattheconnec-
tion linesarenottoo closeto eachother

69



/X
e)
2
3 3
% % Connect Lines Don't o
() . .
5 — & Satisfy Constraint Min| Space 2
F 3 T
= E -
X
(a) This is the wire which will be pushedto its (b) This shavs how the connectingwires can
right breakthe minimumspacingconstraints
| Min Space
[}
Q
I
@
Min| Space 4
@ 2
=
'} Min Space

(c) This is solved by only pushingthe wire after
a distanceof the minimum spacingfrom the start
andendpoints

Figure5.8: Diagramsdisplayingthe problemsof the connectingwires breakingminimumspacingcon-
straints

70



Chapter 6

Problems& Solutions

6.1 Accesso CadenceAllegro

Cadencellegro wastheindustrialPCB designtool to which | decidedto interfacethe auto-balancing
tool. To dothis| neededo createextractandimportroutinesusingthe SKILL scriptinglanguagevithin
Allegro. SKILL routinescanonly beruninsideof Cadencéllegro, soto write anddehug theseroutines
| neededaccesdo aversionof Cadencellegro.

As anindustrialtool, Allegrois very expensve, about£10,000for asingleuserlicence.lt wastherefore
impossibleto buy for theproject. Therewere,however, anumberof otherpossibleoptions.Initially Ca-

denceseemednterestedn offering a “single year” copy, which could only be usedduringtheduration
of the project,in returnfor a copy of thisreportafterthe projectwascompleted.This would have been
ideal,but unfortunatelyaftertheinitial correspondencéherewerenorepliesto ary of theemailswhich

| sentto my contactin Cadence.

The next option wasto temporarilyuseone of the Allegro licences,usedby the PCB designteamin
Greenockpver the courseof the project. This wasinvestigatedbut unfortunatelyCadencdicence les
usetheMAC addres®f acomputetto tie it to aspeci ¢ computermeaninghatl couldnotusealicence
from the Greenoclksitefrom my computer

Anotheroptionbecameavailableafterconsultingwith my supervisarAn alliancebetweertheInstitute
of SystemLevel Integration,Cadencendthe Universityof Glasgav allowedthe University of Glasgev
to useCadenceroductsfor academigurposes.This shoulda have allowed me accesgo a University
computewith Allegroinstalled,hovever dueto a seriesof bureaucratidlundersthis wasnot available
in time to be of usefor the project.

In theend,theonly optionwasto useAllegroin thelBM plantin Greenock.Thiswasnotidealbecause
it restrictedthe amountof time | hadto write theseroutines.It alsomeantthatl hadto drive 2 hoursto
Greenocleverytime | wantedo useAllegro, however, withouttheuseof the Greenoclcopy of Allegro,

| would not have beenableto testthe auto-balancingool on motherboardiesignsor integratethetool
into thetool o w.

6.2 Debugging Skill Routines

Oneof the major problemswith writing theseskill routineswasdehluggingary errorsin the code. Al-
thoughthereis a SKILL developmentervironment,with deluggingtools,this wasnot availableto me
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duringthe courseof the project.

The only optionwasto testthe routinesusinga trial anderror process.This causeda numberof dif -
cultiesdueto the natureof SKILL routines.SKILL, asascriptinglanguageis notcompiled,therefore
ary errorsin the codeonly becomeapparentt runtime. Sincethe extractingroutinecouldtake a con-
siderablgimeto runto completionanerroratthe endof the codecouldtake sometime to delug. More
thanthat,themodi ed SKILL routinewould only bereadinto Allegro whenAllegro wasstarted.This
meantthateachchangeo the coderequiredatime consumingestartof Allegroto test.

6.3 Running out of Memory

The standardlava Virtual Machineonly resernesa maximumof 64Mb of memorywhenit starts.This
wouldtypically beenoughfor a Jara program howeverthe auto-balancetool is very memoryintensve.
Someof the boarddesignd wasworking on arevery comple, with the PCB-XML le for oneboard
being55Mb. This meantthatassoonasthe PCBdesignwasreadinto thetool, the Java Virtual Machine
ranoutof memory

Luckily, 1 discoreredthat the maximummemoryallocationcould be increasedusing the -Xms and
-Xmx argumentswhichmeantnoughmemorycouldbereseredfor the useof theauto-balancingool.

6.4 ComplexBoard Designs

Thefactthatthis projectwasco-supervisethy IBM Greenoclkallowed me accesdo anumberof actual
moderncommercialmotherboardsThis wasinvaluableto allow me to develop a tool which could be
usedin industry however the complity of theseboardsdid leadto dif culties whentrying to delug
problemsn algorithmsusedthroughouthetool.

Becauseof this I manuallywrote a numberof simple PCB-XML les (anexampleof which is given
in AppendixD.2), which speci cally identi ed any problemswith someof thesealgorithms.| created
PCB-XML les for thefollowing algorithms:theline intersectiortest;thedraving andclipping of arcs;
theintersectiorbetweeranarcandaline test;andthe pushalgorithm.
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Chapter 7

Conclusion

7.1 Aims

The main aim of this projectwasto createan interesting,worthwhile and challengingprojectwhich
demonstratethe skills that| have learnedon the degreecourse.A secondaryaim wasto createa tool
thatcouldassisin PCBdesign.Theprojectwasto beacontinuatiorof my summeindustrialplacement
atthePCBdesigngroupof IBM in Greenockandsoanimportanttargetfor this projectwasto createa
tool which couldbeusedby this designgroupto reducethetime to market of theirmotherboardiesigns.

To createatool for anindustrialdesignteam,therewerea numberof importantconsiderationsvhich |
neededo take into account.Firstly, it is importantthatthe new tool ts into thenaturaltool o w of the
designdepartmentThetool shouldalsonotloseary of thedatatheprevioustool in the o w asit passes
onthemodi ed datato thenext tool in the o w.

Thetool shouldalsobalancethe selectedustheway a humanroutingdesignemwould expect. A major
problemwith auto-routingtoolsis that, oncethey have beenautomaticallyrouted,the boardsbecome
very dif cult to modify if changesare made,becausdhe auto-routingtool hasnot usedthe design
methodologieshatthe designemould have expectedo have beenused.

If theauto-balancingool is to be usedwith industrialPCB designsthenit is importantthatthererouted
wiresdo not causeary unwantedelectronicproblems.To preventary of theseproblemsthetool must
take into accountconstraintplaceduponnets,suchasminimumseparationsThetool mustalsoinsure
thatthe balancedviresdo not createunwantedelectromagneticadiation.

In acommerciaketting thetool mustalsobeuseablelt mustcompleteéhebalancingandotherfunctions
in areasonablyimely manner In otherwords,it mustsave theusertime in thelong run. A tool which
almostbalancesa bus, but meansthat the designerseedto spendtwice aslong xing errorsin the
balancedusthanthey would have takento balancahewire in the rst place,is of nouse.Finally, if the
toolis to bewidely usedthenit is importantthatit canbeusedin asmary differentsystemsaspossible.
It shouldthereforebe highly portable andableto interfacewith a numberof industrialdesigntools.

7.2 Curr ent Status

Althoughtheautobalancettool wasnotfully completedmary of thecomponentsieededvere nished
to completion.Othercomponentsirecurrentlyin varying stagef completion.

73



7.2.1 CompletedComponents
PCB-XML Format

The PCB-XML dataformatis fully functionalandcanbe usedto storethe completedesignof a PCB.

Extracting from Allegro

The SKILL routine which extractsan Allegro board designinto PCB-XML is fully completedand
extractsall of the designdatawhich canbe storedin PCB-XML andwhich is neededby eitherthe
viewer or auto-balancetool.

Graphical View of PCB

Thecodewhichis usedio shav thePCBonscreeris fully complete All of thePCBelementsareshavn
in the graphicalview, anddifferentlayersaredisplayedn differentcolours.

Viewer Tool

A viewer tool wascreatedwvhich allows PCB-XML boarddesigngo bedisplayedon screen.The view
canbezoomedandmovedabout,to allow eitherthewhole PCB,or smalldetailsto beviewed. Thistool
wasfully completedandallows usergto view ary valid PCB-XML le.

SpaceFinding on the PCB

The auto-balancindool cansuccessfullynd the available,usablespacearounda wire or bus. It can
alsocalculatetheamountof freespacenhichis available.

Outward Pushingof Wires

Theauto-balancingool canpushawire over to eitherside,thusproviding spacefor the otherwires of
abusto bebalanced.

7.2.2 Incomplete Components
Sermentining of Wire

Althoughthe wires of a bus canbe pushedout (which could be usedto performsimplebalancingasin
section4.1.3)it doesnot, asyet, addserpentingo a wire. This could be addedby modifying the push
algorithmto performmultiple pusheslongthewire.

Automated Balancing of a Bus

At presentthe space nding and balancingis performedon a single wire. This balancingcould be
manuallyperformedupona bus, by separatelypalancingeachwire, howvever it doesnot automatically
balanceall of the wireson abus. All thatis neededo provide this is somecontrol code,aroundthe
balancingandspacending methods.
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Refactoring Modi ed DesignBack Into Allegro

The auto-balancingool works upon PCB-XML les, however these les are extractedfrom Allegro
board les. To completethe tool- ow, the modi ed PCB-XML le needsto be refactoredinto the
Allegroboard.An Allegro SKILL routinecouldbe createdo do thisin a similar way to the extracting
routine, however, althoughl proved this conceptcouldwork, | simply did not have enoughtime using
Allegroto producea nished routine.

7.3 Evaluation

Uponcompletionof this projectl wasnotableto createanauto-balancingool which canbeusedby an
industrialPCBdesigntool. However, agreatdealof researcthasbeendoneinto techniquesvhich could
be usedto createsucha tool. In fact, a large numberof the techniqueseededo balancea bus have
beeninvestigatedduring the courseof the project. If time hadallowed, the auto-balancingool could
have beenmadeinto anindustriallyusabletool with the additionof somereasonablsimplecontrolling
code.

As well asresearching®?CB balancingtechniquesover the courseof this projectl createda numberof
componentshat could be usedcommercially | succeededh creatinga newv dataformat (PCB-XML)
which canbe usedto storePCB designs.This formatcanbe used,not only by the auto-balancingool,
but alsoasanindependentvay of transferringdatafrom other PCB designtools. | have createda Ca-
denceSKILL routinewhich allows Allegro PCB designsto be extractedinto PCB-XML. | have also
createda fully functionalviewer tool for this dataformat, allowing usersto view les in this format
without needingo importtheminto expensve designtools.

Figure7.1shavs anovervien of themaincomponentsreatedn this project. |t alsoshavsthetool o w
usedwhenmodifying PCBdesign les with theauto-balancingool.

With hindsight,the aimsof the projectwere over ambitiousgiven the time availablefor a fourth year
project. Thereasorfor this is thatthe projectbecamenuchmoreresearctorientedthenl expected.A
numberof the graphicalalgorithmswhich | used althoughnot new, werevery poorly documentedThe
algorithmusedto draw arcswith quadraticcurves,for example,is usedin mary commercialgraphical
packagesincluding Adobe Postscripthowever after considerableesearch] could only nd onepa-
perthatdescribedhis process.This paperwaswritten asa mathematicaéxplanationof thetechnique,
ratherthana descriptionof the programmingalgorithm. This meantthat| not only hadto understand
the mathematic®ehindthe processbut alsodevise a programmingalgorithmfrom this maths.

Otheralgorithms,suchasthe granularQuadTee ood- Il processhadno paperswritten aboutthem,
andasfarasl know, hadnever beencreatedbefore. The “Push” algorithmwasalsounusual gspecially
whenusedn aQuadTeesystemandalot of time wasspentdehuggingproblemsvhichemegedduring
its development.

Becausehe projectbecamemuchmoreresearctoriented,the designof the software componentsuf-
fered.Ratherthanperformingadetaileddesignof theentiresystemplanningthemethodcallsandclass
relationshipsheforeimplementingary of algorithms,| useda prototypingprocessduring the course
of the project. A roughdesignof the systemwasused,howvever dueto the unknavnsinvolved in this
project,adetaileddesignwasnot possiblebeforehandndchangesn the designwereinevitable during
the courseof the project. This meanghatthe codeof the auto-balancingool is notof nal production
quality However, now thata numberof the problemshave beensolved, thetool could be quite quickly
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Figure7.1: An overview of thecompleteccomponentandhow they t into thetool ow
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berewritten with bettersoftwareengineeringprocesses.

Therewerea numberof toolswhich wereusedduringthe courseof this project. Themain PCBdesign
toolusedwasCadence\llegro. Thisis avery powerful industrialtool and,assuch,canbeusedto create
very complex PCBdesignswhich could be usedto thoroughlytestthe projecttools. The problemwith
this wassimply that the boarddesignsweretoo complicatedwvhentrying to delug problems. Luckily
the structureof PCB-XML allowed meto producemy own simplePCB designswithout usingCadence
Allegro. Themainproblemwith Cadence\llegro duringthis projectwasaccessl did not have time to
drive to Greenocleverytime | neededo useCadenc&llegroandsothis sectionof the projectsufiered.

The SKILL scriptinglanguagewvasusedto extract PCB-XML from CadenceAllegro. Thiswasa very
dif cult languagen which to program,especiallywhentrying to detug problems. Becausd hadno
accesdo a developmentervironment,| hadto rely on error messageutputby Cadencevhenthere
wereproblemsandthesewerealmostuselessgiving practicallyno informationaboutthe natureof the
erroror its locationin the code.Anotherproblemwasthe factthat Allegro neededo berestartedvery
time achangewvasmadeto a SKILL routine,slowing down the developmentprocess.

Toreadthe PCB-XML les into theviewer andauto-balancetools,the Java API for XML Bindingwas
used.This tool createslava class les for eachXML elementn the schemadescriptionof the format.
XML les canthenbe“unmarshalled’into objectsof theseclass les, allowing themto beimmediately
manipulatedry Java Code. This tool wasidealfor this projectandsubstantiallyreducedhe amountof

time neededo createa parserfor PCB-XML.

To write the Java tools, | usedthe EclipselntegratedDevelopmentErnvironment(IDE). Thisis anopen
sourceool whichcanbeusedo aid thedevelopmenbf programmingoprojects.Thiservironmenthelped
with anumberof aspect®f theimplementatiorprocessncludingcoderefactoring,packagealesignand
delugging.

X g, alLinux vectordraving program providedaquick andeffective methodof draving mostof thedi-
agramsn this report. Theothersarescreenshottken of theviewer or balancetool. Finally, LATEXwas
usedto producethe wording andstructureof this report. This allowed quick andeasyformatchanges
andprovided staticdisplayformatsover thewhole of thereport.

7.4 Future Work

The componentsisedin this projectwerecreatedo provide the speci ed functionality requiredby the
auto-balancingool. However, they weredesignedsothataddedfunctionality could be addedat a later
dateif time allowed. Thefollowing sectiongdescribesomeportionsof work which | identi ed aspossi-
ble futurework.

7.4.1 PCB-XML

PCB-XML wascreatedspeci cally for the useof the auto-balancingool andso it canstorethe PCB
designdetailsneededor this function. It couldhowever be usedby othertoolsasa PCBdesignstorage
format. AlImostall of the detailsneededor a completePCB designcanbe storedin a PCB-XML e,
but the schemacanbe easilyextendedo provide ary additionaldataitems,suchasglobal constraints.
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7.4.2 Extracting From Additional DesignTools

At presenpnly Cadence\llegrodesignles canbeextractedinto PCB-XML usingthe SKILL routinel
wrote. Extractingroutinescould, however, bewritten for mary otherPCB designtools,suchasMentor
ExpeditionPCB or Orcad,allowing the auto-balancindool to beinterfacedinto tool o ws which use
thesedesigntools.

7.4.3 Integrated Chip Wire Balancing

While thisauto-balancingpol wascreatedspeci cally to balanceviresonaPCB,thetechniquegqually
applyto the balancingof interconnectsn a integratedchip, suchasa computerCPU. The tool could
easilybemodi ed to balancehesechip interconnectiongnsteadof thewireson a PCB, with the major
work beingthe creationof anextractingroutinefor the chip designtool.

7.4.4 Viewer Tool

Theviewertool displaysa PCB-XML le to screenputit couldquite easilybe adaptedo displayother
typesof graphicalXML dataformats,soproducingviewersfor otherdatatypes.

7.4.5 WYSIWYG Net Choosing

At presentthe choiceof which netis to be balanceds doneby selectinga netfrom alist of netnames.
Theselectedetis thenhighlightedon theview of the PCB. It canbe quitedif cult to nd thenameof
the netwhich is to be balancedandso selectit in thisway. It would be possibleto addaninteractive
WYSIWYG choosingoption, sothatnetscould be selectedy simply clicking the wire uponthe view
of the PCB.

7.4.6 Automating Balancing

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

7.5 Summary of Achievements

Althoughthe auto-balancingool wasnot completely nished, | have accomplishe& numberof learn-
ing andbuilding achiezementsover the courseof this project. Firstly, | createda large, comple data
structure(PCB-XML) which ef ciently storesall the dataneededo describea complex PCB design.
Thisis the rst time | hadcreateda seriousdataformat, andalsothe rst time | hadever worked with
XML. It thereforegave menew experiencan atypeof databaselesign.

The viewer tool alsogave me considerablexperiencein anotherareaof computingscienceof which

I hadno previous knowvledge. By studyingthe Electronicand Software Engineeringcoursel have not
beentaughtany Graphicsor UserinterfaceDesignmodulespothof whichwould have beenvery useful
whencreatingthe viewer. However, building this viewer tool allowed meto learngraphicaltechniques
andalgorithms which otherwise| would not have hadthe opportunityto learn. The spacending and
pushingalgorithmswerealsobasedon graphicaltechniquesaindso allowed meto learnothermaterial
suchasclipping algorithms.
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The auto-balancingool gave methe opportunityto develop interestingalgorithms.The approximation
of a PCB usinga QuadTee,ratherthana grid or vectorshapesjs, asfar as| know, the only useof

QuadTeesin a PCB routingtool. The pushingalgorithm,for addinglengthto wires, is alsoanvery

unusualay of routingwiresacrossaboard.

In amoregenerakensethecreationof alarge industrialtool of this type gave me a greatdealof expe-
riencein the software engineeringof a large system.As well asbeinga software engineeringproject,
it wasalsovery researcloriented. Many of the techniguesisedhave not beenusedin a PCB routing
settingbefore,and so a lot of researchwasneededo nd problemsthat could be causedby routing
wiresonaPCBthisway. | hadto learnanumberof researchiechniquesn orderto nd theinformation
neededo implementthe variousalgorithms.

Overall, this projecthasprovided me with an exciting industrial, software engineeringoroject,aswell

asaninterestingresearclassignmentlt hasprovided mewith a rm basisfor eithergoinginto ajob in
industry or takingup a positionin research.

79



Bibliography

[1] ElectronicindustriesAlliance. Electronic Designinterchange Format (EDIF) (URL). http:
[lwww.edif.org ; accesse@ctober2003.

[2] The World Wide Web Consortium. The DocumentObject Model (DOM) Level 1 Speci cation
1998.

[3] W3 Consortium. SAXProject Website(URL). http://www.saxpr 0j ect. or g; accessed
October2003.

[4] W3 Consortium. XML Linking Languae (X-Link) (URL). http://www.w3.0 rg ITR/
xlink/ ; accessetlovember2003.

[5] PeterDickman. MathematicalUnderpinningsof Serpentininga Bus 2003. Private Correspon-
dence.

[6] etools. EDA XML DTD (URL). http://e- tools.c omx Im/d tds /E daXM.. dtd ; ac-

cessedDctober2003.
[7] SunMicrosystemdnc. ExtendingJAXB GenertedClassegURL). http://java.su n. con/
xml/jaxb/extend in gJaxbGenera te dCla sse s. ht ml; accessetllovember2003.

[8] SunMicrosystemdnc. TheJavaArchitectue for XML Binding Speci cation 2003.

[9] Don Lancaster Drawing Arcs with Curves (URL). http://www.tina ja .comglib /
bezarcl.pdf ;accesse®ecembef003.

[10] Lee.An algorithmfor pathconnectiorandits application |RE Trans.Electronic Computey EC-10,
1961.

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

80



Appendix A

Acknowledgements

I would lik e to acknavledgethe helpandadvicereceved from thefollowing people duringthe course
of this project.

The GreenocBM PCB designteam,namelyRichardCroll, PeterPaterson,JohnLaing, David Rum-
bold andAlan Downie andtheir manageRobertStark,for providing insightinto the designof modern
PCBsandfor allowing meto usetheir copy of Allegro.

Dr Andrew Knox, for arrangingaccesdo the GreenockiBM plant over the courseof the projectand
providing theuseof anIBM laptopfor this project.

My projectsupervisarDr PeterDickmanfor theinvaluableadvice supportandencouragemetite gave
duringthe courseof the project.

81



Appendix B

Copyright and Trademarks

IBM is aregisteredrademarlof InternationaBusinesdMachinesCorporation.
CadenceAllegro andOrcadareregisteredrademark®f CadencdesignSystemdnc.
MentorandExpeditionareregisteredrademark®f Mentor GraphicsCorporation.

Javais aregisteredrademarkof SunMicrosystemsnc.
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Appendix C

Summary Project Log

Month

Activities

October

Familiarisationwith Cadencellegro.

Sortoutaccesdo Cadenceillegro
InvestigateHumanroutingtechnique$rom IBM Greenock
PCBdesigners.

ResearctXML asadataformat.

ResearclSKILL scriptinglanguage.

CreatePCB-XML schema.

StartPCB-XML Extractingroutinein SKILL.

November

ContinuePCB-XML Extractingroutinein SKILL.
ResearchXML parsingtools, including DOM, SAX and
JAXB.

ImplementPCB-XML parsemusingJAXB.
Researchwriting subclassesf JAXB generatectclasses,
andcontrollingparsetto createthesesubclasses.
Researclindustrialauto-routingorocesses.

December

FinishPCB-XML Extractingroutine.
ResearclQuadTees.

ImplementLine Segmentdrawing in viewer tool.
Researcline clipping algorithms.
Implementline clipping algoritms.
ImplementPolygondrawving in viewer tool.
Researcimethoddor cuttingvoidsfrom shapes.
ImplementAlpha Composition)aterrejected.
ImplementBooleanaddition, usedto reducenumber of
boolearsubtractionseeded.
Implementscrollingandzoomingfor viewer tool.
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Month

Activities

January Researchiraving anarcwith quadraticcurves.
Implementdraving anarcwith quadraticcurvesin viewer
tool.

Implementclipping algorithmsfor arclines.
Implementclipping algorithmsfor polygons.
Implementbuffering andthreadingfor drawing in viewer
tool.

Implementencirclementlgorithmsfor all dravn PCBel-
ements.

Researclspacending techniques.
ImplementQuadTeecreation.

Implementdraving of QuadTees.
Implementnearbysquare nding algorithmin QuadTee
system.

Researchood lling algorithms.
Implementistancending algorithmin QuadTeesystem.

February ImplementGranularood |I.

Researchoutingalgorithms suchasLee-Maze.
Considermodi cations necessaryo uselLee-Mazealgo-
rithm, laterrejected.

Developpushalgorithm.

Implementpushalgorithmon QuadTeesystem.
Discover problemwith overlapingwires usingpushalgo-
rithm.

Researcimeasureso preventoverlaps.
DevelopIntersectionx methodandimplementit.
Implementclosewires x.

Discover connectioriine spacingproblem.

Implementx for this connectiorine 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 Example PCB-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 JavaBalancing Tool Code
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Appendix F

JAXB GeneratedCode
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F.1 JAXB Bindings

The JAXB codewasgeneratedisingthe PCB-XML schemaAppendixD) andthe following binding
le.
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F.2 JAXB GeneratedCodefor PCB-XML
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