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Abstract

This thesisaddressestheproblemof modellingrealisticlookingfeathercoatsandtheirmorphogenesisover
thelifespanof thebird, for computergraphics.Modellingof feathercoatsis interestingaestheticallysimply
becauseof theprominenceof birds in our daily ' lives', aswell asthetexture,patternandshapediversities
of feathersandfeathercoats. From a computergraphicspoint of view it becomesan interestingproblem
dueto thesheardetailandcomplexity of themodelthatmustbemanagedin a changingenvironment.Not
only is it desirableto simulatechangesin thefeathercoat,but thereis alsoaneedfor thefeathersto respond
appropriatelywhentheskinsurfacemovesor is animated.

In this thesisthreeaspectswhich adverselyaffect the feathercoat's appearanceareexploredand
modelled:featherstructure,follicle distribution andfeatherarrangement.Eachaspecttakesits basisfrom
attributesof real feathercoats,andtheresultscreatedarecomparedwith real feathercoats.In additionto
thestaticcreationof feathercoats,their changeover time (morphogenesis)is alsoexploredandshown to
have anadverseaffect on theresultingappearanceof thecoat.Theresultsof feathermoultingareincluded
in themorphogenesisandthemethodologyis bothbasedonrealfeathercoatsandtheresultscomparedwith
realfeathercoats.

The focus of this thesisis on modelling the structureof the feathercoat, ratherthan rendering.
However, sinceanadequaterenderingmethodologyis requiredto assessto resultsof thestructuralmodel
a renderingmethodologyis also investigated. Synthesisof the patternsin feathersis alsoan interesting
problemandis anentireareaof researchin areassuchasChemistry, MathematicsandMathematicalBiol-
ogy [Har93]. Sincepatternsynthesisin feathersis currentlyanactive areaof researchin these�elds, it is
deemedoutsidethescopeof this thesis.In orderto preserve therealismof our results,acquiredpatternsare
usedin thiswork.
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Intr oduction

Of all of earth's creaturesbirdshave themostvariableappearance- largely dueto their feathercoat.Mam-

malswith their fur andhair have a coatof similar complexity andscale,but lack the variationin natural

pigmentsneededto createwidely varying coloursand patterns. Tropical �sh and butter�ies have simi-

lar pigmentspectra,but lack the ability to drasticallyalter the orientationandpositioningof the scalesto

achieve wide variationsin shapeandsize.Thevariability of feathercoatsis not only diverseacrossspecies

of birdsbut alsoover time. A bird's appearancecanchangedrasticallyover a spanof a yearandmoreso

over thelifetime of thebird. With this variability in shape,colourandtexturewithin andacrossspeciesof

birdsthesimulationof changesin feathercoatsis aninterestingandchallengingtask.

A longaddressedproblemin computergraphicsis thedesirefor visualrealism.In therealmof nature

thisgenerallymeansaddressingcomplexity. A sub-areaof computergraphicscallednaturalphenomenahas

targetedrealismof natureincluding modellingof complex shapes,patterns,processesanddynamics,and

renderingof complex lighting situationsand materials. Often this complexity is targetedby devising a

speci�c modelfor aparticularclassof objects.

Birds areinterestingcreaturesandfrom a computergraphics/simulationviewpoint, therearemany

interestingproblemsthat canbe addressedincluding,simulating�ight, featherstructure,featherpatterns,

featherillumination andgrowth, bird growth, modellingof beak,feeteyesandmovement/behaviour. This

thesisconcentrateson developmentof the feathercoat,which involvesmodellingfeatherstructure,place-

mentandgrowth aswell asthecollectivearrangementandreplacementof feathers.

This chapterwill startby �rst motivating why thereis a desireto modelfeathersandfeathercoat

development(morphogenesis).Next, the principlesconsideredin creatingthe feathercoatmorphogene-
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sis methodologyareoutlinedalongwith the scopeof both the problemandmodel. Finally, this chapter

concludeswith anoutlineof therestof thethesis.

1.1 Why Feathers?

“Feathersareprobablythemostcomplex derivativesof the integumentto befoundin a verte-

brateanimal. Their many partsdisplayenormousvarietyof modi�cations”. (LucasandStet-

tenheim[LS72a, p. 235])

Feathersare interestingto study for threereasons:they areprevalent in our world, they arebiologically

interesting,andlittle work hasbeendonein this areaof computergraphics.Birds area partof our every-

daylivesandassuchsimulatingfeathersandhencebirdswould enhancetherealismof computergraphics

scenesandenvironments.As well feathershave beenusedin variousman-madeitemsfor fashion,writing

anddecoration.Biologically, feathersaresimilar to hair in that they arebothcutaneousappendages1, have

similar distributiondensitiesandscale,andbothgreatlyaffect theresultingappearanceof theobject.How-

ever, feathersarestructurallymorecomplex anddiversethanhair, thusresultingin awidevarietyof feather

types,sincestructurallyhairsvaryonly in thicknessandcurliness.Also, feathercolourationis morediverse

thanthelimited variationof melaninof mammalianhair, resultingin many uniquefeatherandfeathercoat

patterns.

Fromacomputergraphicspointof view, feathersarecomparablein complexity andscaleto hairand

plants.Therehasbeenalot of work in bothof theseareasof modelling.Hair hastypically beenmodelledas

individualstrandsor groupsof strands(lofts) usingpolylines[iAUK92], cylindrical segments[RCT91] and

trigonal prisms[WS92] with hingesandmass-springsystemsfor dynamics.Often hair-to-hair collisions

have beenignored[DTKT93] sincespeci�c orderingbetweenstrandsis usuallynot noticeable.This is not

thecasewith feathers,asoverlappingfeathersform a speci�c patternandalteringtheorderis immediately

noticeable.Orientationin feathersis alsoverycritical, wherehairorientationis negligible. Thedynamicsof

hair tendto bemorecomplex, sincehair is generallymore�e xible, however it is uniformly �e xible where

feathershavevariationin �e xibility within asinglefeather.

Plantsarestructurallysimilarto feathers,sincethey bothhavebasicbranchingstructures.Modelling

of largecollectionsof plantsis comparableto modellingfeathercoats,bothin quantityof substructuresand

1appendagesattachedto thecutaneouslayerof theskin
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thedevelopmentor morphogenesisof thestructures.However, thearrangementandorientationof individual

plantsin anecosystemdoesnothaveto becompletelyaccurate,sincethey donotform any speci�c collective

patterns.Thebranchingstructuresof plantshavetypically beenmodelledusingL–systems[PL90], however

modelsmadeof parametersspeci�c to their structurehavealsobeenproposed[DHL+ 98].

Not only are feathersinterestingto modelbut the notion of modellinga changingfeathercoat is

intriguing dueto thecomplexity of this problem. Although thestructureof a singlefeatheris diverseand

intricate,thespeci�c structureandarrangementof thethousandsof feathersabird maypossessfurthercom-

plicatestheproblem.Adding changeto thefeathercoatandanimationof thebird additionallycomplicates

theapproachtaken,sincenot only mustthefeathersreactwith eachotherproperlydueto movementof the

bird's skin, but they have to interactnaturallyto simulatethe developmentof the feathercoat. Managing

thiscomplexity is boththechallengeandcontributionof thiswork.

1.2 Why Mor phogenesis?

Figure 1.1: Successive plumagesin the�rst two yearsof aRose-breastedGrosbeak.Adaptedfrom [WB88].

While modellingfeathersandcollectionsof feathersis interesting,to accuratelymodelafeathercoat

integrationof changeor developmentis required.Within a singleyearmostbirds loseandreplace(moult)

all their feathersat leastonceandasmany as5-6 times. Sincethe moulting of the feathersis staggered,

in any naturalfeathercoatat any particulartime feathersat variousstagesof growth or developmentcan

typically be found. Dependingon the quantityanddensityof the immaturefeathers,they too canhave a

largeeffect on theappearanceof thefeathercoat.This growth, developmentandchangeof thefeathercoat

is known asmorphogenesisandis anintegral partof thefeathercoatmodel.Two examplesof feathercoat

morphogenesisareshown illustratively in Figures1.1and1.2.
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1.3. MODELLING NATURAL PHENOMENA

1.3 Modelling Natural Phenomena

From a computergraphicsperspective, devising a modelfor a particularphenomenainvolvesconsidering

many principles. Four basicprinciplesareconsiderin this work; tailourability, level of detail, stochastic

elementsanddynamics.Sincemany of the scenesandobjectsareso complex, it is naturallydesirableto

have a fairly automaticmethodof creatingthesemodels.However, oftenmethodsthatautomatea process

reducethe �e xibility of the results. Thus, the model chosen,must not only be automatic,but must not

limit theability to createa wide varietyof results- tailourability. Fournier[Fou89] outlinedtheotherthree

principlesfor naturalphenomenamodels: levels of detail, the useof stochasticelementsandthe role of

time. In orderto createa sceneor objectthat appearsrealistic,it is often desirableto addasmuchdetail

aspossible.However, this complexity increasesrenderingtime2 which is problematicwhenmany frames

needto be rendered(e.g. animation). Properuseof level of detail allows for the bestbalancebetween

complexity andrealism,minimizing complexity whereandwhenit is not necessary. Theuseof stochastic

elementsaddsto the realismof the model. Often many of thesemodellingtechniquesarefar too regular

to simulate“realistic” looking naturalobjects. Introducingrandomelementsinto the model(e.g.. height

�elds, branchingangleetc.) increasesrealism. FournierandFussel[FFC82] de�ned stochasticmodelling

to bethecombinationof anordinarymodelwith a stochasticprocess3. Finally, consideringtheelementof

time in amodelis essential.Fournieremphasizesthat“if amodelis intendedfor animation,timeshouldbe

aparameterof themodel” [Fou89, p. 197]andthatif this is notconsideredand“thereis aproblemwith the

model,it will manifestitself sooneror laterin ananimation” [Fou89, p. 197].

The �nal elementthatmustbeconsideredin choosingthebestmodelis how speci�c themodelis

to theobject. Modelling of complex surfacesin computergraphicshasoftenbeendoneby usingtextures,

bumpmapsor displacementmapsto achieve a realisticlook without having to modeltheactualsurfaceor

subsurfaceproperties.However, therearesomematerialsin nature,thatwhenviewedfrom certaindistances,

arenot adequatelymodelledusingtextureor displacementmaps.And yet,modellingthesematerialsusing

geometryexponentiallyincreasesthe complexity of the modellingproblemrequiringspecialmethodsfor

modellingthesetypesof materials.Thus,the developmentof special,object-speci�c,modellingmethods

may be needed.An exampleof the developmentof uniquemethodsfor modelsspeci�c to objects,is the

2processingtime requiredto convert themathematicalmodelor representationof modelinto animage
3processesthatgeneraterandomvariables
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recentwork of modellingtheplacement,structureanddynamicsof bothfur andhumanhair [Gol97, GW97,

iAUK92, WS92].

Tailourability, level of detail, useof stochasticelements,inclusionof time and the useof object

speci�c modelsareall commonprinciplesseenin themodellingandrenderingof naturalphenomenaand

computergraphicsin general.Thesecommonprincipleswill form thebasisof anapproachto themodelling

andrenderingof feathercoatdevelopment.

1.4 ProblemScopeand Goals

The ultimate goal of this project is to semi-automatically4 model the feathercoat over a bird's lifetime

(e.g. seeFigure1.1) suchthatthemodelcanbeanimatedandthefeathercoatrespondsacceptably. Dueto

thevariability andmorphogenesisof the feathercoatappearance,a methodologythat is drivenby speci�c

featherrelatedparametersis needed.Also, giventhecomplexity of feathercoatstructureandthedesirefor

ef�ciency in animationthereis aneedfor amulti-resolutionmodel.Theclaimis thatmodellingfeathercoat

morphogenesisusinga multi-resolutionmethodology that is featherparameterspeci�c will bestfacilitate

thecreationof “r ealisticlooking” feathercoatsfor thepurposesof animatingthefollicle surfaceor “skin” .

Feathers,andconsequentlyfeathercoats,couldobviously bemodelledmanually. However dueto

the complexity of feathersandvariability foundon a bird's body, this could take the averagemodelleran

extremelylong time to construct.Also sincethe appearanceof the feathercoatchangesover the lifespan

of the bird andit must respondappropriatelywhenthe “skin” is animated,continuousalterationsby the

modellerwould be required. Thus, it is desirableto have a methodthat could modelmostof the details

automaticallygivensomeinitial informationfrom themodellerandrespondcompletelyautomaticallywhen

theskin is moved,without losingtheability to createawidevarietyof resulting“looks”.

In orderto preservetheability to createavarietyof resultstheapproachtakenmustbetailorableand

�e xible. Theusermusthave theability to provide variousinitial parameters.Theinitial informationthat is

neededmustaccuratelydescribethe look of the feathercoatasit develops.This would involve modelling

the evolution of the placementof the feathers,the type of feathersandthe colour of the feathersover the

lifespanof the bird. The userwill needto initially specifya modelto be feathered, an indicationof how

varioustypesof feathersaredistributed,anindicationof thecolourationof thefeathersandhow thesethree

4semi-automatically- with a limited amountof userinterventionto settheinitial modellingparameters
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parametersevolve over the lifespanof the bird. For the approachto be �e xible, it is importantto make

no assumptionsaboutthe underlyingmodel,in orderto facilitatethe placementof featherson any model

including inanimateobjects. Even if the systemwaslimited to featheringbirds, this �e xibility is needed

becausethebird's bodycanvary in their shape,structureandsize.Creatingsucha versatilesystemwith a

minimal setof a priori parameters,would facilitatetheplacementof aneagle's featherson any model(i.e.

humanor airplane)andaccommodatesimulatingthegrowth of themodelshowing all thenaturalchanges

in appearancecausedby thedevelopmentof theeagle's feathers.

The focusof this researchis themodellingof feathercoatmorphogenesis.This involvesdevising

modelsfor individual feathersandtheirgrowth, theplacementof thefeathersonthebird andamodelfor the

orderandtimelinessof featherreplacement.A secondaryobjective is thedesireto animatethefeathercoat

or to have it respondappropriatelywhenthemodelis animated.This requiresthatthefeathersbemodelled

in 3D, that the placementandorientation/directionof the feathersbe consistentacrossmovementof the

underlyingstructureandthat therebesomemechanismfor dealingwith movementsof thefeatherscaused

by skeletalmovement.

Obviously, modellingthefeatherstructureandfeathercoatmorphogenesiswill notproduceeffective

realisticresultsunlessthe modelis alsorenderedrealistically. For the necessityof completion,a method

for modellingpatternandcolour mustalsobe devised. This incorporatesthe problemof renderingwith

the problemof modellingthe feathercoat. To realisticallyrenderthe feathercoat,featherdetailssuchas

subsurfacepropertiesmay needto be known to producerealisticeffectssuchasthe iridescencefound in

hummingbirdfeathers. Renderingof subsurfaceeffects, is an entireareaof active researchin computer

graphics. Hencethe constructionof an accuraterendererwill be left for future researchandthis current

researchwill focusmainly on themodellingof structural,patternandmovementaspects.Alternately, the

goal of this work is to producea model that is versatileenoughto producerealisticresultswith an “off-

the-shelf” rendereraswell asproducenon-photorealisticresultsusingstandardNPRshadersor �lters. An

exampleof a desiredNPR renderingis given in Figure1.2 which shows a 2D handdrawn illustration of

feathercoatdevelopmentor morphogenesis.

Oneproblemnotaddressedin thiswork is thevariousbehaviouralmovementsand�ight patternsof

birds.Motion andmovementof thebird andfeatherscombinedis anissuethatmustbeconsideredin order

to attainrealisticresults.Thismayinvolvesimulatingthemotionof takeoff andlanding,soaring,or �ying -

perhapsalsothebehavioursof sleeping,preeningandbathing.Simulationof �ight mayinvolvenotonly the

6
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motionof feathersduring�ight andaerodynamics[RW99], but alsothevarious�ight patternsfor different

familiesof birds.Excitingastheseproblemsare,they areleft for futureresearchersto consider.

1.5 Overview of Thesis

This chapterprovideda generaloverview andsomemotivationfor theproblemandapproachof modelling

feathercoatmorphogenesis.Chapter2 will overview thestructuralpropertiesof feathersandcharacteristics

of feathercoats. Chapter3 will review the currentwork in computergraphicsthat is applicableto the

problemof modellingfeathercoatmorphogenesis.Chapters4-8 specifythemodellingandrenderingdetails

of thefeathercoatmorphogenesismethodology. Finally Chapter9 providesananalysisof theresultswith

conclusionsandfuturework in Chapter10.

7
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Figure 1.2: Feathercoat development/morphogenesisfrom approximately6 monthsto 5yrs of a Herring Gull as
illustratedin pen-and-ink.Adaptedfrom [PL93, p. 107].
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2

FeatherMor phology

2.1 Intr oduction

A bird'sappearanceis largelya functionof its feathers.Togetherabird's feathersweightypically two anda

half timestheweightof theirskeletonandareessentialfor sustaininglife. Feathersaid in bodytemperature

regulation,skinprotection,camou�age,mateattraction,swimming,soundproduction,cleanliness,waterre-

pellency, watertransport,tactilesensation,hearingandbalance[Gil95, p. 65]. Feathersaltertheappearance

of the bird by forming both individual andcollective (feathercoat)patterns.The structuralandchemical

make-upof individual featherscreatevariouspigmentationswhich contribute to thebird's overall appear-

ance.As well, slightalterationsin featherarrangementcreateavarietyof contourshapesandpatterns.This

chapterdescribesthevariouskey aspectsof feathersthatcontributeto theoverall appearanceof thefeather

coat,includingfeatherstructure,position,andarrangement.

2.2 GeneralAnatomical and Avian Terminology

In order to discussthe placementand structureof feathersa set of termsis neededto describefeather

locationsanddirectionson a bird's body. A feathertract or region is anareaof thebirdsbodycontaining

a speci�c arrangementof contourfeathers(seeSection2.3.1). An apteria region is a region of eitherno

feathersor nocontourfeathersandany feathersthatarepresentareunorganizedwith variabledistributions.

Feathersin the feathertractsarecyclically lost (moulted) andreplenished.Thesetof feathersgrown after

9
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a full moult is collectively known asplumage. However, sincevariousregionsmaybeat differentstagesof

moult, thecollectivesetof featherswornby abird atany particulartime is known asthefeathercoat.

A setof termsis usedto describelocationson a bird's body in the �ight positionasshown in Fig-

ure2.1. Ventral anddorsal refer to theundersideandtopsideof thebird. Anterior andposterior1 describe

locationstowardtheheadandtail, respectively. Threeperpendicularplanesdivide thebody: saggital divid-

ing left andright (midline at centre),transversedividing anteriorandposteriorandfrontal dividing dorsal

andventral.Proximalmeanstowardthemidline,while distal is away. Within thefrontal planemedialand

lateral2 describea comparative relationshipbetweenobjectscloserto themidline andobjectsfartheraway.

Finally orientationis described,aswith aircraftusingroll, pitch andyawasshown in Figure2.1.

Figure 2.1: Commonavian anatomicalterminology(after[PL93,
p. 9]).

Figure 2.2: Main parts of a typical contour
feather. Taken from thedorsaltractof a Single
CombWhiteLeghornChicken[LS72a, p. 236].

2.3 Indi vidual FeatherStructur e

A feathercanbedescribedasastructurewith amaincentreshaftandahierarchy of �ne branchingstructures

extendingfrom eitherside. The main shaft is called the rachis (distally) andcalamus(proximally) and

1Also calledcephaladandcaudalrespectively
2Outsidethefrontalplane,thetermsmesialandperipheral areusedsimilarly.
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Figure 2.3: Typical �ight feather
with branchingsubstructures.

Figure 2.4: Examples of
non-contour feathers (from
LucasandStettenheim[LS72a,
pp.271,274,310,312].

Figure 2.5: Afterfeathers: Emu (at-
tached)and Chicken (in centre) (from
LucasandStettenheim[LS72a, p. 290].

providesmostof themechanicalstrengthof thefeather(seeFigure2.2). Fromthemainshaftbranchbarbs

(rami) thatextendangularlytoward the tip of the feather. Fromthebarbsbranchbarbulesandfrom these

possiblybranchbarbicels(seeFigure2.3). Collectively, thebarbs(barbules)ononesideof therachis(barb)

arecalleda vane(vanule). Finally, the main shaftcanbe thoughtof asa branchof the calamus,with the

otherbranchcontainingtheafterfeather(a structuresimilar to themain feather).Thenumberof levelsof

branchingmicro-structurede�ne theappearanceof thefeather.

Therearemultiple feathertaxonomies.This thesiswill useLucasandStettenheim's [LS72a] clas-

si�cation categoriesof feathers:down,contour, �ight, �loplumesandbristles. Theafterfeather, semiplume

andearcovertsareconsideredspecialcasesof thecontourfeatherandthepowderdownaspecialcaseof the

down feather. Mostfeathersareeitherplumulaceous(non-interlockingbarbules/nobarbicels)or pennaceous

(barbicels).Thecontourfeatheris mostcommonandincorporatesmany feathersubstructures.

2.3.1 The Contour Feather

Contourfeathers(seeFigure 2.2) typically have a large, �rm vaneand a plumulaceousbase. They are

composedof theshaft,theleft andright vanes(barbsandbarbules)andanafterfeather.

11
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Shaft

The shaft is composedof the calamusandrachis. The calamus(rachis)tapersdistally andhasa circular

or oval (rectangular)cross-section[Voi66, p. 13]. Thecalamusis largely embeddedin thefollicle andhas

a hole (inferior umbilicus) throughwhich pulp (blood) entersduring feathergrowth. On the ventralside,

wherethe calamusand the rachismeet, is an opening(superior umbilicus) from which the afterfeather

grows. The calamuswall hastwo layers: an outerwhich extendsbeyond the calamusto the rachistip,

forming thefeathersheathwithin which thefeathergrows anda thinnerinner layerwhich actsasa barrier

to thepulp. Thecalamusof a grown featheris hollow andtransparent,but therachiscontainspith3 andis

opaque.

Vane,Barbs, Barbulesand Barbicels

Thevaneof thecontourfeatheris composedof barbsandbarbules,formsthesurfaceor airfoil andde�nes

the overall look of the feather. Vanestypically have a width-lengthratio of 1.2 to 4 andaresymmetric.

The barbsvary in quantity, distribution, location, length, angle,and composition. The barb quantity is

the samein both vanesbut may rangefrom a few dozento several hundred,dependingon the type and

sizeof the feather. In contourfeathersbarbdistribution is denseproximally andsparsedistally andbarb

lengthincreasesdistally from thesuperiorumbilicusto approximately1/4 thelengthof therachiswhereit

stabilizesandthendecreasesto thetip. Theangleof thebarbsis greatestat thebaseandmostacuteat the

tip4. Thewidth of thevaneis dependentonboththelengthof thebarbsandtheirangle.Barbsarecomposed

of two layers,similar to themainshaft.Theinnerregion of pith usuallyconsistsof many irregularly fused

cells enclosingsinglecavities or small spheroidalvacuolesof varioussizes[LS72a]. Thesevarioussize

vacuolesandthe�attening of thebarbto form aventralor dorsalcrestcontributeto thevariouscoloursseen

in feathers.

Extendingfrom thebarbsarebarbuleswhicharecategorizedinto threegroups:plumulaceous, pen-

naceousandsimpli�ed with practicallya continuumof variation(seeFigure2.6). Plumulaceousbarbules

aresymmetric,have notchesor joints andcanbe constantwidth or tapperdistally. Pennaceousbarbules

make up the �at, closelyknit portion of the vaneof the contourand�ight featherby having interlocking

3Pith is aspongytissue(air-�lled cells)formedfrom thekeratinizationof longepithelialcells.
4Thechangein barbangleis verysubtlecausingadjacentbarbsto appearparallel
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CHAPTER2. FEATHERMORPHOLOGY

Figure 2.6: Barbules of commonpigeon. Left: PlumulaceousRight Top: PennaceousRight Bottom: Zone of
overlapin primaries.All modi�ed from [LS72a, pp.244,247,261].

grooveson the proximal sideandhooks5 on the distal sideandaretypically angledfrom the barbat 20–

60 degreesandareasymmetric.Finally, simpli�ed barbulespossesscharacteristicsof both plumulaceous

andpennaceousbarbulesandaresubdivided into stylet, reducedpennaceous, reducedplumulaceous, and

rachidal [LS72a, p. 251], but arealwayssimpli�ed from the two extremes(e.g. no hookletsor notches,

smaller, stiffer, morepointedetc.). All barbule lengthstaperdistally alongthe barbandboth hold barbs

apartto aid in parallelism(notchesrestrictmovement)andholdadjacentfeatherstogetherusingfriction. A

singlefeathermaypossessall typesof barbuleswith a gradationfrom plumulaceousto pennaceousdistally

alongthefeather. Styletbarbulescanbefoundat thetipsof barbsforming theopenpennaceousportionand

rachidalbarbulesmaybefoundon therachis.Theratio of plumulaceousto pennaceousbarbsvariesandis

oneof thecriteriafor de�ning thetypeof feather.

Afterfeather

The afterfeather6 (seeFigure2.2) is alwaysplumulaceous,hasshorterbarbs,andbarbulesthanthe main

featherandcanrangefrom a fusionof a coupleof barbsto a completefeather. Theafterfeather's sizeand

existenceis not reliable,but is associatedwith thefeathertract, type,species,andseason[LS72a, p. 253].

EmusandCassowarieshaveafterfeathersthatcanbeaslongasthemainfeather(seeFigure2.5).

5alsocalledhamuli, hookletsor barbicels- rangefrom 2 to 4 in bodycontourfeathersand3 to 7 in �ight feathers
6alsocalledhyporachis,hypopennaeandaftershaft,howeverhyporachisalsorefersto therachisof theafterfeather
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2.3.2 Flight Feathers

Flight (largewing, remigesandtail, rectrices) feathers7 aretypically largerandstiffer thanotherfeathersand

haveasymmetricandalmostentirelypennaceousvanes(seeFigure2.3). Theoutervaneis alwaysnarrower

thantheinnerandusuallyoverlapstheinnervaneof adjacentfeathers(seeFigure2.6). Specializedbarbules

createfriction in theoverlapregion. This overlapcausesthe innersecondaries(seeSection2.4.1) andthe

centralrectricesto betheuppermostfeatherswhenthewing andtail arefolded.Barblengthin �ight feathers

is moreconstantthanothercontourfeathers.Barbspacingchangesinverselyto anglealongtherachiswhich

is equalin bothvanesfor thesecondariesandrectrices,but is moreacutein theouter, stiffer vanethanthe

inner for the primaries. The pennaceousbarbulesareuniform sizeandarespaced30-40(proximal) and

20-30(distal)¹m apartfor all birds.

2.3.3 Down Feathers

Down feathersareentirelyplumulaceousandhavearachisshorterthanany of thebarbs,distinguishingthem

from semiplumes(seeFigure2.4). Natal (immature)downis lostandreplacedby adifferenttypeof feather,

while de�nitive (adult) downis continuouslypresentin a �x ed follicle. Natal down have no afterfeathers

andpossiblynorachis,while de�niti vedown have longercalami,alwayshavearachisandgenerallymimic

thecharacteristicsof thebird's contourfeathers(i.e. afterfeathersareonly presentin down whenthey are

presentin contourfeathers).De�niti vedown barbsaremuchnarrowerthanthecontourfeather'spennaceous

barbsandthebarbulestendto belongerandlessvariablethanthecontourfeather'splumulaceousbarbules.

Powderdownfeatherscontinuouslygrow andwearat the tips forming a talc-like powder8 that coatsthe

feathers.Thesefeatherscanbevariouscolours,althoughthepowderis alwaystransparent.

2.3.4 Contour FeatherVariations, Filoplumesand Bristles

Semiplumeshave characteristicsof bothdown andcontourfeathersandform a continuousgradationfrom

semiplumeto contourfeather. They areentirelyplumulaceousandthe rachisis longerthanany barb(see

Figure2.4). Tyne[vTB76, p. 120] describedthemas“loose-webbedplumulaceouscontourfeathers”.Ear

coverts, alsoarea form of contourfeather, arequitesmall,arrangedin circular rows, all point in thesame

direction(posteriorly),andhave liberally spacedpennaceousbarbs.

7Canbeup to six feetin length(tail feathersof CrestedArgus).
8Somepowderis alsoproducedfrom thesheathof otherfeathers,but mostcomesfrom powderdown.
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Filoplumes(seeFigure2.4) have longhair-like rachiswith a few (2 to 12) �e xible barbsnearthetip

andaretheonly feathersthatdo not have musclesattachedto the follicle. Thecalamusis lessthan2 mm

longwhile therachiscanrangefrom 1 mmto thelengthof thehostfeather, is �lled moresolidly thanother

feathersandis thickestat thedistalend. Thebarbsaresimilar to downy barbs,but tendto beshorterand

stiffer. Longdowny-likebarbsgrow at thebase,but arelostasthefeatherdevelops.

Bristles have a stiff, thick rachisat the basetaperingto a �ne point. Barbsare restrictedto the

proximalendandbarbulesaresimpli�ed andmaydiminishor disappearnearthetips of thebarbs.Bristles

typically do not have afterfeathers.Semi-bristlesmay have barbsalongmostof a slightly longer rachis

(seeFigure2.4). The gradationbetweencontourandbristle canbe describedby lengtheningor proximal

thickening of the rachis, loss/shortening/widerspacingof distal barbs(so rachisextendsbeyond them),

barbule simpli�cation, lossof barbules(startingat tips of barbs),andlossof afterfeatherexceptpossibly

hyporachis.

2.3.5 FeatherShapeand Curvature

“Except for colour, thereis probablyno propertyof feathersasdiverseasshape”[LS72a, p. 240]. Feather

shapeis establishedduringgrowth anddoesnot changethereafter, exceptfor wear. Feathersaremostcom-

monly ovate(egg-shaped- broadestproximally). Othershapessuchasobovate(upsidedown egg-shaped),

spatulate(shortbroadtips,with few/nobarbsproximally),lanceolate, andattenuatearelessfrequent.These

lattertwo typesaremorenarrow thanlongandeithertapperdistally (attenuate)or bothproximallyanddis-

tally (lanceolate).Featherscanhave pointed,round(contourfeathers),or truncatetips. Gill givessome

examplesof variationin tail feathershape(see [Gil95, p. 72]). Most feathershavesymmetricplanarshape.

However, �ight feathersespeciallyprimariesandtheir covertsoftenhave asymmetric,notched(abruptnar-

rowing) vaneswhichemphasizesthefeatheroverlapandreducesdrag.

Most contourfeathershave distinct curvaturealong an axis except in rare cases(e.g. penguin-

short,�at contourfeathers9). Therachiof all contourfeatherscurve ventral/dorsallyinto thebody(except

somerareFrenchHensandFrizzledBantams[Gil95, p. 128])andmayalsocurve laterally(e.g.rectricesof

Honey-guide).Barbscancurve to form eithera 'c' or 's' cross-sectionof thefeather. Thesecurvaturesde-

velopfrom differentialgrowth. Theconsistentventral/dorsalcurvatureof contourfeathersmaybeattributed

to feathergrowth, but afterfeathersreversethiscurvatureoncemature(seeSection2.6).

9Thesefeathersform a frictionlessscale-likesurfacefor swimmingef�ciency, insulationandwaterproofness.

15



2.4. FEATHERCOATS

2.4 FeatherCoats

A feathercoatis thecollectionof featherson thebird at a particulartime. Dueto moultingthis maymean

that in a particularcoat thereare varioustypesof feathersfrom variousdifferent plumages10 at various

stagesof growth. No bird necessarilypossessesall typesof feathers,but differenttypesof featherstendto

befoundin particularlocationson a bird andon birdsfrom particularenvironmentalclimates.Also, asthe

bird matures,thefeathercoatevolvestypically from mostlydown to mostlycontour. For instancedown is

usedfor insulationandthusis foundin regionscloseto thebodyandis moreprevalenton birdsfrom arctic

andwaterenvironments,while contourfeathersareneededfor �ight andaerodynamicsandaretherefore

presentonthewingsandtheoutersurfaceof thebody. Thissectionwill overview thedistributionof follicles

whichhold thefeathersaswell astheorientationandalignmentof thefeathers,with particularemphasison

contourfeathers,sincethey havea largerimpacton thebird'sappearance.

2.4.1 Follicle Distrib ution

Feathertracts(pterylae)identify the locationof contourfeathers.Other typesof featherssuchasdown,

semiplumeand powder down, are distributed in apteriaregions and/orunderneaththe contourfeathers.

They lack a local distribution or densitypattern,but canbe restrictedto certaintractsor speciesof birds.

Below is a brief overview of the distribution of non-contourfeathers,andthenmoredetailedoverview of

contourfeatherdistribution.

Semiplumescan be found in apteria,along the edgesof pterylaeas well as singularly within a

pterylae. Natal down is generallydistributed throughoutthe body and is visible, while de�nitive down

maybeevenly (e.g. penguin)or unevenly (e.g. owls andgulls) distributedthroughoutthebody, restricted

to pterylae(e.g. tinamous)or apteria(e.g.heronsandmostgalliform species)andis generallyconcealed

beneaththe contourfeathers.Powderdownis restrictedto certaingroupsof birds (e.g. pigeons,storks,

herons,toucans,parrotsandbowerbirds)andmayoccurin patches(e.g. herons).Afterfeathers arepresent

dependingon the typeof bird, featherandseason.They arenot foundon any of the larger �ight feathers

(seeSection2.3.2), but areconsistentlyfound amongothercontourfeathers.Filoplumesgrow closeto a

“host feather”11, arepresentin all birdsexcepttheOstrich,EmuandCassowariesandareeitherunderneath

10plumage- thefeathersabird possesat thecompletionof amoult
11thehostfeatheris usuallyacontouror semiplumeandmayhave 2 to 10 �loplumes associatedwith it.

16



CHAPTER2. FEATHERMORPHOLOGY

Figure2.7: EightmainpterylaeareasonaSingleCombWhiteLeghornChickenmodi�ed from [LS72a, p. 105,108].
Magni�ed regionof thedorsaltract.Notefollicle arrangementin rows.

contourfeathersandthusarenot visible, or betweencontourfeathers[vTB76, p. 122]. Bristlesarealmost

exclusively foundon theheadof birds12 aroundthemouth,nostrils,eyesandcrown.

Contourfeathersarenamedfrom their placement- they form the surface/silhouetteor contourof

thebird. In mostpresentdayspeciescontourfeathersarerestrictedto andhave a well-de�ned distribution

within pterylae.Someprimitivebirds,�ightless birds(e.g.penguins,ostriches,ratitebirds)andafew �ying

birds (e.g. screamers,mousebirds)have no apteriaandthushave a hair-like distribution of feathers.This

thesisdiscussionwill concentrateon birdswith bothpterylaeandapteria.Thefeathersin pterylaeusually

cover adjacentapteria. The eight main pterylae(seeFigure 2.7) are: capital, spinal or dorsal, humeral,

ventral, caudal,alar, femoral andcrural tracts.Theseregionshave alsobeensub-divided,non-standardly

12excepton theBristle-thighedCurlew andon thetoesof someowls
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(e.g. capital tract into frontal, loreal, malar, postauricular, auricular, occipital, ocular, superciliary). For

moredetailsonsubregionsof theseeightmaintractssee[Mil28].

EmbryologicalDevelopmentof Follicles

The embryologicalformationof follicles assistsin understandingthe arrangementof featherswithin the

tracts. Initially, thedermalandepidermallayersof theskin differentiateandform clustersof dermalcells

called(blastema)which are the startof featherrudiments13. A centrallongitudinal row of circular rudi-

mentsform, thenrows of rudimentsdevelop laterally, beginning at the centreof the row andproceeding

peripherally.

Typically the �rst longitudinal row of rudimentsis creatednearthe centreof the tract (alongthe

middorsalline). Beforethe middorsalrow is �nished forming, the lateralrows begin to differentiateinto

placodes.Theserudimentsareformedascloselyaspossibleto the�rst row andto eachother, soeachnew

rudimentis tangentto two rudimentsin the previous row forming a regular hexagonalpattern. However

sincetheserows areformedasthebird grows they ”stretch” not only longitudinally, but alsolaterallyand

obliquelyasseenin Figure2.7. All pterylaehave this arrangementexcepttheAlar andCaudaltractswhere

growth is axial andfollicle mapsareknown. Holmes[LS72b, p. 347] statesthat the initial formationof

tracts

“...have regularorientationandlocationin relationto thebird's body: ... thedorsalandventral

sidesof the tract areorientedlongitudinally, thoseon the thigh, moreor lessdorsal-ventrally

andthosein theuppersurfaceof thewing areparallelto thetrailing edge.”

Capital, Humeral, Femoral and Crural Tracts

Thecapitaltractconsistsof thefeatherson theheadandneck,endingat theventralanddorsaltracts.The

humeraltracthaslittle variation,is narrow andextendsfrom theshoulderacrossthetop of thewing to the

elbow, including themarginal covertsandthealula. The femoraltract is a narrow uniformly shapedtract

extendingfrom the femur region alongthe �ank toward the tail. Thecrural tract is sparselyfeatheredand

coversboth the innerandouterregionsof the leg. Thecapitaltract,doesnot have documentedplacement

of follicles, but is dividedinto many sub-regionswherefollicle locationsarede�ned for particularspecies.

13blastema- asmallmassof living substancecapableof growth; rudiment- startof organdevelopment
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Thefemoral,humeral,cruraltractsarelessorganizedandwhile they still possessthehexagonalarrangement

of follicles, this arrangementis not obviousandanaxisof follicle developmentis not asclearaswith the

ventralanddorsaltracts.

Ventral and Dorsal Tracts Distrib ution

The ventral tract consistsof all contourfeatherson the undersideof the bird except for the humeraland

femoral tracts. It extendsfrom the baseof the neckto the cloacaandis usuallyforked. The dorsaltract

extendsdown thebackfrom thebaseof theskull to thebaseof thetail andis highly variableacrossspecies.

For examplesof this variationcomparePassinerformesandCululiformesorder [Cle70, p. 659,665]with

Faliconiformesorder[Com37]. Theventralanddorsaltractsarewell-organizedwith a speci�c hexagonal

distributionalthoughthesizeof thesepterylaeregionsandtheirnumberof featherscandiffer acrossspecies.

Figure 2.8: Primary, Secondary, CarpalRemex andcoverts. Magni�cation of of dorsalview of Figure2.7 modi�ed
from [LS72a, p .105].

Alar and Caudal Tract Distrib ution

Thelargerfeathersof thealar(remiges) andcaudal(rectrices) tracts14 areresponsiblefor �ight controland

hencearecalled�ight feathers(seeSection2.3.2). TheAlar tractcontainsprimaryandsecondaryremiges

14Singularof remigesis remex andsingularof rectricesis rectrix
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andcoverts(seeFigure2.8). Along thewing theremigesarealignedin a row with theprimariesnumbered

distally andsecondariesnumberedproximally. Most �ying birds have 9–12primaries,while non-�ying

birds typically have 3–16. Therearetypically 9 secondaries,but canbe up to 14 in Passerinesand32 in

otherbirds dependenton forearmsize [vTB76, p. 129]. For recordednumbersof remiges,andrectrices

see[vTB76]. The �rst six or sevenprimariesareattachedto onefusedbone,with a possiblegapbetween

the 5th and6th dependingon the species,whereothersareattachedto the �ngers or digits (see[vTB76,

p. 127]). Eachremex is coveredproximally by a greatercovert bothventrallyanddorsallyandby smaller

and smallercoverts (median,minor) until the leadingedgeof the wing is reached. Someextra coverts

(CarpalRemex) or extra feathers(alula 2–6)mayexist dependingon thespecies.

In the caudaltract, the numberof rectricesis even,numberedfrom the centreoutward. Typically

thereare12 (6 pairs),but they canrangefrom 4 to 32. They arecovereddorsallyby greateruppertail

covertswhicharecoveredby lesseruppertail covertswith theexceptionof thecentrerectrices.Covertsare

presentventrally, thoughlessde�ned.

2.4.2 FeatherOrientation and Shape

FeatherDir ection/Orientation

Thegeneraldirectionof contourfeathersis alwaysfrom theheadto thetail in �ight position. “The apical

endsof the feathers[on a bird's body] areorientedtoward the endof the body” [Voi66, p. 39]. Feathers

overlapeachotherin ashingle-like fashionwith thetop-mostfeathersaroundthebeak.Localdifferencesin

orientationoccurattheedgesof pterylaewherefeathersaremorelaterallyorientedto coveradjacentapteria.

Flight feathersalsohave a local arrangement.“All of the remigesoverlaplaterally in a uniform way: the

innervaneof eachfeatheris overlapped... by thenext proximalfeather”[vTB76, p. 136] (seeSection2.3.2

andFigure2.6). All greatercovertsalsooverlapin thesameconsistentorder, however othercovertsmay

reversethis order. Theventralwing covertshave a consistentreverseordering.Rectricesandtheir coverts

areconsistentlylayeredwith thecentreasthetop-mostandtheouterrectricesasthebottom-most.

Wing Shape

Wing sizeandshapevariesacrossfamilies,from long anddistally pointedfor migrationto shortandround

for navigation.Bodymassis alsoa factorin wing length(wing-loading).Longerwingshavedisproportion-
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ally moresecondariesthanprimaries.Therelative lengthsof theprimariesde�ne theshapeof thewing and

tip locationandare“extraordinarilyconsistentin any givenkind of bird” [vTB76, p. 127]15. A constantor

distallydecreasingrelative lengthcreatesa roundwing anddistally increasingcreatesapointedwing.

2.4.3 Number and Sizeof Contour Feathers

Feathercountsvary from 940(Rubythroatedhummingbird)to morethan25,000(WhistlingSwan).Within

specieshowever, thefeathertractsof adultsareconsistentacrossage,sex andplumagestage[Cle70, p. 676]

causingfeathercountsto vary only from plumagestage(i.e. moultingor abnormalloss16) or damage.The

variationin feathercountsis consideredstatisticallyinsigni�cant [vTB76] [Cle70, p. 676].

Feathercountandsizearephysiologically andstatisticallyrelatedto environmentaltemperature,

bird'smetabolicrate,bodyweight,andbodysurfacearea.While nomathematicalrelationshipexistsfor all

birds,studiesacrosstaxonomiesassociateadecreasein thebird sizewith adecreasein bodyweight,feather

countandfeatherarea,but at varyingrates[LS72a, p. 193]. Wearaltersfeatherlength,weightanddensity.

2.5 FeatherPatterns

Featherscombinepigmentandstructureto createmoreextraordinarilyvariedcolours,thanfor any mammal

andmostvertebrates(exceptsomecoralreef�shes) [WB88, p. 48]. Someinsectshavesimilar colouration.

2.5.1 Pigmentsor Biochromes

Most featherpigments(biochromes) arefrom: melanins, caroteniodsandporphyrins[LS72b, pp.391-419].

Melanin is granularandhasvariableshapeandcolour, but generallyproducesearthtones. Caroteniods

producebright red, orange,and yellow and porphyrins producesomenon-iridescentred, magenta,and

green.

Melaninis themostcommonpigmentandis foundin all bird's feathersexceptalbinos.Eumelanins

arelargerod shapedblackishgranulesthatproducedarkbrowns,grays,andblacksandphaeomelaninsare

smalleroval or sphereshapedreddishor light brown granulesthatproducetans,reddishbrowns,andsome

yellows. Thesegranulesaredepositedinto developingbarbsandbarbulesby mobile pigmentcells called

15from Eisenmann1969- Bird BandingVol.40pp144-145
16abnormalor unusualcircumstancesincludebreeding,fright, sickness,or extremesuddentemperaturechange
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melanoblastswhich manufacturemelaninfrom the aminoacid tyrosine. Thesemelanoblastsarebelieved

to be distributed in a processsimilar to reactiondiffusion. Periodicdepositionsof melanincreatesubtle

colour patternsuchasbarringor speckling.Shadesof variouscoloursarea resultof the granuledensity.

Melanin(especiallythedarker colours)is associatedwith keratincreatinga stiffer feather(e.g. proximally

darkbristlesin a light feathercoat[LS72b, p. 272]).

Caroteniodsandporphyrins arelesscommonthanmelanins.Caroteniods(or lipochromes) areob-

tainedthroughdietarysources(e.g. Vitamin A), areorganically solubleandthuscarriedunderhormonal

controlby body �uids to differentfeatherregions. Keratinizationdissipatesthesolvent �xing thepigment

location. Porphyrins are relatedchemicallyto iron-containinghemoglobinand thusproduce�uorescent

red underultraviolet light. They alsoproduceintensered-copper, bright magentaandsomeolive green

colours17.

2.5.2 Structural Colours

Structuralcolours(schemochromes) arecausedeitherby a scatteringor interferencephenomena.Thescat-

teringphenomenon[oPA01] is view-independentandeitherscattersoneparticularwavelength(Raleigh) or

scattersall wavelengths(Mie) of light. As white light entersa layer of particlesonly the wavelengthsof

light larger thantheparticlespass,re�ecting therest(typically blue, i.e., TheTyndall Effect). Thepassing

light is often absorbedby a dark layer of melaninbelow the particles,purifying the re�ected light. The

interferencephenomenais causedby the reinforcementor nulli�cation of wavelengthsdue to refraction

andre�ection. It canproduceview-dependentshimmeringor iridescentcolours(asin soapbubbles)and

mostrecentlyhasbeenthoughtto producestructuralblues[Ons01]. Typically, the�ne structurethatcauses

refractionor re�ection is layersof non-opaquesubstancesor surfacedeformities.Peacockbarbulesarecov-

eredby threevery thin layersof keratin.Hummingbirdbarbulesaretwistedandhavemultiple layersof oval

plateletsandair bubbles. Starlingbarbuleshave countless,preciselyalignedgas-�lled tubesof melanin.

Thecolourre�ecteddependson thesizeof thegaspocketsandthethicknessof structurescausinga range

from blue-violetto copperyor greenish-yellow iridescence.

17Theporphryinturacincreatesbrightmagentawhile turacoverdincreatesolivegreens
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2.5.3 Colour Variation and Changes

Generally, pigmentis responsiblefor mostnon-iridescentcolours,however some(e.g. blues,greens,and

purples)arecreatedfrom structureor acombinationof structureandpigment.Colourscanbecreatedusing

multiple sourcessuchasvariousstructures,pigmentsor theuseof spatialarrangement.Multiple pigments

canbespatiallycombined(e.g.redandyellow) to createothercolours(e.g.orange).Structureandpigment

canbe combined,suchasa layer of structurefor scattering(e.g. blue) above a dark absorbinglayer of

melanincausingbrightblue,or containingalayerof yellow (red)pigmentcausinggreen(purple).Or alayer

of largegranulestructure(re�ecting all wavelengths)with a layerof pigmentbelow which cloudsor dims

the result. Finally, usingonestructureand/orpigmenton onepart of the feather(e.g. blue/whitebarbs,)

andanotherstructureand/orpigmentin anotherarea(e.g. red barbules)variesresults(e.g. purple/pink

feathers)from a distance.Age,genetics,andhormonesaffect feathercoatcolouration,but oncea featheris

Figure 2.9: Snow Bunting changing
from brown (Oct.) to black/white
(Jun.) from winter tip wear (adapted
from [WB88, p.50]).

Figure 2.10: Contour feathergrowth with cross-section(from [LS72a,
p. 200,370]).

grown it receivesno new pigment,thuscolourchangecanonly occurthroughwear, bleaching,or external

substances.Pigmentedfeathersaremoreresistantto weardueto the presenceof keratin. Wearof a light

tippedfeatherdarkenstheobservedcolour (e.g. RedCrossbill- pink to red). Sunlightsensitive pigments

canbe alteredthroughbleaching(e.g. light pink/palered-brown will fadeto white/grey [WB88, p. 51]).
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Colouralterationscanalsobecausedby substancesemittedandcarriedin thefeathers,thoughthis occurs

lessfrequently. Two naturalsubstancesare oil gland secretions(slight yellow or pinkish pigment)and

powderdown fragmentswhich althoughtransparentcausedimmingor blue-graytonesdueto interference

(e.g.gray/red/yellow becomesblue-gray/violet/green).Foreignssubstancessuchasdirt darkenthefeathers

andiron bearingwateror soil causeyellowing or reddening(e.g.BaldEagle).Finally, geneticor hereditary

mutationscanalsoaffect the colouration,althougharerareandnon-standard(e.g. Melanism,Erythrism,

Schizochrism,XanthochrismandAlbinism [WB88]).

2.5.4 Pattern and PigmentLocation

Bright coloursandbold patternstypically only exist on visible portionsof thefeathersandbird (e.g.wing,

breast,tail, head,neck,anddistal portion of contours). Ventralor concealedbody regionsandproximal

portionsof thefeatherareduller (e.g.white/gray/dullbrown plumulaceousanddown feathers).

Melanin is presentin all partsof the featherexcept the barbicels. Non-iridescentcoloursfrom

melaninandcaroteniodsarefoundmainly in the rachisandbarbsandsometimesin thebarbules. Carote-

niodsareonly depositedin early feathergrowth, henceareonly presentin the pennaceousportion of the

featherandareoften not found in the barbules. Neithermelaninnor caroteniodsare typically deposited

in the �nal growth stagemaking the calamuswhite or clear. Melanin and carotenioddepositionwithin

barbscanbealternative or simultaneous.The�ne structureneededfor iridescentcoloursis only presentin

barbules.Largerparticlesarefoundin plumulaceousfeathers,producingwhitenessor cloudypigmentation.

Verylittle isknownaboutindividualfeatherpatternformationexceptthatthepresenceof melanoblasts

is neededfor melaninproduction,but they canbepresentandinactive [LS72b]. Altering activity andinac-

tivity over timeor locationcancreatespatialpatternssuchasbarringor spotting.

2.6 Mor phogenesis

Featherwearanddamagenecessitatereplacementin order to preserve colour andretainairfoil andheat.

Feathersfall or arepushedoutof their follicle by thenew growing feather(seeFigure2.11). Curvatureand

patternarede�ned duringinitial growth, but is alteredthroughmoult andregrowth.
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Figure 2.11: Developmentof feathersabove theskin [LS72a, p. 200].

2.6.1 FeatherGrowth

Oncethefollicles aredeveloped(at theembryonicstage),they donotchange.A few follicles maybeadded

to theedgesof a tractduringthejuvenalor adultplumagestages,but this is oftenminimalandinfrequent.

“A featherdoesnotgrow likeaplant,by sendingoutbranchesandtwigsmostlyattheperiphery.

Cell division occursmostly at the baseof the feathergermandthe partsdifferentiateasthey

moveupward” from LucasandStettenheim[LS72b, p. 351].

As a feathergrows, it evolvesfrom a blastema,to a rudiment,to an immaturefeather(barelypro-

truding from the follicle), to a maturefully developedpin-featheror quill andeventuallyit unravels from

thequill to it' s �nal formationasshown in Figure2.11. Duringgrowth, thefeatheris encasedin aprotective

sheath.Thefeatheris laterallycurledtowardit' s ventralsidewithin thesheath,resultingin a quill-lik e for-

mation,thickestat thebaseandtaperingdistally (seeFigure2.10). All cell divisionoccursat thebaseof the

feather, causingthequill to agedistally. A supplyof bloodandpulpatthecentreof thequill feedsthefeather

asit grows. Thebarbsandbarbulesareformedatthebaseandareattachedto therachissystematicallyasthe

25



2.6. MORPHOGENESIS

feathergrowsoutof thefollicle wherethey continueto develop.As thenutrientsin thepulpareabsorbedby

thedevelopingbarbsandbarbulesat theapex, thegrowth rateexceedstherateof pulp productionleading

to a recessionandcappingof thepulp. As the featherreachesmaturity, its structures(barbs,barbulesand

sheath)arekeratinized18 andthesheathbecomesbrittle andfalls off, revealingthe �nal feather. Oncethe

featherunravelsthelateralcurvatureis lessened.Theafterfeatheralsogrowscurledlaterally, but towardthe

dorsalsideandreversesit' s curvatureonceunravelled.

2.6.2 Moulting

Moulting replenishesvarioustypesof feathers,from variouslocationsat differenttimes(seeFigure2.12).

Regenerationof thecompletefeathercoat(sequenceof moults)takesapproximatelyoneto two yearsde-

pendingon feathersize.Thesequencesof moult andfeatherlosswithin amoult arediscussedbelow.

FeatherCoat Regeneration

In a typical yearmostbirds have onecompletemoult (late summer)replacingall feathersanda second

alternatemoult beforebreeding(spring)replacingonly head,neckandsomebodyfeathers[PL93, p. 106].

In the�rst yearfour or � ve moultsleadto the�nal adultplumage.Oncethis is acquiredonly thealternate

moult andfeatherwearcanaffect theappearance.Thesequenceof plumagesis: nataldown, juvenal,�rst

basic,�rst alternate,secondbasic,secondalternateetc.,where�rst, secondetc. is thebird's agein years.

The�nal adultcoat(secondbasic)is acquiredatbreedingage(approx.1.5yrs19).

Newly hatchedchicksmaybebaldor have nataldown. Thenataldown follicles arelaterusedfor

contourfeathers.The �rst basicplumageis quickly acquiredafter the juvenal,often beforemoulting the

�ight feathers.Adult plumageis longerandmoretightly texturedthanthe juvenal, is brighterandmore

complexly patternedthanthe�rst basic,andarrivesin time for breedingseason.

Order of FeatherRegeneration

With few exceptions(e.g.penguins)feathersarenever lost randomlyor all at once.Featherregenerationis

orderedandconsistentamongspecies- �rst theprimaries,thenthesecondaries,bodycontoursandrectrices.

18Keratin- aspecialtypeof proteinthatis resistantto bacterialdecayevenoncethefeatherhas�nished growing.
19cantakeup to 4.5yrsaswith theBaldEagleor HerringGull (seeFigure1.2)
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Figure 2.12: Successive plumagesin a SingleCombWhite LeghornChicken. Approximatedfrom datafrom Lucas
andStettenheim[LS72a, p. 207–210].

Within eachgroupis a de�ned sequence.Theprimaries(on bothwings)moult distally in sequence

with growth of onestartingjust beforethelossof thenext20. Oncethemoult of theprimariesis half com-

plete,theoutermostsecondaries(onbothwings)moult proximally in sequence.Justbeforethesecondaries

�nish moultingthebodycontoursstartmoultingat theheadandproceedposteriorly. Within eachtract the

featherstendto moult from thecentreoutwardor proceedin wavesposteriorlyor anteriorly. Finally, both

halvesof therectricesmoult eitherproximallyor distallydependingon thespecies.Somebirdshaveminor

exceptionsto theseorderings.

Differenttractsmoultatvariousfrequencies,but amoult is completeonly onceall thebird's feathers

have beenreplacedat leastonce. Thusthebody feathersmaymoult threeor four times(e.g. ptarmigans)

beforethecompletionof the�rst basicplumage.A singleregion'smoult takesapproximatelytwo months.

2.7 Summary

This chapteroutlinedfeatherandfeathercoatspeci�c informationthat is necessaryfor simulatingfeather

coatmorphogenesis.First, the structures,shape,andcurvatureof varioustypesof feathersweredetailed.

Next the distribution of follicles anddivision of the feathercoat into tractswasgiven. A brief mention

of featherand feathercoat patternswas outlined including the useof pigmentand structurefor colour.

20aquaticbirds- mostrails,many alcids,loonsandthedipperhave compressedmoult leaving thebird �ightless
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Finally thechapterconcludedwith adiscussionof feathergrowth andfeathercoatmorphogenesisincluding

outlining the variousmoulting stages.The methodologyof feathercoatmorphogenesispresentedin this

thesiswill usemuchof this informationwith particularemphasison contourfeatherstructure,arrangement

(follicle distributionandorientation)andmoulting.
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Computer Graphics and Feathers

Modelling of naturalphenomenais often challengingdueto the complexity of the simulatedphenomena.

Thedesireto attainrealismnot only involvesmodellingmany intricateandinterdependentstructures,but

alsosimulatingchangesin structure,form andilluminationasseenin thesimulationof avarietyof phenom-

enaincludingwaves[FR86], clouds[Nis98], smoke [SF95] water[Ree83] andplants[PL90].

Modellingfeathercoatsis only averyrecenttopicof interestin computergraphicsandmodellingof

feathercoatmorphogenesisis unexploredto date.Thegoalof modellingfeathercoatmorphogenesisis to

achieve realisticchangesin feathercoatappearance.To achieve this goal,two relatedmodellingproblems

needto beaddressed:thefeathercoatstructureaswell asthechangesin thestructure,while not restricting

theuseof avarietyof methodsfor constructingthepattern,colourationor illuminationof thecoat.As well,

theserealisticappearancesmustbeachieved in a mannerthat facilitatesanimationof the follicles or skin.

This chapterwill �rst overview generalchallengesin modellingnaturalphenomena.Next, anoverview of

commonlevel of detailapproachesin this context will begiven.Thensomemethodsusedto modelsimilar

phenomena,in particularplants,hair and fur is reviewed. Finally, the currentresearchon modellingof

feathercoatswill bepresented.

3.1 The Natural PhenomenaChallenge

Themostchallengingaspectto modellingany typeof naturalphenomenais handlingthesheercomplexity

of the objectsandscenesto be represented.Not only do thesescenescontainmany objectswith many
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substructuresandsurfacedetails,but often it is desirableto model the interactionbetweentheseobjects,

eitherto simulatethepassingof time or thedynamicpropertiesof theobjectsthemselves. However, even

with the recentadvancesin CPU andGPU power, it is still not optimal to modelandrenderall the detail

in many of thesetypesof scenes.As well, someof the detail is only discerniblefrom certainviewing

distances,andthusdoesnot needto berenderedat furtherviewing distances.Thereareexceptionsto this

rule,especiallywherethesubsurfacepropertiesaffect theoverall illuminationof theobject'ssurface,which

is still noticeableevenat viewing distanceswherethesubsurfacestructuresarenot. Thecommonapproach

takento thiscomplexity managementproblemis to employ theuseof multiple levelsof detail(LOD).

By modellingandrenderingthephenomenaat variousLODs, only thenecessaryamountof detail

needsto berevealed,thereforeoptimizingcomputationalef�ciency. However, while reducingcomputation

is desirable,revealingthevariousmodellingmethodsto theviewer/useris not. Thus,notonly mustdifferent

modellingmethodsbeemployedatvariousviewing distances,but amethodof smoothlyintegratingbetween

themethodsis necessaryto preventdistinctionof themodels,especiallywhencontinuouslydecreasingthe

viewing distance.Finally, while a LOD approachovercomessomeof theissueswith thesehighly complex

scenes,it doesnot handlethe interactionanddynamicsbetweenobjects. As mentionedin Chapter1, if

objectinteraction,dynamicsandanimationarerequired,it is bestto includethis aspartof themodel.The

next sectionwill overview commonLOD methodsusedin modellingnaturalphenomena.Thenanoutline

will beprovidedof phenomenasimilar to feathercoats,namelyplants,hair, fur andgrass.

3.2 Level of Detail Modelling

At the highestlevel of detail every structurecan be geometricallymodelled. However, as the viewing

distanceincreases,andstructuresoccupy veryfew pixels,theneedto modelindividualgeometryis reduced.

Thusmethodsfor reducingthecomplexity of themodelat thesehigherlevelsof detailhavebeenused.

A very commonmethodto reducemodelcomplexity is to simplify thegeometricmodel,reducing

thepolygoncount. However, this is only adequateuntil changesin form andstructurearenoticed.A very

commonexampleof this is for a bumpy surfaceto besimpli�ed to a smoothone.Texture mapping[BN76]

was one of �rst methodsfor generatingdetail on a geometricallysimple surfaceand can be usedwhen

an object is far enoughaway to simplify the computationandgive the illusion of surfacedetail. While

texturemappingcanbeusedto simulatethevisualeffectsof thebumps(macroor microstructure),thelack
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of structureis noticeableat closerviewing distances�rst at the silhouetteedgesandthenon the surface.

Thus, techniqueshave evolved to blend betweentexturesand geometryincluding mappingnormals,or

displacementsto thesurfaceaswell asusingre�ection models(BRDFs)basedon subsurfacegeometryto

convey theproperilluminationwithoutmodellingthemeso1 geometry.

The issueof blendingbetweenmodelsof geometricrepresentationto achieve multiple levels of

detailhaslongbeenanopenproblemin computergraphics.As mentionedpreviouslybasictexturemapping

works for surfacesof objectsat a distance,but closeinspectionof the surfacerequiresmodellingthe �ne

structure. Poulin andFournier [PF90] addressesthe problemashierarchiesof geometrywith the model

geometryat thehighestlevel, followedby bumpmapsanddisplacementmaps,thena texturethat is based

on themicro structureof thesurfaceand�nally theBRDF (Bidirectionalre�ection distribution function).

Becker andMax [BM93] help to smooththe transitionby redistributing the bump mapsto have the same

underlyingenergy distributionastheBRDF.

3.2.1 TextureMaps

Texturesare evaluatedat a particularpoint using local information and are mappedto geometryto add

the illusion of detail to a geometricallysimple surface. Texturesare typically two dimensionalandcan

beprocedural[Per85, Lew89] andevaluatedon demandby a programor storedin a “look-up table”. The

texturesare then projectedin somemanneronto the surface in a stepcalled texture mapping[Hec86].

Originallyonly colourintensitywasmapped,but mappingof thenormals(bumpmapping) to addtheillusion

of small heightvariation[Bli78] andmappingof surfaceoffsets(displacementmapping) [Coo84] to alter

theheightatparticularpointsis alsonow commonlyused.Displacementmappingis slightly morecomplex

thanbump mapping,but yields betterresults,exhibiting self-hiding, shadowing andchangingsilhouette

edges.

Wheresurfacetexturesarenot adequate,volumetrictextures[Per85, Pea85] have beenused.Volu-

metrictexturesmapany point in space,ratherthanjust thesurface.Sometimestexturesthroughoutobjects

aremoreintuitive (e.g. carvings,fur [KK89], textiles [GRS96]) andthus3D texturesor solid texturesare

easierto use.More recentlythesetechniqueshave beenextendedfor multiple scales[Ney95b, Ney96] and

animation[Ney95a, Ney98]. TheHypertexure technique[PH89] is a volumetricmodellingtechniquethat

impliessurfaceswhereexplicit surfaceshavenotbeencreated,thusactuallychangingthesurfaceof objects.

1In this thesismacrois 1 cm. or larger, micro is 1–100¹ m. andmesois 0.1–10mm.

31



3.2. LEVEL OFDETAIL MODELLING

The renderingof theseobjectsis doneusingvolumetricmethods.Texel mapping[KK89], mapsanentire

surfacedescription(i.e.,shadingmodel)to thesurfaceof theobjectin abundlecalleda texel.

3.2.2 TextureMapping Problems

Twomainareasof researchwith regardto texturemapsarethesynthesisof thetextureandthemappingof the

texture.Texturescanbedigitally acquired(scanned),paintedbyanartistorprocedurallygenerated.Scanned

texturesoften lack quality andpaintedtexturesarevery time consumingto construct,oftenrequirea great

dealof skill, andlack photo-realism.Work hasbeendoneto generatearbitrarily largetexturesfrom small

samplesusingperceptualrulesto matchfeatures[HB95], probability to matchfrequencies[Bon97, PL98,

EL99], or randomnoiseto grow thesample[WL00], to ensurethey areperceptuallyidentical.Textureshave

alsobeensynthesizedprocedurallyfrom asetof initial parameters[WK91, Wor96].

Secondly, the texturemustbemappedto thesurfacewithout distortiondueto perspective, stretch-

ing, or aliasing.Traditionallythis hasbeendoneusingwell-parameterizedsurfaces,solid textures[Pea85],

two-part texturing [BKRS86] or manuallyplacingthe textures[LM94] on the object. Somemethodsap-

proximatethe surfacewith an easilyparameterizedobjectsuchasWalter andFournier's useof cylinders

to simultaneouslygrow the model and produceaccuratetexture [WF97]. Other methodswarp the tex-

ture [Ara97] or warp and/orsplit the surfaceand“unravel” it [PB00] for correcttexture placement.Still

othermethodsattemptto generatea parameterizationthat minimizesdistortionby optimally “�attening”

userde�ned patches[BVIG91], minimizing energy [MYV93] or optimizing the homogeneousspacingof

isoparametriccurves[LM98]. Othershave warped,rotatedor scaledthepastedtexturepatchesto �t most

appropriatelyon curved,polygonalor subdivision surfaces [Ped96, PFH00, PB00]. Oncean appropriate

mappingis found the texture must thenbe �ltered or re-sampled[Wil83, Cro84, Sch91] without causing

distortionor aliasing.

Recentwork to solve thesefundamentaltexturemappingproblemshaspointedto usingintegrated

methodsto generatethe texture on the surfacewhile accountingfor geometricdistortions[DG94] or to

generatethetexturefrom geometryto simulatespecialsurfacepropertiesor imperfections[WNH97]. Volu-

metrictexturescanbeusedwhenmorethanasurfacetextureis desired.Besidesusing3D textures[Per85],

texturescan be painteddirectly on the 3D surface[HH90] or generatedon the surface[Tur91, Wor96].

Thesetechniqueshavebeenusedto simulateweatheringandmineralphenomena[DEL+ 99], but havebeen

usedmoreprevalentlyin conjunctionwith biologicalmodelling [Tur91, FMP92, FLCB95, WFR98].
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3.2.3 Re�ection Models

In computergraphicsliteraturelighting modelsareusedto determinethe colour of a surfaceandusually

consistconceptuallyof two components:illumination andre�ectance. Illumination de�nes how the light

travels, andre�ectancewhat happenswhenthe light interactswith the surface. Illumination modelsare

divided into globalandlocal, whereglobal illumination describeshow the entireenvironmentcontributes

to the illumination at a singlepoint, andlocal illumination computesthe illumination at eachpoint using

informationlocal to thepoint (thesurfaceandlight attributes). In this thesis,the focusis on feathersand

how their structuresandpigmentsaffect their colour, thusthefocusis on local re�ectancemodels.

Re�ectancemodelscanbecategorizedinto modelsthatsimulatetheinteractionprocessof light and

surfaceeither physically or empirically (i.e. analyticalmodels)and modelsthat utilize actualdata(e.g.

measuredor simulated)of how light interactswith aparticularsurface.Mostof thepreviouswork hasbeen

on the constructionof analyticalmodels. In eithercasea notion of the ratio betweenthe incomingand

outgoinglight atasinglepoint is describedandis termedtheBRDF(BidirectionalRe�ectanceDistribution

Function).

Analytical Models

Analytical modelsrangefrom thosethat areentirely empirically basedsimpli�ed modelsfor generating

a “visual impression”of light transportto thosethat closelyattemptto approximatethe physical surface

and light transportproperties. Schlick [Sch94] and Glassner[Gla95] provide comprehensive surveys of

re�ectancemodelsupto 1995.Thethreemostsimpli�ed modelsincludetheLambertmodelfor diffusesur-

faces(constantBRDF over all directionsandpolarizations),thePhongmodelto incorporatespecularhigh-

lights andtheadditionof anambientconstantandthePhong-Blinnmodelthatsimpli�es thecomputations

of thePhongmodel.Otherempiricalmodelshavebeencreatedfor ef�ciency [Lar92], controllability[Str90]

andto accountanisotropicre�ections.

More complex modelsattemptto morecloselysimulatephysical optics,however, often many ap-

proximationsaremade,includingusingasmallsampleof wavelengthsfor lighting calculations.Oneof the

earliermodelsaccountedfor variationsin re�ectivity by consideringthesurfaceasacollectionof randomly

orientedmicro-facets.Thenthe re�ectivity wasde�ned by the probability distribution of the micro-facet

orientations,the Fresnelterm on individual micro-facetsandshadowing andmasking. The �rst modelof

this typewasproposedby CookandTorrance[CT82]. Fromthis have evolvedothermodelsto accountfor
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anisotropicre�ections suchasPoulin andFournier's model[PF90] andWard's model[Lar92]. The most

completemodelbasedonwaveopticswasproposedby Heetal. [HTSG91]. Theirmodelhasbeenextended

by StamandSunetal. [Sta99, SFDC00] to createiridescenceeffectssimilar to thosefoundonCD-ROMS.

Non-analytical models

The non-analyticalre�ectancemodelsincludeboth measuredandsimulatedBRDF models. BRDFscan

be directly measuredusinggoniore�ectometers to collect large numbersof point samplescomprisingthe

BRDF. BRDF's have also beenmeasuredlessaccuratelyusing simpler CCD devices (digital cameras).

SimulatedBRDFmodelsalsogeneratesamplesof BRDF's,but useavirtual goniore�ectometerto generate

thedata.Knowledgeaboutthemicro-structureof thesurfaceandanalgorithmicprocessis usedto compute

valuesof theBRDF for samplesof incomingandoutgoingdirections.Cabralet al.'s [CMS87] suggestsa

methodto computethehorizonof asmallnumberof directionsateachpoint in aheight�eld in orderto im-

provebumpmapping.Westinetal. [WAT92] extendthismethodusingaMonte-Carloray-tracingtechnique

to simulatealmostany kind of microscopicgeometricalstructure. Becker andMax [BM93] redistribute

thebumpsmapsin orderto matchtheenergy of theBRDF, helpingto smooththetransitionbetweenbump

mapsandBRDFs.Oncethesevaluesareeithercomputedor measuredthey caneitherbestoredin sampled

hemispheresor sphericalharmonics[Gla95, pp.753-756].The idea is that the incoming light from each

sampledirectionis usedto computethe outgoinglight for a hemisphereof directions. Thento apply the

model the hemispherewith the closestincominglight directionis chosenandthe hemisphereis oriented

aroundthesurfacenormalandgrain,a setof tablelook-upsrevealsthere�ected light. Kajiya [Kaj85] was

oneof the�rst to usethis typeof modelto createanisotropiceffects.

Othermethodshave beenproposedbasedon computingsimulatedBRDF datafor how light scat-

ters insidean object. Most of thesemethodsarebasedon the ideaof suspensionof particlesandoften

includethesurfacere�ectancemodelsfor boundarycases.Modelshave beencreatedto simulateRaleigh

scatteringwheretheparticlesaresmallerthanthewavelengthof light andhave beenusedfor atmospheric

modelling [Nis98] and to simulateMie scatteringwherethe particlesare comparableto the wavelength

of light and have beenusedfor cigar smoke, dust andhair/fur [KK89]. HaaseandMeyer [HM92] and

Callet [Cal96] proposemodelsanddatabasedon theKubelka-Munkmodel[Gla95, p. 770] for simulating

light transmissionthroughmaterialswith selective re�ection andselective absorption(i.e. pigmentsand

dyes).They usetheirmodelfor simulatingtheeffectsof paintona surface.HanrahanandKrueger[HK93]

34



CHAPTER3. COMPUTERGRAPHICSAND FEATHERS

presenta re�ection modelfor surfacescomposedof a seriesof layers. By evaluatingthe transmissionof

light betweenboundariesandthevolumescatteringof light within the layers,physically basedmodelsfor

biologicalmaterialssuchasskinandleavesarecreated.Morerecently, are�ectanceandtransmissionmodel

speci�c to plantswasproposedby BaranoskiandRokne[BR97] anda generalcomplex subsurfacescatter-

ing modelfor very thin surfacessuchashummingbirdfeatherswasproposedby Schrammet al. [SGM97].

As well a methodfor modellingthe subsurfacescatteringandinternal re�ection of humanhair hasbeen

proposed[MJC03].

Currentresearchonre�ection modelsattemptstomakeanalyticalmodelsmoreaccurateandef�cient

by simplifying thecomputation[PH00]. OtherresearchersareworkingongeneratingsimulatedBRDFdata

moreef�ciently usinggraphicshardware [HDKS00]. Still othersareworking on generatingmethodsto

simulatea wide variety of micro-geometrieswith lessinformationaboutmicro-geometryitself [APS00].

Most recently, a model for skin colourationhasbeenproposedusing an inverselighting techniqueand

concentrationsof melaninandhemoglobinin theskin [TOS+ 03] to createskin textures.As well, a model

for subsurfacescatteringandinternalre�ectanceto simulatethere�ectanceandcolourationof dielectrichair

�bres [MJC03] hasbeenrecentlyintroduced.Finally, with the lowering costsof CCD's the useof actual

measuredBRDFdatafor variousmaterialsis alsobecomingmorecommon[MPBM03].

Feathersare more than a patternon a surface, they are known biologically to be cutaneousap-

pendagesthathave movementindependentfrom thesurfaceto which they areattached.Thus,generaltex-

turemappingtechniquesareinsuf�cient for modellingthecompletefeathercoat.Of theanalyticalre�ection

modelsmentioned,the last two modelsfor pigmentsandmulti-layersurfacesseemmostapplicableto the

feathercolour problem. Of courseboth simulatedandmeasuredBRDF methodscould be utilized based

on themicro-geometryof thefeathers.Thesecharacteristicsleadto theconclusionthatbiologically based

techniqueswhich work directly with the objectmodelanda physically basedre�ection modelaremost

applicableandhencearefurther detailedin the next section. Othermodelsfor re�ectanceandrendering

functionswill beoutlinedin Sections3.4.1and3.4.2.

3.3 Mathematical-Biological Models

The modelsmostcloselyassociatedwith feathercoatmodelsarebiological models. Oneof the �rst re-

searchers(Smith [Smi84]) in this areaproposedcreatingcomplex images/modelsfrom a smallnumberof
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parameters- a principle calleddatabaseampli�cation. This sameprocessin biology hasmore recently

beentermedemergence. Morespeci�cally Taylor [Tay92] de�nedemergenceto meanthattheentiresystem

gainscomplexity throughinteractionof simplecomponentsbothin spaceandtimeandstudyingemergence

of form andstructureis known asmorphogenesis.

In the analysisof biologicalmorphogenesistwo perspectiveshave beenformulated.The �rst was

identi�ed by d'Arcy Thompson[Tho61] recognizingthestudyof growth rateasa precursorto thestudyof

form, statingthat form is determinedby the rateof growth in variousdirections. The secondwasidenti-

�ed by Turing [Tur52] statingthat patternis not formedby growth, but ratherby substancesreactingand

diffusingthroughthemassof tissuethat form thebiologicalentity. Below is a discussionof bothperspec-

tives. Othermethodsof classi�cationwereproposedby Prusinkiewicz [Pru93] including the embedding

of thebiologicalmodelin a discreteor continuousspace(exogenouspartof model),a constantor dynamic

space(expansionandcontraction),astaticor dynamicrelationbetweencomponents(endogenouspartof the

model),parent/child(lineage) or lateralcommunicationbetweencomponentsandcommunicationthrough

modelor space.

Working with the spatialnotion of growth and morphogenesis,Turing theorizedthat chemicals

(morphogens)diffusethroughtheembryocausingdifferentpatternsto emerge in regionsof differentcon-

centrationsin a processcalled reaction-diffusion. Sincethen mathematicalvariantsof this model have

emerged[Mei82]. MeinhardtandKlinger [MK87a, MK87b] introducedanactivator-substratevariantand

notionof differentiationcausinglateralanddichotomousbranching.Murray [Mur81, Mur93] exploredthe

reaction-diffusionprocessin relationto geometriesandscale.Bard[Bar81] introducedcascadingreaction-

diffusion processesandregion-baseddiffusion rates. Harrison[Har93] proposeda variety of specialized

methodsfor generatinga rangeof patterns.Othervariantsof reaction-diffusion includediffusion-limited

accretive growth [Ede60, Mea86] anddiffusion-limitedaggregation[WS83]. Mechanochemicaltechniques

proposedby Odell et al. [Ode81] usea similar diffusionmechanism,but insteadof thesubstancediffusing

onapurelychemicalbasis,thespatialarrangementis formedby mechanicalforcesactingoncells(possibly

producedby chemicalreactions)to producemany patternsespeciallystructural. Many researchershave

furtherdevelopedthesetechniquesto includethe strengthof forcesbetweencells [Ost83, Ost83, WO90].

MostrecentlySavic [Sav95] usedthis typeof modelfor simulatingpatternformationin animalcoats.Shaw

andMurray [SM90] proposea combinationof traditional reactiondiffusion andmechanochemicalmod-

els for formationandlocationof featherfollicles on the commoncoot. This will be discussedfurther in
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Chapter4. Cellular automatasystems[TM87] alsoformulatea notion of spatialarrangementandcanbe

viewedasthediscretespaceandtime counterpartof reaction-diffusionmodels.Young's model[You84] is

similar to Turing's yet morelocal. Ulam [Ula62] proposeda modelfor branchingstructureandCochoet

al. [CPPR87] presenteda variationof Toffoli' s technique[TM87] thatassumedan initial smallnumberof

arranged“clonal” cellswhich actas“seeds”for elementsof the�nal patternandadvanceaccordingto the

automatonrules. Both reaction-diffusionandcellularautomatamethodsonly allow growth on theentity's

boundary. Gottlieb [Got93] proposeda methodof growing the entity internally by subdividing the space

uponeachdivisionof cells.

Structuralmodels,unlikespatialmodels,describehow componentsof themodeldevelop.L–systems

describethedevelopmentof linearbranchingstructuresfrom discretecomponents[Lin68] usingformal lan-

guagetheory. Thedevelopmentcanbecontrolledby lineage(context-freeor OL–systems) or by endogenous

interaction(context-sensitive or IL–systems). L–systemscanalsomodelchangesin shapethroughoutde-

velopment.ThebiologicalentitiesformedusingL–systemscangrow at theextremities(sub-apicalgrowth)

as well as in the internal parts(elongation of internodes). However, changesin relative position of the

componentsmake it dif�cult to have exogenouscontrol. Map L–systems[LR79] usemapsto enablethe

descriptionof structureswith cycles. A groupof cells representa map,andtherearemaprewriting rules

to acton thecellsto controltheir properties.Lindenmayeroriginally usedthis methodfor modellingsmall

biologicalentitiessuchasalgae.

As Prusinkiewicz notes[Pru93], spatialmodelsareexcellentat capturinginformation�o w through

themedium,wherestructuralmethodsdo not encapsulatethis information�o w. However, spatialmodels

are limited in capturingthe spatialchangesof the mediumand the biological entity within it (growth is

typically limited to theboundary),while structuralmodelsencapsulatetheexpansionof theentirestructure.

In eithercase,modelshave developedthataccountfor interactionof themodelwith its environment. For

instance,Ulam'scellularautomatamethodtried to accountfor collisionsbetweenbranchesby notallowing

growth to takeplacein analreadyoccupiedcell. Also, context sensitiveL–systems, haveoftenbeenusedto

adaptthedevelopmentto theenvironment.Someresultscanoftenbegeneratedby variantsof bothmethods,

sometimesseeminglyoppositetechniques.For exampletheMaltesecrosspatterncanbegeneratedby both

cellularautomatonwith collisioncheckingandcontext-freeL–systems.
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3.4 Relevant Computer Graphics Models

Many of thebiologicalmodelspreviously mentionedhave beenappliedin thecomputergraphicsdomain,

sometimesusedasa tool for biological research.Prusinkiewicz [Pru93] givesa goodoverview of various

biologicalandmathematicaltheoriesof emergenceandoutlineswork in biologicaldevelopmentupto 1993.

A brie�y summaryof this work andotherwork relatedto the problemof feathercoatmorphogenesisis

presentedbelow.

Somecomputergraphicsmodelsfor naturalphenomenaarecloselyintegratedwith their biological

model,suchasTurk's model [Tur91] for texture generationfor Turing original reactiondiffusion model

andMeinhardtandKlinger's [MK87a] variation,Fowler et al.'s [FMP92] useof MeinhardtandKlinger's

model[MK87b] [Mei95] for seashellpigmentationandWalteret al. [WFR98] useof Choco's modelsfor

creatingavarietyof largecat(e.g.cheetahs,leopards)andgiraffe coatpatterns.Othersinvestigatethecom-

plicationsof extendingthemodelin a 3D domain[Gre91, Kaa92, CR95] andinteractingwith the3D envi-

ronment,suchasclimbing plants[AK88, Gre89] andthedevelopmentof thepathof root growth [Gre91].

Earlierwork on structuralmodelsdevelopedmodelsbasedon growth rules[Smi84], geometricalinforma-

tion andfeatures[AK84], physical or biological rules [dREF+ 88] andfeatures[Hol94] mainly for mod-

elling plants. More recentlymostof the work in the structuralmodeldomainhasbeenconcentrated

on the useof Lindenmayer's L–systemsfor simulatingbranchingstructures.Prusinkiewicz andLinden-

mayer[PL90, PLH88] addedgeometryto Lindenmayer's original modelsandshiftedsomeaspectsfrom

the discreteto continuousdomaincreatingparametricL–systemsanddifferentialL–systemswhich were

usedfor simulatingplant growth over time [HP96, HRD95] andcomputeranimations[PHM93]. Context

sensitiveL–systemswereusedby Prusinkiewicz et al. [PJM94] to alter theexternalshapeof plantsby al-

lowing a mechanismfor pruning,for combiningexogenousandendogenouscontrol. andincorporationof

tropisms.Prusinkiewicz claimed[Pru93] thatL–systemscancreateplantimagessimilar to AonoandKunii

andReffye et al. [AK84, dREF+ 88] andthatstochasticL–systemscancreatethemodelsfor grasssimilar

to thosecreatedby ReevesandBlau [RB85].

Noting seeminglyorthogonalcharacteristicsof spatialandstructuralmethods,therehasbeensome

work doneon combiningthesemethodsparticularlyfor usein simulationor animation. The presenceof

cycles in mapL–systems(OL–systems[PL90, p. 146]) presentsproblemsfor creatinggeometricmodels

becauseof theinability to assignmetricpropertieslocally. Fracchiaet al. [FPdB90b, FPdB90a] solvedthis

problemby proposinga physically-basedsolutionusingphysical cell propertiessuchasosmoticpressure

38



CHAPTER3. COMPUTERGRAPHICSAND FEATHERS

and wall tensionto iteratively stabilizethe mechanicalsystem. They also extendedthis idea [Fra95] to

usecontext sensitive L–systems. Fowler et al. [FPB92] describesa methodfor arrangingprimordiaon a

surface(of plants)basedon bothdevelopmentalrulesof structure(pathof primordiagrowth) andphysical

propertiessuchascollisions.Fleischeretal. [FLCB95] proposesamethodfor generatingstructuresbasedon

a spatialdistribution of “cells”. Thesimulationdistributessphericalcellsbasedon userde�ned cell states,

extra-cellularenvironmentandinteractionsandcell programswhile constrainedto the surface. The �nal

distribution is thenpassedthrougha particle-to-geometryconverter, to constructtheshapeandappearance

of thecells. While they produceorganic-lookingtextureson modelsurfaces,their assumptionof spherical

cells for thesimulationanduseof a differentialequationsasaninterfacecanbeproblematicin attaininga

desiredresult.

Feathercoatmorphogenesisinvolvesthedevelopmentandmanagementof anapproachwith a po-

tentially largenumberof �ne geometricprimitivesandsomeinteractive modelling.Thecouplingof devel-

opmentandcomplexity is similar to many plantsystemsandthecouplingof movementof theelementsand

complexity is similar to modellingof hair andfur. Structurally, feathersaresimilar to thebranchingstruc-

turesof plantsandbiologically, feathersaresimilar to hair, fur, andscales- all beingcutaneousappendages.

While the structureof hair andfur differ from feathers,distribution andrenderingaresimilar. And while

featherstructureis similar to plant structure,the level of intuitive designandneedfor styling is different.

Renderingtechniquesusedfor somehairmodelsandplantmodelsmayalsobeapplicableto feathers.

3.4.1 Plant Models

Many of theplantmodelshave beenmentionedabove. Two othersareworth mentioningherea rule-based

model[LD96] for interactively modellingandanimatingbranchingbotanicalstructuresandmodellingof a

plantecosystem[DHL+ 98]. LintermannandDeussen[LD96] usea principalsetof componentsandrules,

that theusercombinesandmodi�es graphically. They basetheir modelon WeberandPenn's [WP95] and

cansimulatetropisms,integratefreeformsdeformations(in orderto allow theusertoapplyoverallchanges),

animateany parameterof the model, iterateobjectsalgorithmically, and incorporatekey-framing which

they claim cannotbe donewith conventionalstring rewriting systems.The secondplant modellingwork

involvesmodellingof an entireecosystemof plants[DHL+ 98]. The complexity of the resultingsystem,

the speci�cationof the initial parameters,andthe simulationof developmentcloselyparallelsthe feather

morphogenesisproblem.Theuserinteractively or procedurallyde�nes theinitial plantdistribution andthe
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parametersof the variousspeciesof plants. The simulationthen runs,determiningfrom the parameters

which plantsdie, grow, arepropagatedandby how much. While plantmodelsprovide a startingpoint for

modellingcomplex, evolving models,evenif they wereadaptedto modelfeathers,they would lackmany of

thefeaturesneededfor modellingfeathercoatsandfeathercoatmorphogenesisaswell astheintuitiveness

thatamodelspeci�c to featherscoatmorphogenesiswouldprovide.

3.4.2 Hair and Fur Models

Much recentwork in computergraphicshasbeendoneon the modellingof hair and fur. The previous

literatureonhairandfur will bediscussedherein thecontext of distribution,structure,interaction,dynamics,

andrendering.

Early methodsof generatinghair or fur did not suggestgeometry, but rathertried to usere�ectance

mapsor texturemappingto convey theimpressionof combedhairor fur textures.ReevesandBlau's[RB85]

createdtheimpressionof 3D lines(grass)usingmotionblur andparticlesystems,Miller [Mil88] createdthe

impressionof alignedhair (anisotropicsurface)usingevenlyspacedcylindersto createapseudo-re�ectance

mapandPerlinandHoffert [PH89] usedvolumetrictexturesto createfurry tribbles.Kajiya andKay [KK89]

have producedonethebestmodelsfor fur usingtexelsspreadover thesurfaceanda volumetricre�ectance

functionto createtheillusion of fur with selfshadowing of thestrands.Othermorerecentwork in designing

hair andfur textureshasusedexponentialfunctionsto controltheshape,size,perimeter, anddensityof the

hairedregion [Bid95] aswell asutilizedLIC - Line IntegralConvolution [MKKI00].

Later methodsof modelling hair attemptto explicitly model the hairs or somesubsetof them.

Miller [Mil88] wasoneof the �rst to suggestmodellinga setof cylinders. Rosenblumet al. [RCT91] use

cylindrical segmentswith connectinghingesandmass/springsfor dynamics.WatanabeandSuenaga[WS92]

modelwispsof hairasaconnectedsetof trigonalprismsfor stylingpurposes.Eachwisphasadensityrep-

resentinga groupof hairswhosedynamicsaretakenfrom thewisp trajectoryandarerenderedastrigonal

prismswith no mentionof collision detection.Anjyo et al. [ iAUK92] representshair asa setof polylines

and simulatesdynamicsand curvatureusing the cantilever approach,a set of forcesand parametersfor

stiffness. Hair to headcollisionsaredetectedusingan ellipsoid to approximatethe head. Daldegan and

Thalamann[DTKT93] modelhair by interactively placingcharacteristichairsin varyingdensities,orienta-

tionsandlengths.They animatehair by wispsof polylineswith mass/springweightingsandhair to body

collisionsaredetectedusingacylindrical approximationfor thebody. Thehair is renderedusingray-tracing.
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GelderandWilhelms[GW97] modelfur asanunder-coatandover-coatandwith avarietyof methodsfrom

straightline fur, NURB-curvesandpolylinesegments.They introduceamethodof distancebasedculling to

reducethenumberof hairspertriangleto maintainthefur look at furtherdistances.More recently, Ioneset

al. [IKVZ00] provide a methodfor modellingandrenderingfur andhair usingcontrolhairs(a setof poly-

lines)whoseinterpolateddynamicsareusedfor therestof thehairs.A volumetricre�ectancemodelsimilar

to [LTT91] is usedfor rendering. Leblancet al.'s renderingmodelsortshairsby distanceandthenuses

pixel blendingto approximatedensityof thevolume. They alsousea shadow buffer for eachlight source

to produceshadows andself-shadows. Koh andHuang[KH00] animatestripsof humanhair in real time.

Their animationandcollision modelis adoptedfrom [DTKT93]. They usealphablendingalongthestrip

to give the illusion of hair. HadapandThalmann[HMT00] interactively stylehair by placinga �o w �eld

aroundthepolygonalmodelof theheadandusingpositionedsourcesof �o w to preventbody-haircollisions

andpositionedsources,sinksandvorticesfor styling. They alsoallow clumpingto improverealismanduse

LeBlancet al.'s volumerenderingmethod.Finally, Bruderlin [Bru98] introducesa methodof interactively

specifyingclumpsof fur following “hair tracts”to simulatewetor clumpedanimalfur.

Thedistributionof hairor fur follicles is known biologically to bemuchthesame(althoughslightly

lessorganized)asfeathers.However, auniformrandomdistribution is oftensuf�cient, dueto thesymmetric

andsimpli�ed structureof hairandfur. Kajiya andKay [KK89] statethatfur is typically distributedsimilar

to aPoissondiskdistribution2 whichwasalsousedby Goldman[Gol97] to reducehairoverlapprobabilityof

suf�ciently shorthairs.Rosenblumet al. [RCT91] interactively de�ne a follicular mapandusesa spherical

projectionto �nd therelative locationon thehead.Thefollicle mapcanbemirroredto reducecomputation

andthefollicles “jittered” to remove unwantedpatternsin placement.Watanabeet al. [WS92] interactively

distributedwispsof hair over half of the individual trianglesof the headmodel. Anjyo et al. [ iAUK92]

describesa modelcapableof styling hair by interactively de�ning the lengthof hair anda poreregion on

anellipsoid representingthehumanheadin orderto preventcomplex collision computations.Gelderand

Wilhelms[GW97] randomlydistributethehair (bothlongandshorthairs)overeacharea-weightedtriangle

of thepolygonalmodelgivenuserde�ned densityandquantity.

Finally, a rangeof renderingmethodshave beenproposed.Somemethodsbasedon volumetric

textures were mentionedpreviously. Goldmanintroduceda probabilistic methodfor renderingfur at-

tributessuchasshineandsoft illumination usingan opacity function without actuallymodellingthe fur.

2no two samplesarecloserthana �x eddistanceradiusaroundthesample[Gla95].
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Theseresultsaregoodfor mediumdistanceviewing. Much of thecurrentwork in hair renderingattempts

to improve the re�ectancemodel by incorporatingef�cient methodsfor doing good self shadowing of

hair [LTT91, KN00, LV00]. Other methodsachieve real-timerenderingrates[Len00] by building up a

concentricshellof volumetextures,pre-�ltering acrosslevel-of-detail,andprocedurallyintroducinggeom-

etry (similar to the way Kowalski et al. [KMN+ 99] introducegeometry).And mostrecently, a modelfor

subsurfacescatteringandinternalre�ectanceto simulatethe re�ectanceandcolourationof dielectrichair

�bres [MJC03] hasbeendeveloped.

3.5 Feathers

Dai et al. [DSC95] wasoneof the �rst to attemptmodellingindividual feathers.Very recently, somefur-

ther researchon modellingandrenderingof feathershasbeenpublished.Previous to this mostcomputer

generatedfeathersandfeathercoatswereconstructedmanuallyby anartisttypically in a commercialenvi-

ronment.Now, therearemodelsfor bothphotorealisticandnon-photorealisticfeathercoats.

3.5.1 Commercial Productions

Many of the computergeneratedbirdsseenin commercialproductionsuntil recentlyusedvery simplistic

methodsfor feathersandsuchwereviewedfrom farawayor with alot of motionblur. Someof theseinclude

thebomberWWII pigeonsin theNissancommercial(1998by ILM) andthepenguinsof theCanadaDry

commercial(1999by MarteStudio)or thePelicansin TriStarPictures'sJumanji. In Pixar'sA Bug'sLife the

bird wasmeantto give an impressionof realismwith a cartoonishovertone.Somemayspeculatethat the

featherson thesecharactersweretedious,labor-intensive, hand-paintedtexturesfrom artists. In all of the

abovementionedproductionsthefocuswasalmostalwaysonsomethingotherthanthebirds.

3.5.2 Dai et al.

Dai et al.'s paper[DSC95] wasoneof the �rst techniquesthat attemptedto modelfeathers.They model

the initial structureof thefeatherandprovideda methodfor constructingtextureswith feather-like pattern

elementssuchaseye-spotsandriver-stripes. They usean iterative approachusingcomplex mapsto both

createthefeathertextureandthefeatherstructure.
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The texturesynthesisfocusedon simulatingtwo particularcharacteristicsof featherpatternscom-

monto Galliformes:eye spots(foundon thetail feathersof peacocks)andriver stripe.They usea complex

polynomialmapandNewton'smethodasaniteratorto convergeto therootsin amaximumnumberof steps

or within a threshold.Theconvergenceis colourmappedusingdistancewith therationalrootsforming the

eye spotscentresandthecomplex rootsforming theriver stripes.Theresultingpatterncanbe tailoredby

initially de�ning thepatternwindow andcomplex rootswithin it.

Thefeatherstructureis formedby interactively specifyingparameterssuchasbarblengthf bl, barb

anglef ba, anglevariationduringbarbpropagationf bpa, lengthvariationbetweentwo barbsf r l andnumber

of barbulesf bn. Thefeathershapeis drivenby thenext propagatingorientationde�ned asµpo = f bpa £ f ba

wheref bpa = au2 + bu+ 1, where0 · u · ¼. They theninterpolatethevaluesof aandb linearlywith time

betweentwo userde�ned boundsa0 to a1 andb0 to b1 to produceasetfunctionswhichde�ne thesmoothly

alteringanglesin barbpropagation. A �x edf ba meansthat theangleof thebarbwith respectto therachis

is constantfor all barbs. They useda generalizedcylinder whosepolygonaltessellationwas dependent

on view distancefor therachis,line segmentsfor thebarbsandtrianglesfor thebarbules. They adjustthe

polygonalresolutionof therachisaccordingto cameradistance.They thentexturemapthe2D planarfeather

usingtheir unlimitedtextureresolutionpreviously produced.While Dai et al.'s modelprovidesa particular

startingpoint for feathermodellingit doesnot addressany of the issuesof feathercoatmorphogenesisor

handlecollisionsor skinmovement.

3.5.3 Non-photorealisticFeathers

In the animatedshortFor the birds from Pixar, the focuswas the birds. The birds wereportrayedwith

realisticbehaviours andmotion including individual feathermovements,but asvery cartoony characters.

The feathercoatwascomposedof individually modelledfeathers,not a texture-mappedsurfaceandthere

wasa greatdealof animationof thefeathers[Rob01]. Robertson[Rob01] statesthat“the biggesttechnical

challengefor the animators...werein making the contactsbetweenthe birds work and in animatingthe

feathers”.

Theproducersrecognizedthat the featherrealism“just addedthatelementof birdieness”[Rob01]

andhencewasworth theextra computation.Thefeatherswerevery short,planar, texture-mappedsurfaces.

In orderto increasethe elementof birdieness, geometrywasaddedto softenthe shingle-like feathersto

make certainareasappearmoredowny andfuzzy andto createhairy edgesandsilhouettes.To createthis
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look they addedlittle spheresmappedwith hairandtransparency texturesin choicelocations.In additionto

makingthefeatherslook soft, theproduceralsorequestedthatthey haveshinesincethescenetookplaceon

ahotsummerday. Robertson'sarticledoesnotdiscloseany moredetailsaboutthis topic.

Anothertechnicalchallengethatpresenteditself with this work wastheability to �x baldspotsand

to handlecontactsbetweenbirds. Whenbirds' faceswereanimated,thesurfaceof thebird oftenstretches

causingbald areasin the feathercoat. Pixar �x ed this by simply creatingcopiesof local feathersand

randomlydistributing themwithin the bald spot. Sincemuchof the shortrelieson the birds looking like

they are“squishedtogether”interpenetrationof feathersand/orbodieswasnot an option. Pixar handled

this issueby creatingdiscshapedcollision detectionwidgetsthatwereplacedbetweenthebirds thatwere

ultimatelyshapedandanimatedby theanimators.As far asis known mostof theanimationof thefeathers

andbirdswasdonemanuallyby theanimators.Theanimatorsinitially workedwith guidefeathersthatwere

geometricallysimplerandsmallerthanthe�nal feathers.As Robertsonstateseachbird had2873feathers.

3.5.4 Concurrent PhotorealisticFeathers

In parallel to this thesiswork, therehasalsobeenwork on creatingphoto-realisticfeathers[FW01] and

feathercoats[EAB+ 02] [CXGS02]. Sincemodellingrealisticfeathercoatmorphogenesisis thegoalof this

thesis,this previous work is mostapplicable.Two of the main contributorsin this areaareSonyPictures

ImageworksandMicrosoftResearch Asia.

SonyPicturesImageworks

Sony hasbeenworking on feathersover the pastfew yearsfor their 2002releaseof StuartLittle 2 which

starreda mouse,Stuartandtwo birds: an AmericanGold�nch asthe heroine(Margalo) anda Peregrine

Falconas the villain. The movie includedclose-upshotsof animatedbirds andmoving feathers.From

previous movies they haddevelopedan extensive hair modellingandrenderingpipelineandpartsof this

pipelinewereusedfor their feathers.

Theindividual feathersweremodelledusingNURB patches.They have a few hundredparameters

to controlthestructureandrenderingpropertiesof eachfeather[EAB+ 02]. Thisincludedthingslikeapplied

texture maps,lengthandcurve of the feather, breakupor splitting andtransparency. They distributedthe

feathersover thesurfaceof themodelusingtherepulsive forcemechanismof Witkin andHeckbert[WH94]

with an alterationof beingable to vary the densityof the follicles over different regionsof the surface.
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The featherdirection,orientation,twist andgroomingwereall controlledusinghundredsof key curves.

Interpolationbetweenthesecurvesgeneratestherestof thefeathercoat(approximately3000feathers).By

manuallyeditingthesecurves,thefeathercoatis ableto begroomed.Feather-to-featherandfeather-to-body

collisionsareresolvedmanuallyusingthesekey curvesin astaticmodelposition.

Oneof thebiggesthurdlestackledby the Imageworks teamwasto prevent interpenetrationof the

feathersduringanimation. It wasnecessaryto have feathersslideover oneanotherwithout piercingeach

otheror endingup in the wrong order. To handlethis they developeda oneandtwo dimensionalvolume

deformationtechnique.Sincethe key curveswhereanimatedwith the model,therewerepossibilitiesfor

incorrectfeatherdirectionsor featherinterpenetrationswith eachotheror the model. The volumedefor-

mationinformationstoreda heightdisplacementfor eachcontrol vertex from the surfaceandthe closest

surfacelocation,so thatasthemodelis animatedthe feathersstayedalignedwith thesurfaceof theskin.

While thissolvedinterpenetrationwith theskin it did notsolve interpenetrationwith neighbouringfeathers,

soa secondsetof volumedeformationinformationstoredhow closeadjacentcontrolverticeswereto each

controlvertex of eachfeather.

They thenenhancedthe realismand“cuteness”factorof their resultsby addinghairs in-between

featherswhererequiredandmakingmanualadjustments(includingplucking feathers,manuallycombing,

handanimationandblendingstaticeffects). The featherswhereshadedusingtheRenderManR° 3 shading

languageemploying ananisotropiclighting modelandsomeextraback-lightingeffects.Thefeathertextures

weregeneratedbothprocedurallyandhandpainted.Eachbird requiredabout200key curves.Margalowas

completewith 3,082feathersandapproximately70,000hairsandtheFalconhad3,241feathersandaround

7,000hairs.

While the resultsof their techniquearegood,a lot of manualinterventionwasrequiredaswell as

theadditionof hair. UsingNURB patchesto modeltheir feathersrestrictsthetypeof featherthey canmodel

(e.g. they cannotcreatedown which perhapsexplainstheuseof hair) andtheir modeldoesnot allow and

wasnot intendedfor, modellingof feathercoatmorphogenesis.

Micr osoftResearch Asia

Chenet al. [CXGS02] recentlypublisheda methodfor modelingandrenderingof realisticfeathers.Their

methodwas basedlargely on the fact that the featheris a naturalbranchingstructureand henceuseda

3RenderManis a registeredtrademarkof Pixar
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Figure3.1: Two imagesfrom Chenetal.'s[CXGS02] work onmodellingandrenderingfeathers.Left: Someexample
feathers.Right: A featheredEagle.Theseimageswereobtainedfrom theauthorsandusedwith theirpermission.

methodcommonto computergraphicsfor modellingplants,L–systems. A featherwasmodelledusinga

setof � ve curvesto de�ne the shapeof the feather: rachiscurve, left andright barbcurvesandleft and

right outlinecurves.They thenassumethat theshapesof all barbcurveson thesamesideof therachisare

identicalexceptfor their lengths.Thestructureof their featheris describedby asetof context-freeL-system

productionsof theform:

id : pred : cond ! succ

They useaparametricL-systemasfollows:

w : R(0)

p1 : R(i ) : i < N ! [BL (i; 0)][BR (i; 0)]R(i + 1) (3.1)

p2 : BL (i; j ) : j < M L ! BL (i; j + 1)

p3 : BR (i; j ) : j < M R ! BR (i; j + 1)

whereN de�nesthelengthof thefeatheraswell asthedensityof barbsoneachsideof therachis,while M L

andM R de�ne thelengthsof theleft andright barbsrespectively. This meansproductionp1 grows a small

bit of therachisandthenproductionsp2 andp3 grow theleft andright barbsrespectively, with production

R(0) constructingthe entirefeather. They thenintroduceforcesinto this systemto simulatesplits in the

feathervane. Thesplitsareplacedin locationswheretheaccumulationof a randomsetof forcesexceeds

somethresholdandthenthebarbis rotatedby a randomanglein thedirectionof theresultingforce.
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Their feathersare renderedusing a precomputedbidirectionaltexture function (BTF) of sample

geometryof thebarb/barbulestructures.They ray-tracethisgeometryof�ine andusetheresultingBTF asa

textureto alphablendwith thepatterntextureof thefeather.

The feathercoat is generatedby �rst re-tiling the polygonalmodelusinga variationof Turk's al-

gorithm[Tur92]. Again this is similar to themethodusedby SONY PicturesImageworks in that they use

repulsive forceson the surfaceto determinethe follicle distribution. They alter Turk's algorithmslightly

to vary the densitybasedon feathersizeratherthansurfacecurvature. They usea Gaussianradial basis

functionto determinetheareaof in�uence anduseDijkstra's shortestpathalgorithmto computedistances

on thesurface.Theuseris ableto controlthespatialextentandtheweightof eachbasisfunction.

Oncethefollicle locationsaredetermined,theuserplaceskey feathers andde�nesa growing direc-

tion at eachof theselocations.Fromthekey feathersandtheir growing directions,interpolationcomputes

feathersandgrowing directionsat all intermediatelocations. However, theseareonly the initial growing

directions. The �nal growing directionsaredeterminedusingan recursive collision detectionalgorithm.

Thecollision detectionis computedusinga simpli�ed versionof thefeathergeometry. A Vornoi region is

determinedaroundeachfeatherandonly the featherat the verticesof eachVornoi region areconsidered

candidatesfor collisiondetection.To furthersimplify thecomputation,only thosefeatherslying below this

featherareusedto computecollisions.Whenacollision is detectedthefeatheris rotatedslightly towardthe

surfacenormal.Thisprocessis repeatedrecursively until nocollisionsaredetected.

Again, theresultsthey obtainarequitegoodasshown in Figure3.1. However, dueto their chosen

approachin modellingindividual feathers,thetypesof feathersthatcanbemodelledarelimited (i.e. down

cannotbemodelled)andtheinternalshapeof thefeatheris limited becauseonly onecurvede�nestheshape

for all barbson onesideof the feather. The useof a recursive collision detectionalgorithmis fairly time

consuming(30minutesoff-line for abird with 3500feathers)andbecauseit is basedonsimpli�ed geometry

it is notexact.Finally, they toodonotprovideany mechanismfor simulatingfeathercoatmorphogenesis.

3.6 Summary

This chaptersummarizedprevious work with aspectssimilar to modelling feathercoat morphogenesis.

The interactionplacementand simulationof a large complex systemssuchas Deussenet al.'s ecosys-

tem [DHL+ 98] parallelsthe complexities of the feathercoatproblem. Also the interactive modellingof
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plantsystemsusingrulesandicons[LD96] andinteractivemodellingof hair stylesusing�uid �o w stream-

lines[HMT00], characteristichairs[IKVZ00], wispsor clumps[WS92, Bru98] andparameters[DTKT93]

is comparableto thecontrolandinteractionrequiredin feathercoatmodelling.As well, there�ection mod-

els of HanrahanandKrueger [HK93], Schrammet al. [SGM97] andHaaseandMeyer [HM92] simulate

many of theopticaleffectsfoundin feathers.However, noneof thesemodelsweredesignedfor feathersand

usingthemto modelfeatherswould beat minimumawkwardanddif�cult. Also, thereis no provisionsfor

handlingthecomplexitiesof featherarrangementsandmorphogenesis.
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ProblemScope,Goalsand Approach

The modellingof feathercoatmorphogenesisis a multi-facetedproblemasshown in Chapter2 andis a

relatively unexploredareaof computergraphicsasshown in Chapter3. In orderto solve a problemwith

theseattributesthescopeof theproblemmustbewell identi�ed. First, a setof modelexpectationsneedto

be made.This will identify what the �nal modelshouldbe capableof andwhat aspectsof the modelare

mostimportant.Second,a setof assumptionswill bemadein orderto reducethescopeof theproblemto a

manageablesize.Finally, this problemwill besubdividedinto addressable,possiblynon-distinctelements.

Eachelementof theproblemwill alsohaveade�ned scope.In thenext threechapterstheapproachusedto

solve themainelementsof thisproblemwill bediscussed.

4.1 Model Expectationsand Goals

As alreadyoutlinedin Chapter1 thegoalof this work is to designa modelof feathercoatmorphogenesis

for thepurposesof animatingthefollicle surfaceor skin. Thuschangein thefeathercoatmustbesimulated,

includingmovementof thefeathers,aswell asloss,re-growth andconsequentialchangein form andpattern.

Animationof the featherfollicles or feathersis necessaryfor creatingtheappearanceof changein overall

shapeor form. Thus,thegoal is to have the feathersrespondappropriatelygivenmovementsof a skinned

surface,but not to determinetheskinnedsurfacebasedon animationof theskeletonor appendagesof the

bird, which is aseparateareaof research.

To ensureunconstrainedcreationalpossibilities,theprocessof modellingfeathercoatmorphogene-
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sismustwork for a reasonablerangeof topologicalmodelswithout specializedspeci�cationof themodel.

Thus,not only would it bepossibleto placefeatherson modelsof birdsandothernaturalobjects,but pos-

sibly on any closedthree-dimensionalobject.Also in orderto ensurethat this approachcanbeusedeasily

with commonlyavailablepackagesthemodelis assumedto bea closedsetof polygonswith normalsand

nospecialproperties.Any otherunknown attributesof themodelwill beobtainedasparametersor inferred

from themodelitself. Thisallows for awidevarietyof packagesto beusedto createtheinitial inputmodel

to themethodology.

In computergraphicsit is importantto minimize the amountof time neededto createan object

or character, whethercomputationtime or usertime. Lesseningcreationtime increasesthe possibility of

modellingand/oranimatingin real-time,allows for moreobjectsor charactersto beincludedin a sceneor

morecomplicatedobjectsor characters.Time or computationthat is only neededoncein the initial stages

of designingtheobjector characteris normallynominalcomparedto thetime neededto createeachframe

of an animationor simulation. However, the goal of this thesisis not static oncedesigned. In fact the

feathercoatis composedof many individual segmentsthat caneithermove or changeappearance.Thus,

it is plausiblethat themodelchangescontinuously(possiblyframeto frameasin simulations),hencetime

neededto makechangesto themodelcanlargely impacttheresultingrateof creation.Thus,themodelmust

enableef�cient changeandmovementof thefeathercoat.

Finally, this ef�cient changeandmovementmustalsobecontrollable.As mentionedin Chapter1

thereis a trade-off betweenautomatinga potentially time consumingprocessandallowing for �e xibility

of the �nal result. Sincethe numberof structures(feathers)that will typically be usedis on the orderof

hundredsor thousands,individual control andpositioningof the feathersis unrealistic.Thus,the process

mustinvolve somesemi-automaticmeansof controllingthefeathersin a fashionthatis not cumbersomeor

timeconsuming.

Previousandconcurrentwork on feathersprovidessomeinitial results,however lacksautomation,

�e xibility anda meansto modelfeathercoatmorphogenesis.While Sony PicturesImageworks[EAB+ 02]

usescurves and surfacepatchesfor their feathermodelsand styling, their modelswere very parameter

(manually)intensive (i.e. on theorderof a couplehundredparameters)andmany of thearrangementand

orientationissuesneededto beresolvedmanually. However, their resultsarestunning.They did notattempt

to addressfeathercoatmorphogenesis.Work donerecentlyby Microsoft ResearchAsia [CXGS02] pro-

videdaslightly moreautomaticmethodfor bothmodellingandrenderingtheir feathers,however lackedthe
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�e xibility to modela wide varietyof featherstypesaswell aslackeda meansto modelfeathersgrown asa

resultof feathercoatmorphogenesis.

4.2 Assumptionsand Limitations

Optimizationof processesandmodelsoftenresultin compromises.For instance,incorporating�ne detail

commonlyrequiresmorecomputationthus trading-off amountof detail andprocessef�ciency. Thus, in

designingthe modelcertainassumptionsmustbe madein orderto allow for optimizationsin otherareas.

Theseassumptionsandlimitationswill bespeci�edwith respectto thefeathercoatmorphogenesisproblem

in thecontext of theprinciplesof naturalphenomenamodelsasoutlinedin Chapter1.

4.2.1 Level of Detail

The level of detail desiredcanaffect the entiredesignof the model. For instanceif only a very speci�c

limited level of detail is neededthenmany optimizationscanbe madeto take advantageof this fact, and

thus increaseperformance.However, if the level of detail desiredis variable,often not only are these

assumptionsimpossiblebut muchcaremustbetakento ensurethepreservationof multiple levelsof detail.

A naive solutionto modellingfeatherswould be to model the geometryof every structureright down to

the substructurein barbsandbarbulesto ensurerealisticresults. For a few feathersthis may seemlike a

reasonableapproach,but for anentirefeathercoator possiblymultiple feathercoats,this muchgeometry

would requireanunreasonableamountof resources(e.g.computationtime,memory, andprocessorability)

makingthisapproachseemlessthanadequate.

The goal of this work is to simulatethe appearanceof feathercoatmorphogenesis.The level of

detailchosenfor thiswork canbethoughtof asthefeather. At ascalewhereanindividual featheris notdis-

cerniblefrom therestof thefeathercoatsomemodi�ed form of atexturemappingapproachwouldprobably

beagoodtrade-off betweenthequalityof resultsandcomputationalef�ciency. Thustheconcentrationis on

meso-scopicstructuresof thefeather, wheremeso-structureshavesize0.1–10mm. While modellingmicro-

scopicsubstructure(i.e. lessthan0.1mm.,barbulesandbarbicels)is necessaryfor creatingthecolouration,

it is notalwaysvisible to thenakedeyeandis not requiredin the�nal model,but maybemodelledinitially

andusedin therenderingstages.Sothetargetedlevel of detail for this work will befor mid to closerange

(excludingmicroscopic)viewing of thefeathercoatfor a smallgroupof birds. In this range,texturemap-
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ping is notadequateandfeathergeometryis necessarybecauseindividual feathermovementsandstructures

arenoticeable,but methodsthatderive texturefrom geometry[DG94] maybeusedat theboundariesof this

viewing range.

4.2.2 Object-Speci�c Models

As mentionedin Chapter1, usingagenerictechniquefor modellingthecharacteristicsof asurfaceis some-

timesnot adequate,but precisegeometricmodellingof the entireobject causesa complexity explosion.

Modelling of feathercoatsand more so, feathercoat morphogenesis,is exactly one of thoseproblems.

Thus,methodsthat take advantageof thespeci�c attributesof thestructure,suchasregularity andknowl-

edgeof thehow thestructuredevelopscanbeusedto constructa object-speci�cmodellingtechnique.This

approachwill beusedin orderto optimizetheresultsandtheef�ciency of thetechnique.

Onedownsideof creatinganobject-speci�cmodelis thatit is oftenlimiting in its applications.The

modellingof feathercoatmorphogenesishastwo maincomponents:modellingof feathersandmodelling

of the feathercoat. While thesetwo componentsarenot distinct, they canbedesignedseparatelyto allow

�e xibility in the methodology. Modelling of the feathersinvolvesdevelopinga parameterizationfor the

feathersthatallows interpolationbetweentypesandagesof feathers.Modellingof thefeathercoatinvolves

modellingthe placement,orientationandarrangementof the structuresin orderto form the feathercoat.

Although, the feathercoat modellinghandlesthe distribution andmovementof the feathers,the feather

structurecould theoreticallybesubstitutedfor any objectwith similar form andmovementor motion like

bladesof grass,leavesor any cutaneousappendages(e.g. hair, fur, scales).Thus,while themodelwill be

featherspeci�c, incorporationof othersubstructuresis plausible.

4.2.3 Emergence,Control and Ef�ciency

As alreadymentioned,anemergentsystemis onewherecomplex structureresultsfrom a relatively small

numberof parameters.While it is desirableto minimize manualmodellingandmaximizeef�ciency and

simplicity of themodel,it is alsonecessaryto maintain�e xibility , controlandpredictabilityof theresults.

Controldoesnotmeanthattheuserspeci�esa largesetof parametersbut ratherthatauseris ableto create

whatthey desire.

In orderto facilitateusercontrolandef�ciency aswell asemergence,a minimal setof parameters

is speci�ed at the beginningof the simulation. During the simulationan automaticprocessrunsallowing
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theuserto stopandrestartthesimulationat any point. Thedevelopmentof the�nal structureis automatic

basedon themodelat theparticulartimewith theparticularsetof userspeci�edparameters.

4.2.4 Input and Output of the System

As previously mentionedthe input is assumedto bea setof polygons(possiblywith normalinformation)

anda setof userspeci�edparametersto tailor themodel.Oneassumptionmadeaboutthemodelis thatthe

surfaceareais proportionalto thenumberof follicles or sizeof follicle region. This meansthatif polygons

grow (shrink) in sizedueto movementof themodel,this correspondsto theskin stretching(relaxing)and

thefollicles will simplybespread(compacted)apart(together).Theadditionof polygonswouldcorrespond

to theadditionof apatchof follicle-lessskinwhich is unrealisticandthereforewill notbeconsideredin this

model.Thesecondassumptionis thatthemodel'ssurfacehassomemaximumcurvaturewith respectto the

polygonresolution.Sincesharpedgesdo not exist on thesurfaceof animalstheskin modelis assumedto

have boundedcurvature.Otherthanthis restriction,themodelmustberobustenoughto handlemodelsof

any topology. Theonly othersurfaceabnormalityto handle,is skin creasesor folds. Thesewill behandled

asthey arein the real world; if the skin hasa cutaneousappendageattachedto it andthe skin folds, the

appendageneitherdisappearsor shrinks,but simplystaysattachedat thesamelocationon theskin.

The featherarrangementalgorithmis automatic.The feathersareassumedto alwayslie naturally

given thebodyaxis. They will adjusttheir directionandorientationto accommodatemovementandsitu-

ationssuchascreasesandchangein curvature.Not only do differenttractshave variousdistributions(see

Chapter2), but differentdistributionsmay be desiredby the modellerto createvariouseffects. However,

the follicle locationis �x ed to somelocationon the skin, which may or may not move in relationto the

skeleton,but this is outsidethescopeof thiswork.

Finally, theoutputof thesystemis meantto beusedwith any commercialrenderingpackage.As

a postprocessingstageto the model,certainphysical surfacecharacteristicsmay be convertedto typical

renderingparametersto beusedwith any “off-the-shelf” renderer.

4.2.5 Other NecessaryModel Attrib utes

In additionto level of detail,objectspeci�city, controlv.s. ef�ciency andinput/outputcharacteristicsof the

approachtherearetwo otherattributesthat mustbe consideredin designingthe model: inclusionof time

anduseof stochasticelements.Sincethe goal is to modela changingresult the inclusionof time in the
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methodologyis imperative. Many of theparameterswill vary continuously, requiringa mechanismof both

trackingandstoringthevariationaswell asinterpolatingbetweenvariations.

4.3 ProblemSegmentation

Thegoalof this researchis to simulatethechangesin appearanceof the feathercoat. Thecomponentsof

feathercoatmorphogenesisthatmostcontribute to changesin appearancehave beenidenti�ed as: feather

structure,featherarrangementandfeatheralterations(seeChapter2). The featherstructureidenti�es the

typeof featherspresentandcontributeslargely to theoverall appearanceof thecoat. Thefeatherarrange-

mentde�nes both theshape(form) andpatternandsoalsocontributeslargely to theappearance.Finally,

featheralterationsde�ne bothwhenandto whatextent the featherstructure(evolution from pin featherto

�nal state)andarrangementchangeover time dueto growth andmovementof the skin andthus, is also

necessaryin capturingchangesin appearance.This problemcanbethoughtof asbeingcomposedof many

sub-problems(i.e. elements)belongingto thesethreemaincomponents.Eachelementcanbethoughtof as

eitherstaticor changing,in thesensethat thestaticelementsdo not changeonceformed(e.g. a feather's

structureor colour)andtheothersarecontinuouslyevolving (e.g. feathergrowth). A roughcategorization

of elementsis shown in Figure4.1.

Thesethreemain componentsare non-distinctin the context of the feathercoat morphogenesis

problemandmustbe consideredin this context. The featherstructure(andcolour) coupledwith feather

growth formsindividual featherpatterns.This coupledwith thefeatherarrangementconstructsthefeather

coatpattern.And �nally , thefeathercoatpatterncoupledwith thefeatheralterationscomponentformsthe

morphogenesisof thefeathercoat.Thethreemaincomponentsandtheir scopesarediscussedbelow.

4.3.1 FeatherStructur e

The�rst component,featherstructure,involvesmodellingthesubstructureandits variationsof thefeather.

Sincethesevariationsde�ne differentfeathertypes(seeChapter2), this componentinvolvesmodellingof

different typesof feathers,which requirescreatinga parameterizationthat de�nes the physical structure,

shape,sizeandcurvatureof eachfeathertype. Theparameterizationmustallow for interpolationbetween

the feathertypesandfeatheragesby interpolatingelementsof theparameterization.Colourof the feather

mustalsobemodelled,but developmentof individualfeatherpatternsis atopicof researchin developmental
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Feather Morphogenesis
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- Feather Structure Component
 - Feather Arrangement Component
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 Automatic

Adjustment

 Interactive

Adjustment

Figure 4.1: Breakdown of FeatherCoatMorphogenesisProblem.

biology and is outsidethe scopeof this thesis. Thus, the featherstructurecomponent(seeFigure 4.1)

includesthe modellingandparameterizationof structure including substructure,curvatureandshapeand

thecolour. In addition,aswill beoutlinedin Section4.3.3, the featherstructureparameterizationmustbe

extendableto parameterizingthe growth of the feather. Thus,this alterationaspectmustbe built into the

structuralparameterization.

4.3.2 FeatherArrangement

Modelling thefeatherarrangementis thesecondcomponent.This includesthefollicle distributionwhich is

�x edonceit is established,aswell asthefeatherorientation. Thefollicle distributionmustbeaccuratelyand

consistentlyidenti�ed on thesurfaceof themodel. A smallsetof parametersmustexist to controlvarious

typesof follicle distributionsfor thevariousregions,typesandagesof thebird. A methodof bothde�ning

thepterylaeregionsandthedistributionswithin themis needed.Oncethis distribution is de�ned it is �x ed

in relation to surfacelocation. The methodof mappingthe distribution to the surfacemustbe scalable.

The featherorientationmustde�ne both a directionof featheraxis andthe rotationof the feathertoward

thesurface.Theorientationmustallow for thecoverageof apteriaregionsby feathersof theneighbouring

pterylaein a reasonableway. This part of the problemwill involve devising an algorithmfor automatic
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arrangementor lay of thefeathers(orientationanddirection)giventhesetof follicles andthesetof feathers

onthesurface.Thefeatherarrangementalgorithmmustaccountfor feather-to-featherandfeather-to-surface

collisionsandinterpenetrationsfor astaticmodels.

4.3.3 FeatherAlterations

Finally, thethird component,featheralterations,incorporatesbothof theabove componentsin a changing

environment.Thiscomponentinvolvesspecifyingamethodologyfor how thefeathercoatevolvesover time

bothdueto growth andmovement.It hasthreeelements:feathergrowth, featherreplacementandfeather

rearrangement. Thefeathergrowth elementwould identify how a featherchangesover time. This element

usesthefeatherstructure,parameterization,andcolourationandinterpolatestheparametersover time. The

growth methodusedmustbegeneralenoughto simulatethegrowth of any feather, with any structure,or

for thatmatter, any cutaneousstructure.Thesecondelementto this componentis featherreplacement.It

is independentfrom structureandarrangementin that it identi�es timing, frequency andorderof feather

loss/regrowth from variousregionsonthesurface.It musthowever, triggerthefeathergrowth processwhen

needed.Finally, thethird element,featherrearrangement,de�neshow thefeathercoatrespondsto changes

suchasfeathergrowth, replacement,alterationsof thesurfaceor skin. Thefeatherdirectionandorientation

mustchangegivenchangesin feathertypeandsizeaswell aschangesto surfacecurvatureandtopology, but

thefollicle distributionmuststay�x ed.Also, theremustbeamechanismfor alteringthelay of thefeathers

accordingto userinput. Birdsoftenruf�e or lift theirfeathersto preen,cleanor to exhibit variousbehaviours

(e.g.a frightenedPeacock).In orderto createchangesin form andappearanceof thefeathercoattheability

to alter the lift of the featheris necessary. This elementwill usethe featherarrangementalgorithm of

componenttwo, alongwith additionalinformationto bothautomaticallyandinteractivelyadjustthefeather

arrangement.

4.4 Main Contrib utions

The main contribution of this work to the areaof computergraphicsis a methodologyfor de�ning and

managingan intricate,geometricallycomplex surface,that is bothdiverseandconstantlychanging,in the

context of feathermodelling. The solution is the proposed�e xible, versatileand ef�cient methodology

for modellingfeathers,feathercoatsandfeathercoatmorphogenesis.While theproposedapproachis not
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biologically exact,it doesprovide a biologically basedinitial modelfor assistingin visualizationof feather

structure,growth andfeathercoatmorphogenesis.

4.5 Summary

This chapterdetailsthescopeandgoalsof the feathercoatmorphogenesisproblem. Thescopeandgoals

wereoutlined�rst in thecontext of naturalphenomenamodelsoutlining thelimitations,thedesiredlevel of

detail,thedegreeof objectspeci�cness,balanceof emergence,controlandef�ciency aswell astheinputand

outputto theproblem.Theoverview of theapproachwasoutlinedby dividing theprobleminto threenon-

distinctcomponents:featherstructure,featherarrangementandfeatheralterations.Thenext four chapters

will outline the integratedsolutionsto thesethreecomponentsandcomparethedetailsof theapproachto

previouswork. Chapter 9 will show resultsof this feathercoatmorphogenesismethodologyaswell asa

comparisonwith currentresearchresultsandrealfeathers.
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5

Modelling FeatherStructur e

The featherstructurecomponentasoutlined in the Chapter4 encompassesmodelling the physicalprop-

ertiesof the feathernamelyall structuresandsubstructuresaswell ascolour andgrowth of the feather.

Modelling of thephysical substructuresof the featheris necessarygivenour1 goal to simulatechangesin

form andour chosenlevel of detail - the feather. Two aspectsof physical form thatmustbeaddressedare

theparameterizationof structurein orderto createvaryingfeatherstructuresandsurfacegeneration given

thestructuraldescription.Also, in orderto constructthefeathercoata representationfor thewidespectrum

of feathertypesandsizesis required,asoutlinedin Chapter2. Sincethesevariationsin substructureand

consequentiallyfeathertypecontributelargelyto theappearanceof thefeathercoatthey mustnecessarilybe

partof our model.Obviously, manualmodellingof theentirefeathercoatwould betoo tedious.However,

if a parameterizationof the featherproperties(e.g. substructure,curvature,sizeandshape)is constructed,

thenavarietyof featherscouldbeproducedby alteringasmallnumberof parameters.

5.1 Basisfor Featherparameterization

As outlinedin Chapter3, utilizing a smallsetof parametersto producecomplex structuresis oftenusedin

modellingof naturalphenomena.Sinceourgoalis to simulatethestructureanddevelopmentof thefeathers,

biologicalstructuralmodelswereusedasabasis.

L-systems[PL90], aspreviously mentioned,have beenusedfor modellingboth the structureand

1The restof the thesisis written in the active voice. Our is usedto meanthe authorandthe readerin order to
includethereaderin thediscussionof thedevelopmentof themethodology.
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developmentof many differenttypesof branchingstructuresincludingplantsandtrees,andmostrecently,

feathers.L-systemsaredesignedto createcomplex structureswith variablebranchingmechanisms.Rules

areusedto specifythebranchingtype,thenumberof branches,thelocationandfrequency of thebranches

andangleof thebranches.L-systemshavealsobeenusedto correlate�nal shapewith growth rates [PL90,

p. 123-126].Feathers,asnoted,arecomposedof multiple levelsof branchingbarbsandbarbulesandhence,

theuseof L-systemsseemsnaturalfor thisproblem.

In the pastyear, recentwork hasbeendoneto model featherstructureusingL-systems.Chenet

al. [CXGS02] from Microsoft ResearchAsia proposeda productionbasedsystemasoutlinedin Chapter3.

However, feathersarevery regularmonopodial[PL90, p. 70] branchingstructures,wheretheangle,length

andnumberof thebranchesareessentiallyuniformovertheentirefeatherandthustheoverheadfor specify-

ing variationis not needed.Also, asstatedin Chapter2, sincefeathergrowth occursproximally at thebase

ratherthanthroughoutthestructureor distallyat theapicalends,thefunctionalityof brancheselongatingto

simulateplantgrowth is not needed.Finally, if shapeor form is de�ned indirectly by a setof productions

or rules,thenit is not clearhow smoothinterpolationbetweentheseforms canbe obtainedasis required

with feathertypes. Chenet al. [CXGS02] overcomethis problemby de�ning a boundingcurve for the

silhouetteedgeof the feather. As recognizedby Chenet al. [CXGS02] L-systemsarea valid option for

modellingfeathersandfeatherstructure.Chenet al. [CXGS02] did not attemptto modelgrowth or feather

coatmorphogenesis.ThereforeusingL-systemsfor their modelswasappropriate.However, our initially-

proposedgoalof specifyinga setof simpleparametersfor eachfeathertypeandinterpolatingfor various

typesandagesof feathersseemsmoreapplicableto theregularityof thefeatherstructureaswell asgrowth

andmorphogenesisandthusis theapproachtargetedin thiswork.

Dai et al. [DSC95] introducea techniqueto model feathersof a speci�c family of birds with a

functionalsetof parameters.They usea setof parametersfor rachislength,barblength,barbangle,anda

functionfor curvatureof thebarbs.However, thecurvatureof thebarbis only two-dimensional,thereis no

wayof specifyingrachiscurvature,andno provision is madeto simulateasymmetry. While their technique

providesgoodinitial results,becauseof theway they iteratively grow their barbs,thereis little controlover

the �nal shapeor the featherlimiting their resultsto only a few feathershapesandlimited feathertypes.

Sincethe characteristicsseparatingthe varioustypesof feathers(asoutlinedin Chapter2) arethe length

of rachis,barbsandbarbulesandthe interlockingnatureof the barbules,a parameterizationthat includes

thesecharacteristicsis necessaryfor creatinga modelfor a wide rangeof feathertypes. Our approachto
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Structure Parameter Variable

calamus length cl

width-ratio cwr

rachis length r l

basewidth r w

curvatures r lc, r vdc

barb length l
left vaneangle vl

ba, vl
ta

right vaneangle vr
ba, vr

ta
spacing spb, spt
# key barbs m
setof key barbs B j ; f8 j j0::mg

8 Key barb # controlvertices n
controlvertices cvi ; f8 i j0::ng
positionon rachis r p

Table5.1: List of parametersin ourmodel

modellingfeatherstructureutilizesa setof parametersvaguelysimilar to GelderandWilhelms's [GW97]

fur modellingandDai et al.'s [DSC95] feathermodelling,extendingDai et al.'s work to allow for a more

generalmodelof bothfeathertypeanddevelopment.

Our feathermodelemergesfrom theneedto have anintuitive setof biologically-basedparameters

with boththe�e xibility to createa wide rangeof feathertypes,andthesimplicity to generatethousandsof

uniquelystructuredfeathers.Themainaspectis basedonkey representationsatmultiple levelsof detail.An

individual featheris designedusingasetof parametersdescribingthelengthandcurvatureof therachis,the

lengthandangleof thebarbs,anda setof key barbsfor thevanecurvature.Thecurvatureof intermediate

barbsis speci�ed by interpolatingthe key barbs. Theseindividual feathersarethenusedaskey feathers

in thedesignof thefeathercoat,by interpolatingthis parameterizationto createintermediatefeathers.The

parameterizationandinterpolationof theparametersarediscussedbelow. Furtherconstructionof thefeather

coatis discussedin thenext chapter.

5.2 Our Parameterization of Indi vidual Feathers

Ourparameterizationis basedonthebiologicalstructureof thefeatherasoutlinedin Chapter2. The

two mainstructuresmodelledaretheshaftandthebarbs.Theafterfeatheris modelledasasecondaryfeather
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attachedto themainfeatherandhasthesameparametersetasthemainfeather. Thesetof parametersused

areshown in Figure5.1 andarefound in Table5.1. The calamushaslengthcl andwidth-ratio cwr . The

rachishaslength r l , basewidth r w , and two curvatures: side-to-sideor lateral r lc, and front-to-backor

ventral-dorsalr vdc. The rachistip is assumedto form a point andthe calamuswidth is computedso that

thereis nodiscontinuitywheretherachisandcalamusmeet.

Figure 5.2 shows the implicationsof someof theseparameters.All feathersin this imagehave

constantbarblengthanddensityaswell as,onekey barbnearthebaseandadefaultkey barbat thetip. The

two leftmostfeathersshow alterationin rachislengthr l andrachiswidth r w . The two rightmostfeathers

show alterationsin rachiscurvaturebothlateralr lc andventral-dorsalr vdc.

rw

vl
ba

vr
ba

cl

r l

vr
ta

spt

spb

vl
ta

cwr

Figure 5.1: Illustration of the parametersof
ourmodelfrom Table5.1.

(a) (b) (c)

Figure5.2: Feathersillustratingdifferentparameters.All feathers
haveconstantbarbdensityandlength,aswell asonekey barbnear
thebaseandthedefault key barbnearthe tip. (a) tall thin rachis
r l ; rw , (b) shortfat rachisr l ; rw , (c) sideandfront view of rachis
with lateralanddorsal-ventralcurvature.

Thevaneis modelledby a collective setof barbs.A selectsetof m key barbsis speci�edandfrom

thesethe restof thebarbsaregeneratedby interpolation.Eachkey barbB j ; j = 0; 1; : : : ; m hasa setof

n control pointscvi ; i = 0; 1; : : : ; n anda locationalongthe rachisr p 2 [0; 1]. The Euclideandistance

betweencv0 andcvn is clampedto [0; 1] andonly thecontrolverticesneedto bestored,asthere�ned curve

is computedat run-time.Theseremarkswill beexplainedfurtherin Section5.2.2. A secondbarbparameter

is the baseangleba andtip angleta which de�ne the anglesof the barbsto the rachisat the rachisbase
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andtip in theplaneof thevane.Therearetwo setsof theseanglesde�ning theleft (v l
ba, vl

ta ) andright (vr
ba,

vr
ta ) vaneasshown in Figure5.1. The barbangleis then linearly interpolatedat run-time. A third barb

parameteris the spacingalongthe rachis. Thereareboth a basespacingspb anda tip spacingspt with a

linearinterpolationin-between.Thespacingis symmetriconbothvanes.

The �nal parameterin determiningthe shapeof the featheris the lengthof the barb. This canbe

constantor de�ned by a setof silhouetteboundarypoints. The speci�cation of the silhouetteboundary

pointsis similar to the approachtaken by Chenet. al. wheresilhouettecurvesarede�ned. Sincein our

model,thebarbsarespeci�ed ascurves,a simplescalingof theparametriccurve is usedto bothmaintain

thecurvatureandcontrolthelengthof thebarbsandhenceshapeof thefeather.

Somefeathers,suchasprimary�ight feathersdonothavesymmetricleft andright vanes.Thus,it is

importantto beableto createasymmetricvanes.This is donein our modelby having parameterseparation

of the left andright vanes.By beingableto specifyseparatekey barbsfor thesevanes,aswell asseparate

branchingangles,dramaticallyasymmetricfeatherscanbecreated.An examplevaryingthebarbangleand

key barbcurvatureto createa primary-like �ight featheris shown in Figure5.4. Notethedecreasein angle

betweentherachisandbarbsat thebaseof theright vane.

5.2.1 Inter polation

Interpolationis animportantaspectof our featherandfeathercoatmodel.It is usedat threelevelsof detail.

Interpolationis usedto generatehundredsof barbson a featherin real-timewhile only storingthecontrol

verticesfor a few key barbs.Interpolationis alsousedto generateasmoothtransitionbetweenfeathertypes

andbetweenfeatherages. Finally, using thesesmoothtransitions,a collectionof featherswith realistic

variationscanbecreatedfrom only a few key feathers.Below, thedetailsof the interpolationto createthe

intermediatebarbsandthevariationin feathertypesandagesis presented.Detailsof creatinga feathercoat

from key feathersarefoundin Chapter6.

5.2.2 Inter polation Within a Feather - Barb Generation

Whendesigningthe feather, only key barbsarespeci�ed to de�ne the curvatureof the vane. Any barb

branchingfrom therachisbetweenkey barblocationsmustbeinterpolatedfrom thekey barbsfoundimme-

diatelyaboveandbelow thebranchlocation.Thus,if B a is thekey barbfoundaboveandB b is thekey barb
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foundbelow abarbbk , thenbk wouldbeaBéziercurvede�ned by thesetof n controlverticesbk
cvi

:

8i 2 f 0; 1; :::; ng : bk
cvi

= (1 ¡ t)B a
cvi

+ tB b
cvi

(5.1)

where,t = (bk
r p ¡ B b

r p)=(B a
r p ¡ B b

r p). This is a linear interpolationbetweeneachof thekey barbscontrol

vertices,wheretheinterpolationparametert is normalizedto thedistancebetweenthetwo key barbs.Since

many featherbarbsaresimplyusuallyquadraticandsometimescubic,n = 4 is oftensuf�cient.

In theabsenceof a key barbbelow, a default key barbB df 1 is usedandis de�ned asfour randomly

generatedcontrolvertices.Therandombarbis constructedby addinga smallamountof randomnessto the

locationof four evenly spacedcontrolverticesalonga straightline. Thenrandomdisplacements[-0.5..0.5]

areaddedto thesecontrolverticesto offsetthemin two dimensionsfrom theline with aweightingfactorto

increaserandomnesstowardthetip of thebarb. This simulatesthenaturalincreasein displacementtoward

thetip of thebarb. If thereis no key barbde�ned above, a default key barbB df 2 is usedandis de�ned as

a curve with slight front-to-backcurvature. Thesetwo default key barbswerechosensincemany feather

typeshave a plumulaceousbaseandpennaceoustip. If thereareno key barbsde�ned at all, thenB df 1 is

usedgiving the impressionof anentirelyplumulaceousfeather(i.e. down feather).The locationsof these

default barbsarealwaysat thebaseandthetip of thefeather. All intermediatebarbsaregeneratedasusual.

Finally if thenumberof controlverticesof the two barbsto be interpolateddo not match,thenthe

curve with thelessernumberis simply elevatedusingthefact [RC96] thata Béziercurve of degreen with

controlverticescv0; cv1; : : : ; cvn canbeelevatedto degreen + 1 by �xing theend-points(cv0
0 = cv0, and

cv0
n+1 = cvn ) andcomputingtherestas:

cv0
i =

i
n + 1

cvi ¡ 1 + (1 ¡
i

n + 1
)cvi , for i = 1; : : : ; n:

Oncethe barbcontrol verticesareobtained,they arescaledby the lengthof the barb. With a Eu-

clideandistanceof onebetweencv0 andcvn the relative curvatureof the vaneis maintainedthroughthe

scale,but whenthedistanceis lessthanonethebarbsscalenon-linearlywith respectto eachother. Thiscan

beusedto creatediscontinuitiesin thevane.

Figure5.3showsexamplesof alterationsin barbspacing(spb, spt ) andvaneshapeusingkey barbs.

Theleftmostfeather(a) increasesin barbdensitytowardthetip. Thefeatherto its right (b) shows how key

barbscanalter theinternalshapeof thefeather. Thekey barbsareshown in thick blackon theright. Note

thelackof symmetryin thekey barbcurves,locationandnumber. Finally thefeatherin (c), showshow both

64



CHAPTER5. MODELLING FEATHERSTRUCTURE

(a) (b) (c)

Figure 5.3: Shapingfeatherswith key barbs. (a) Featherwith barbspacingvariation(spb, spt ). (b) Featherwith
variationin barbcurvatureandnumberof key barbs.Key barbsshown in blackon right. (c) Featherwith key barbs
creatingdiscontinuities.Key barbsshown in blackon right.

theinternalandsilhouetteshapecanbealteredto form discontinuitiesin theshape.This is doneby placing

two key barbsof varyingparametriclengthor curvatureimmediatelyadjacentto oneanother.

Figure5.5showssomenon-contour-like feathersconstructedusingourparameterization.Thedown

featheris anexampleof a featherwith nokey barbsandaveryshortthin rachisandcalamus.The�loplume

andbristlearespecializedfeathersandwereconstructedusingthekey barbson theright. Shapedatawas

alsousedfor thebristle.Comparethesewith Figure2.4

5.2.3 Acquiring the Parameters

A setof silhouetteboundarypointsfor determinationof the barblengthcanbe arti�cially constructedor

determinedfrom a �atbed scanof anactualfeather. In fact,usingimagesegmentationalgorithms,not only

canthebarblengthbeextractedfrom thescan,but alsotheplacementandcontrolpointsof key barbs,barb

spacingandbarbanglecanbeextracted.However, theventral-dorsalcurvaturewouldstill have to beadded

manually. An exampleof thescanningprocessis detailedin Chapter9.

Figure5.4 shows feathersusingshapedata. Theshapedataor contouris shown on the far left. A

featherwith no key barbs(exceptdefault key barbat tip) is to its right, followed by two featherswith a
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Figure 5.4: All thesefeathersareconstructedusingthesilhouetteshapedataon the left. Note thevariationin barb
angleof theright andleft vanesat thebase(vl

ba, vl
ta , vr

ba, vr
ta ). Left: Featherwith no key barb,Centre: Featherwith

key barbsshown in blackat centreright. Right: Feather(key barbsin black)with andwithoutsplitsin thevane.

few key barbsdistally andtwo featherswith a key barbat thebaseandtip. Thefeathersecondfrom right

resemblesa typical primary�ight featherstructure.Finally, therightmostfeatheris similar to this primary-

like�ight feather, exceptsplitsin thevanehavebeenaddedto simulatewear(seeSection5.2.5). All feathers

areorientedwith thevaneparallelto theviewing plane.Thevaneshave beenmodi�ed by varyingthebarb

angleat thebaseof theright andleft vanes(vl
ba, vl

ta , vr
ba, vr

ta ).

5.2.4 FeatherTypesand Inter polations

As outlined in Chapter2, a wide variety of feathertypesexist. Taxonomiescoarselycategorize feather

types;however, generallythereis acontinuumbetweenthesecategories.For instance,featherscanbefound

rangingcontinuouslyfrom down to semi-plumeto contour. Also feathertypesin differentphysicalregions

on a bird's body areoften blendedwherethe regionsjoin. Thus,it is desirablethat our parameterization

enablesblending.

Our parameterizationis designedto easilygeneratea continuumof feathertypessimply by linearly

interpolatingtherachisandcalamuslengthsandwidths,therachiscurvatures,thebarbanglesandspacing,

in additionto thekey barbinterpolationoutlinedin Section5.2.2. Thekey barbinterpolationacrossfeathers

is very similar to theinterpolationusedto generatethebarbswithin a singlefeather. First thekey barbsare

linearly interpolatedacrossfeathersto generatea new key barbsetthentheremainingbarbsaregenerated
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Figure 5.5: Bottom: Featherstructuregeneratedwith
our parameterization.Top Right: key barbsusedfor
feathergeneration(nonefor down). Barb lengthwas
speci�edwith a silhouetteshape.Comparethesewith
thefeathersin Figure2.4.

=)

Figure 5.6: Left: Two featherswith left vane key
barbs. Right: A featherevenly interpolatedbetween
the two on the left with new key barbs. Note the ad-
dition of extra key barbsat thetip to satisfymatching
requirements.

from thisnew key barbsetasoutlinein Section5.2.2. Wheninterpolatingbetweentwo featherswith varying

numbersof key barbs,thefeatherwith fewer key barbsis arti�cially in�ated until thenumberof key barbs

areequalasshown in Figures5.6 and 5.7. Figure5.6 shows the left vanekey barbinterpolationbetween

two feathers.Theonefeatheroriginally hadtwo key barbslabeledoneandtwo. Theotherfeatheroriginally

has� ve key barbs.Any extra key barbs(three)areaddedat the tip of the feather. Thecontrol verticesof

the extra key barbsmimic the shapeat this location(in this casethe shapeof the default barb). The key

barbsarethenmatchedfrom baseto tip usingtheparametricrachisposition(r p - attachmentpoint of barb

to rachis).This ensuresanoptimalshapematchregardlessof scale.A midpoint interpolationof thesetwo

setsof key barbsis shown on the right. Note how both the control verticesof the barbsandthe point of

attachmentto therachisaremodi�ed.

Thecontrolverticesof thenew key barbsaregeneratedusingbilinear interpolation.To generatea

new featherF 0 from feathersF a andF b, eachnew key barbis generatedby �rst determiningits parametric

rachispositionr p, andthencomputingthenew controlvertices.Therachispositionis determinedby simply

interpolatingthe parametricrachispositionsof featherF a andF b. The new key barbsaregeneratedby

constructingtwo temporarykey barbsoneachfeatherF a andF b. A temporarykey barbZ a
r p is constructed
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t = 0.0 t = 0.2 t = 0.4 t = 0.6 t = 0.8 t = 1.0

Figure 5.7: Interpolationbetweenleftmostandrightmostfeathers.Top: key barbs.Bottom: featherstructure.

on featherF a at locationr p (from key barbsaboveandbelow) anda temporarykey barbY b
r p is constructed

on featherF b at locationr p (from key barbsaboveandbelow) asfollows:

8i 2 f 0; 1; :::; ng : Z a
cvi

= (1 ¡ r )Aa
cvi

+ tB a
cvi

8i 2 f 0; 1; :::; ng : Y b
cvi

= (1 ¡ s)Cb
cvi

+ sDb
cvi

;

whereA(C) andB (D) arekey barbsaboveandbelow rachispositionr p onfeathersF a(F b) respectively and

r ands arenormalizedinterpolantsfrom therachisattachmentpointsof A, B andr p. Linearinterpolation

of thesetwo temporarykey barbs(Z a
r p,Y b

r p) is thenusedto constructthe�nal key barbX 0
r p on featherF 0as

follows:

8i 2 f 0; 1; :::; ng : X 0
cvi

= (1 ¡ t)Z a
cvi

+ r Y b
cvi

;

wheret 2 [0::1] is theblendfactorbetweenthetwo feathertypes.

Figure 5.5 shows somenon-contour-like feathersconstructedusing our parameterization.Using

therelationshipbetweenbarbdescriptionandbarblength,shapediscontinuitiesin thevanecanbecreated

(althoughare rare) using a silhouetteshapeor by placing two key barbsdirectly adjacentto eachother

to drasticallyalter the length of the barb. In Figure 5.5 the �loplume' s sharpdiscontinuitywas created

by specifyingkey barbsthat hadall four control verticesat the samelocationandusinga squareshape

silhouetteto tailor the lengthfor the top barbs.Alternatelythebristleusessilhouetteinformationto form

thesharpdiscontinuityin thevanes.
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As mentionedit is desirableto have a continuumbetweenfeathertypes.Figure5.7shows a contin-

uumconstructedfrom thefeathertypesat thefar left andfar right. Thekey barbsareshown on thetop and

theresultingfeatherstructureon thebottomwith theinterpolantor blendfactor.

5.2.5 Modelling FeatherGrowth and Change

Due to the sequentialloss/regrowth of feathersand the cyclical natureof moulting, a feathercoat very

rarely consistsof entirely fully developedfeathersandin somemoult stagesonly a few feathersarefully

developed.Also, asfully developedfeathersagethey canwearalteringtheir structure.Thus,it is important

to modelfeathersat variousdevelopmentalstages.

Feathergrowth canbemodelledby interpolatingthesameparametersfoundin theprevioussection.

However, insteadof linearly interpolatingall parameterssimultaneously, their interpolationis staggeredto

simulategrowth. The feathergrows encasedin a sheathuntil all substructuresarenearlyfully developed.

Thenthesheathis shedfrom thetip to thebase.As thesheathsheds,growth ceasesin thatregion. Theshaft

lengthandwidth increaseduringthe�rst 30%of thefeatherdevelopment.Next, thebarbslengthento the

midpointof development.Whenthebarbsstartlengtheningthreeextra key barbsareaddedto thefeather.

Theseextra key barbscontrol the theangleandcurvatureof thebarbuntil the featheropens.This will be

discussedmorein Chapter8.

Thefeatherstructurechangesnot only dueto growth, but alsodueto wear. As shown in Chapter2,

asa featherages,it is possiblefor the barbsto wear - effectively shorteningtheir lengths. Also, due to

preening,wind pressureandobstructions(i.e. foliage) the feathervaneof the �ight feathersmaydevelop

gapsor breaksandarethusnot perfectlycontinuous.Theinterlockingbarbssometimesbecomeseparated

(split), until the bird hasa chanceto repair them. Thus, in order to capturethe realismof the changing

structure,thesplit in thevaneof the feathersmustalsobemodelled.In our modelsplitsaresimulatedby

randomlygeneratingsplit locationsalongthevane. Thenthe two barbsthat fall on eithersideof thesplit

locationhave their angles�x edto theanglesof thebarbsclosestto themasshown in Figure5.4on thefar

right. Theuseof randomnessfor split locationsis similar to Chenetal.'s [CXGS02] approach.
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5.3 SurfaceGeneration

Oncethestructuralor mathematicalmodelis constructed,a polygonalor meshsurfacemustbegenerated

for rendering.Surfacemodelsfor plant organssuchasleavesandtrees[PL90] useboth bicubic patches

and polygonalmeshes.Plant organ growth hasbeensimulatedusing sequentialadditionand scalingof

polygonsaccordingto growth parameters.Hair and fur techniquesusing volumetric texturescannotbe

appliedto feathers.With feathersthereis a needfor independentlymoving structures.Hair structurehas

typically beenmodelledusingstraightline elements[Mil88], a seriesof primitivesto simulatea cantilever

beam,suchaspolylines [iAUK92, SG94, RH96, GW97], cylinders [Mil88, Ski89, RCT91, DTKT93] and

trigonalprisms(wisps)[WS92, AM95] aswell astruncatedcones[Gol97], particlesystems[LTT91, Ree83]

or NURB curvesandsurfaces[GW97].

Threepreviousworkson modellingfeathersusedpolygonsor NURB patches.Dai et al. [DSC95]

usedpolygonalmeshesfor thevaneandgeneralizedcylindersfor therachis.Thevanesweretexturemapped

with a constructedfeathertextureandall barbinformationwasdiscardedexceptwhatwasneededfor the

�nal boundaryof the feather. Chenet al. [CXGS02] usedquadstripsto modeleachbarb. They mentioned

usinglevel of detailalgorithmsfor rendering,but not for geometricmodelling. This wasre�ected in their

oneminute-per-framerenderingtimes.Engle[EAB+ 02] at Sony PicturesImageworksuseda setof NURB

patchesto constructa surfacefor their feathers. Eachfeathercould be a single patchor many patches

dependingon the size, shapeand splits in the vane. This approachintegratednicely with their NURB

arrangementtoolsandcontrols.However, it did not allow for thecreationof non-continuousvanefeathers

suchasdown or semi-plumes.This typeof effectwasapproximatedusinghair strands.

Our techniqueconstructsasurfacefor a featherdirectlyusingthesubstructuresof thefeather. From

the barb curves a triangulationis constructedthat re�ects the structure,form, and detail of the feather.

The triangulationis constructedin a two stepprocess:�rst the barbcurvesaretessellatedandsecondthe

triangulationisconstructedgiventhecharacteristicsandrequiredlevelof detail.Thislevelof detailapproach

will bediscussedmorein a renderingcontext in Chapter7. Below wepresentthegeometricdetails.

Onelastparameter, tessellation,is usedto control the level-of-detailfor renderingpurposes.How-

ever, it mustbenoted,thatthedesignof themodeleasilyfacilitatestheability to tailor a resultinggenerated

surface.Eachbarbcurve is approximatedby a polyline setof line segments.Thenumberof line segments

usedcanbe variedasshown in Figure5.2 (a,b v.s. c). While the overall “look” of the featherdoesnot

change- silhouetteshape,barbdensityand lengthareall preserved, the amountof geometryrequiredis
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greatlyreduceddueto the quantityof barbs. This tessellationparametercaneasilybe tied with the view

distanceto giveview-dependentgeometricrepresentationof thefeathersurface.

structure
polylines

tess=1.0
2984polygons

tess=0.71
1246polygons

tess=0.44
814polygons

tess=0.18
436polygons

tess=0.0
236polygons

Figure 5.8: Key barbsare shown in thicker black lines. Top Left: Structureof the featherin polylines. Rest:
decreasingLOD with tessellationparametersandnumberof polygons.

Oncethebarbsareapproximatedby a setof polylines,theverticesof thesepolylinesareconnected

on eachsideof thevaneto form a mesh.If splitsarepresentin thevanethereneedsto bea boundaryedge

in themeshalongthebarbsborderingthesplit. Sincethetriangulationis deriveddirectly from thevertices

of thebarbs,asthebarbcurvesincreasein resolution,so to doesthe triangulation.At full resolutioneach

barb is generatedby two trianglestrips (oneon eithersideof the barb). At lower levels of detail in the

closedvaneportions(betweenkey barbsandsplits)themeshis constructedfrom only asmallportionof the
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de�ned barbs.Thealgorithmusedto choosethebarbsto constructthe triangulationattemptsto minimize

shapedistortionby preservingthe key barbrepresentationaslong aspossible.This meansthat the barbs

closestto thekey barbsarechosento becollapsedandmergedlast,andthatthebarbsbetweenthekey barbs

arecollapsedandmergedin a dispersedorder(divide andconquer),to avoid local distortions.Figure5.8

shows thefeatherstructureon thetop left and� ve levelsof detailwith thetriangulatedsurfacemesh.More

informationonour level of detailapproachandhow it impactsfeatherrenderingwill begivenin Chapter7.

Note how the key barbsarepreserved throughthe lowest level of detail. Sincethe key barbsde�ne the

feathershape,by collapsingthemlastweensuremaximumpreservationof feathershapeevenwith extreme

reductionin geometry. Usinga �x ednumberof verticesperbarb,thepolygoncountis reducedfrom 3,000

to approximately200.Thiscanfurtherbereducedby reducingthenumberof segmentsapproximatingeach

barb.

5.4 FeatherColouration

The secondelementto the featherstructurecomponentis the feathercolouration. This includesnot only

colourpattern,but alsore�ectanceproperties.Pastwork hasalwaysusedtexturemapsfor colourpattern.

Thework of Chenetal. [CXGS02] incorporatestransparency asanre�ectanceproperty. Sincebothof these

attributesarenot thefocusof thiswork, only anapproximationof theseattributesis made.

Our approachusestheadvancesin imagecapturetechnologyandrecenttrendof image-basedren-

deringmethods.Feathertexturesareacquiredfromrealfeathers.Chapter7 furtherdetailsourapproximation

to variousilluminationeffects.Featherillumination is closelycoupledwith themeso-structureandcoloura-

tion of thefeatherasspeci�edin Chapter2. Sincelocal featherillumination is a complex physicalproperty

includingmultiple re�ectance,transmittance,andsub-surfacescatteringit is anentireresearchareaitself.

Currentresearchin hair renderinghasjust begunto addresssomeof theseproperties[MJC03]. Perhapsas

futurework asimilarmodelfor featherscouldbeadaptedor constructedfor feathers.

Biological patternsynthesishasbeenanareaof ornithologicalandbiological researchfor decades

andstill only theoriesof featherpatternformationcurrentlyexist. While addressingthis areais outsidethe

scopeof this thesishaving believablecolouration,patterningand illumination addsto the realismof the

feathercoat.Thus,we incorporatethepatterninto our methodologyby assumingthatrealisticpatternscan

beacquiredor synthesized.
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5.5 Summary

This chapterpresentedonecomponentof our feathercoatmorphogenesismethodology. It focusedon pre-

sentingtheparameterizationof thefeatherstructure.It wasshown thatwith this parameterizationa variety

of feathertypescouldbeconstructedaswell asproviding amethodologyfor generatingsmoothcontinuaof

feathertypeswhich canbeseamlesslyinterpolatedbetween.A methodfor generatinga surfacerepresenta-

tion from this parameterizationwasalsopresented.Thecharacteristicsof theparameterizationallowedfor

generationof multiple surfacerepresentationsthatcaneasilybetied with viewing distanceto createa level

of detailapproachwhichwill befurtheroutlinedin Chapter7.
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Modelling FeatherArrangement

As speci�ed in Chapter4 thefeatherarrangementcomponentis composedof two elements:follicle distri-

butionandfeatherorientation. In Chapter2 it wasstatedthatthefollicle distribution is relatively �x edover

the lifetime of the bird. A few follicles may be addedto the boundaryof pterylaeregionsor the relative

positioningmaychangeslightly dueto stretchingof theskin duringgrowth but only in very earlystagesof

development.With theexceptionof theseearlydevelopmentalstages,thepatternremainsroughlyhexagonal

andwhile theabsolutedensityof follicles maychange,thedistribution is unaltered.Thefeatherorientation

is thesecondelementof this component.Altering theorientationof thefeathersprovidesa mechanismfor

changingboth theshapeandpatternof the �nal feathercoat. However, someaspectsof the featherorien-

tationarea productof thephysicalattributesof the featherandfollicle. As statedpreviously, in a natural

statethefeathersof pterylaeregionshave a speci�c orderinganddirectionandoftencover adjacentapteria

regions.Theautomaticcomputationof thenaturalstateof thefeathersis anecessarypartof our feathercoat

model.Furthercontrolof alternateorientationswill beexploredin thefeatherrearrangementelementof the

featheralterationcomponentin Chapter8.

In orderto generaterealistic-lookingcollectionsof feathersmany detailsmustbeincorporated.The

feathercoat is not only affectedby the individual feathers,but also by the distribution, orientationand

interactionof the feathers.Feathersasmentionedin Chapter2, aredistributedwithin feathertractson the

bodyof thebird andhaveananisotropicallystretchedhexagonaldistribution. Ourapproachusesthisnotion

of a tract for both computingthe directionandorientationandto allow for styling. Biologically accurate

feathercoatscanbedesignedusingaccuratetractpositions,but for computergraphicspurposeslibertiescan
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Figure6.1: Modellingof thefeathercoatin threesteps.Inputsaresolid rectangles,outputanddatatransferin dashed
rectangles.Thewhite regionsarepiecesof ourmodelthatareexplainedin thischapter.

betakenwith thetract layout. Theorientationof thefeathersis not a simpletasksincethefeathersneedto

automaticallycomputea stablestateaswell asreactto eachothergivenchangesin this state.They must

not interpenetrateandyet they mustbe packed fairly tight. Given the enormousamountof geometryand

thevariability in feathershape,if normalcollision detectionschemeswereusedeithersimpli�ed geometry

or a lot of computationtime would be required. In this chaptera methodfor determiningthe stretched

semi-regular distribution of the follicles, aswell asan ef�cient methodfor determiningthe orientationof

thefeathersis presented.

Our approachassumesthat the model to be featheredis a polygonalmeshandthat it is hasbeen

suf�ciently subdivided so that feathertractscanbe accuratelyformedfrom subgroupsof polygons. This

assumesa certainminimumresolutionto themesh,especiallyfor forming accuratetractboundaries.The

speci�c processweusedfor doingthiswill bediscussedfurtherin Section6.1.

Theprocessof modellinga feathercoatis shown in Figure6.1. Therearethreemainsteps:follicle

distribution, feathergenerationandfeatherorientation.Thesecondstepinvolvesinterpolatingthe feather

typeswhichwaslargelyexplainedin Chapter5. Givenameshwith polygonsgroupedinto feathertracts,the

userspeci�esa follicle densityandbiasvectors for eachof thesetracts.With this information,thefollicles

aredistributedgeometrically, asdescribedin Section6.1below. In additionto a locationon themodel,the

follicles needan associatedparametriclocationfor interpolationandordering. To avoid constrainingthe

typeof modelto befeatheredby usinga globalparameterization,anindependentlocal parameterizationis

imposedontheindividualtractsof themeshby projectingarectilineargrid fromscreenspaceontothemodel

asdiscussedin Section6.2.1. Next theuserassociateskey featherswith selectedfollicles positions.Using
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thekey featherstructure,theimposedparameterizationandinterpolationmethodpresentedin Chapter5, the

featherstructuresat all follicle locationsaregenerated.Finally, the resultingorientationof the feathersin

eachtractmustbedeterminedasdiscussedin Section6.3.

6.1 StepOne: Follicle Distrib ution

As mentionedin Chapter2, our focus is on the modellingof modernday contourfeathers.While some

primitive birds and�ightless birds have featherdistributionssimilar to hair, mostbird's contourfeathers

arerestrictedto pterylaeregions.Thusfeatherfollicles have a muchmoreorganizeddistribution thanhair.

Not only arethey organizedin pterylaeregions,but they areorganizedin rows andform a roughregular

hexagonalpattern,with someskewing dueto axial growth (seeChapter2).

Computergraphicshair modellingsystemsaddresshair distribution in a similar context. Theareas

wherehair is presenthave beende�ned by interactive placementof follicular maps[RCT91, WS92] and

ellipsoidalregions[iAUK92]. Creatinga distribution of follicles within a follicular areaor pterylaeregion

is of lessimportancebecausehair is lessorganized(althoughalso roughly hexagonal)and hairs are bi-

laterally symmetric,andthusa roughuniform approximationof the distribution is often suf�cient. Some

usemanualplacementof thehair follicles [WS92]. Kajiya andKay [KK89] usea Poissondisk distribution

asan closeapproximationto the actualdistribution of fur. Goldman [Gol97] usesa Poissondistribution

to ensuresimplistic calculationsof collisionsbetweenshorthairs. Gelder[GW97] alsoapproximatedfur

distributionwith aPoissondistribution.

Generatingthehexagonalpatternof follicles andcellulararrangementshasbeenthework of many

developmentalbiologists.In particularShaw andMurray [SM90] createpatternssimilar to featherfollicle

distributionsby usinga superpositionof two wave-like patterns.They usea reaction-diffusionmechanism

to createa pre-patternsimulatingtheepidermallayeranda mechanochemicalmechanismin simulatingthe

dermallayer to generatea spatialdistribution. They claim thepatterngeneratedmustbegeneratedby two

wave-like patternswith a signi�cant wavelengthdifference,eliminatingthepossibilityof a singleprocess

or asequenceof two or moreprocessesaswith Nagorckaetal. [NM85].

An approachsimilar to Rosenblumet al.'s [RCT91, WS92] hair follicle distribution canbeusedto

interactively de�ne thefollicle regionsor pterylae.Sinceour approachassumeswe have minimal informa-

tion aboutthe modelsurface(i.e. a setof connectedpolygons),the usermust �rst divide the model into
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Figure6.2: Bunny modeldividedinto tracts. Thereareeighttracts:ears,head-left,head-right,breast,back,body-left,
body-rightandtail. Two arenot labelled(bodyleft andright) restarecolouredwith graytones.Theearswill needto
bedividedin two for parameterization.

tracts. This is doneby identifying groupsof polygonsthat belongto eachfeathertract. A polygoncan

belongto morethanonetract,andthusthetractscanoverlapandintersect.In our modelstwo setsof tracts

wereused:onefor down andtheotherfor contourfeathers.Theresolutionof themodelwasassumedto be

�ne enoughto accommodatetractde�nitions at thepolygonlevel—otherwise,themodelwassubdivided.

Ourparticularimplementationallowedfor theuseof setoperatorsonbothindividualandgroupsof polygons

to createaselectedsetof polygonswhichde�ned anindividual tract.

Oncethe tractsarede�ned, the follicles canthenbedistributedfor eachpterylae.Thedistribution

within thepterylaeregionscanbedonein two ways: explicitly or procedurally. Theexplicit speci�cation

of thedistribution involvestheuserpaintingfollicle regionson thesurfaceor creatinga texturemapto be

usedasa densitydistribution. Theproceduralapproachinvolvestheuserspecifyinga probabilitydensity

distribution function or the parametersto a reactiondiffusion process.With both the probability density

distribution andthe reaction-diffusion approachthe distribution cantake placedirectly on the surfaceof

the model. While usinga texture mapfor the distribution seemsmoreintuitive andcontrollable,it either

requiresaproperparameterizationof themodelor introducespossibledistortionsto thedistribution.

Within eachpterylaethe goal is to achieve an approximatelyregular distribution. Turk [Tur91,

Tur92] hassuggesteda proceduralforce basedmethodof achieving regular distribution over a polygonal

surfaceby randomlydistributing points,projectingtheminto theplaneof theadjacentpolygon,andusing

repulsive forcesto move thepointsapartuntil stabilized.He alsosuggestsa modi�cation of this technique
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Figure 6.3: Lloyd's algorithmcreatesa uniform 2D distri-
bution by moving the centrevertex of the Voronoi region
(dashedregion of Delaunaytriangulation)to its centroid
(graycircle).

Figure 6.4: Uniform distribution may fail to be uni-
form with respectto geodesicdistanceif the follicle
densityis sparsein comparisonto the featuresizeof
thesurface.

to adaptively increasethedensityof thesepointsin regionsof highercurvature.Chenet al. [CXGS02] use

this methodfor distributing featherfollicles, but insteadof usingcurvatureto adjustthe density, they use

thefeathersize. They assumecoverageof skin is achievedby increasingthedensityof featherswherethe

feathersaresmaller.

Our methodis similar to that of Turk aswell asChenet al., but doesnot useforcesandis purely

geometric. It begins by generatingrandompoints(positions)within eachtriangleof the setof polygons

de�ning a given tract. The local densityof thesepointsis basedon an areaweightingof the triangleand

thetract,aswell asa user-supplieddensityparameter. A largetableof randombarycentriccoordinatesare

generatedonceinitially to preserve consistency whenaddingfollicles to thetract. Thesepositionsarethen

modi�ed to form amoreregulardistribution. To thisend,weemploy avariantof Lloyd'salgorithm[Llo82],

in contrastto theuseof repulsive forcesin thework by Chenetal. [CXGS02]. Althoughno formalproof is

availablefor dimensionslargerthanone,Lloyd'salgorithmis generallybelievedto befreeof localminima,

while this is aknown problemfor repulsive forceapproaches.

6.1.1 Lloyd' sAlgorithm

Lloyd's algorithmachievesa 2D uniform distribution of thesetof pointswhich aretheverticesof a mesh.

The meshmustbe Delaunaytriangulatedso that the dual (Voronoi diagram)canbe usedasa measureof

point spacing.EachVoronoiregion is computedandthecentroidof theVoronoiregion found. If thecentre

vertex of theVoronoiregion doesnot lie at thecentroidof this region, thecentrevertex is movedto satisfy
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Figure6.5: Two degenerativecasesof usingthe2D Edge-�ip algorithmfor creatingaDelaunaytriangulationona3D
surface:A) TopologicallydegenerateB) surfacesmoothingor distortion.

this conditionasshown in Figure6.3. After a few iterationsof this procedureover all Voronoi regions,a

uniformspacingis achieved.

6.1.2 DelaunayTriangulation On a Surface

We usethe original surfacemeshand the randomlydistributedpoints (positions)to generatea submesh

whoseverticesaretherandomlydistributedpositions.Within eachtriangleof theoriginal modelthenewly

distributedpointsaretriangulatedusinga planesweepalgorithmandthenDelaunaytriangulatedusingthe

Edge-�ip algorithm[dBvKOS98]. Eachtriangleof theoriginalmodelthencontainsaDelaunaytriangulated

submeshwith a setof boundaryvertices.Thenfor eachedgeE 0 of eachtrianglein theoriginal modelthe

boundaryverticesof thesubmeshesarematchedandconnectedusingsortedminimumdistancesfrom E 0.

Onceall of theseboundaryedgesareconnected,thesubmeshrepresentingtherandomlydistributedvertices

is formed.Up to thispoint thealgorithmsusedandthetriangulationconstructedarecon�rmed stable,since

thesealgorithmareprovento work in 2D andwehaveusedthemin thecontext of a triangle(plane).

Onceagain the meshis Delaunaytriangulatedusing the edge-�ip algorithmto ensurepropertri-

angulationalongeachE 0 edge.However, now theedge-�ip algorithmis usedin 3D insteadof 2D which

createssomerestrictionsand limitations. Insteadof usinga boundingcircle to computethe edgesto be

�ipped, a boundingsphereis used.While this is commonpractisewith 3D Delaunaytriangulations,we are

still computinga 2D triangulation(on thesurface),simply in 3D spaceandthuslocal planarityis assumed

betweento adjacenttriangles.The two main problemsarecreatinga degeneratemesh,particularlyin the

caseshown in Figure6.5a, or smoothingsharpfeatures,asshown in Figure6.5b. For thedegeneratemesh

case,theseedge-�ips aresimply not allowed andthe smoothingcaseis irrelevant, sincethe meshis only
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neededto createtheVoronoiregionsfor laterrelaxationof thepoints.Because,thepointsareconstrainedto

moveonly on thesurfaceof theoriginalmodelmesh(asoutlinedbelow), theseinaccuraciesof thesubmesh

areirrelevant.

Constructingsurfacesor manifoldsfrom setsof pointsis anongoingresearchtopic in many areas

of researchincluding 3D printing technology, mathematics,computationalgeometryandmolecularbiol-

ogy [Ede98]. However, eachof thesetechniquesmake certainassumptionsor have certainlimitations. Our

problemrequiresaDelaunaytriangulationof thesurface,thatdoesnotalterthegeometryor topology, how-

ever, is ableto useinformationaboutthe input surfacetopology. Many of theseothertechniquesuse3D

Delaunaytriangulationsor morecomplicatedmanifoldlearningprocessesor requirethepoint setto form a

closedsurface,becauseno informationis known aboutthesurfacetopology. However, not only canwe not

provideasamplepointsetwhichformsaclosedsurface,but a3D Delaunaytriangulationdoesnotguarantee

a surfaceDelaunaytriangulation.LeibonandLetscher[LL00] statethata surfaceDelaunaytriangulation

which accuratelyrepresentsboth topologyand geometryof the manifold doesnot exist for an arbitrary

setof points,but canbe guaranteedto exist given certaindensityrequirementsof the points. This is the

samerequirementasour algorithmabove andthus,a Delaunaytriangulationrepresentative of thetopology

andgeometrycangenerallybe achieved given this requirement.As well, a Delaunaytriangulationof the

point setscanalwaysbeobtainedif topologicalor geometricdistortion(possiblysmall) is permitted.Since

theDelaunaytriangulationis only usedto relaxtheverticesanddiscardedafter relaxationandthevertices

arereprojectedto the surfaceandthusguaranteedto remainon the surface,this topologicaldistortion is

irrelevantexceptfor theimpacton theresultingdistributionasdiscussednext.

6.1.3 Applying Lloyd' sAlgorithm

Onceeachtract's follicles areDelaunaytriangulated(or closeto it), Lloyd's algorithmcanbe appliedto

generatea uniform distribution of thefeatherfollicles. Thealgorithmproceedson the2D surfacein 3D in

thesamewayastheoriginal2D algorithmwith onemodi�cation. Thefollicle densitymustberepresentative

of thefeaturesizeof theobject.Thecentroidof theVoronoiregionis computedasbeforeasaweightedsum

of triangleareasusingthecentresof eachtrianglein theVoronoiregion. Oncethepositionof thecentroidis

computedit is projectedbackto thesurfaceof theoriginal model,to ensurethatthefollicle remainson the

surfaceof theobject.Thus,sincethereis nomeasureof geodesicdistance,if thefollicle densityis sparsein
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(a) (b) (c)

Figure 6.6: Variousdistributions. (a) the initial randomdistribution below, the original meshabove. (b) relaxed
uniform distribution after threeiterationsof Lloyd's algorithmsubmeshandoriginal modelmeshabove. (c) uniform
distributionafternineiterationsof Lloyd's algorithm- submeshandoriginalmodelmeshshown above.

relationto featuresizeof theobject,thedistribution of follicles mayappearto benon-uniformasshown in

Figure6.4.

Also thecomputedcentroidsmayno longerbelongto thesametriangleasthecentrevertex of the

Voronoi region of theoriginal modelmesh.Thusthe follicles or verticesof thesubmeshmustbeallowed

to migratebetweentriangleswithin thefeathertractof themodel.Figure6.6shows examplesof theinitial

randomdistribution andmultiple iterationsof Lloyd's algorithm.Notethat thefollicles of thefeathertract

do not necessarilyspreadexactly to the edgesof the polygonsin which they are de�ned, only that the

follicle densityis somewhat preserved alongtheseedges.This is dueto the irregular triangulationalong

theedgesandbecausetheboundaryfollicles arenot permittedto relaxor the feathertractcoveragecould

changesigni�cantly. Also we purposelydo not permit follicles to lay on theedgesor adjacenttractsmay

experiencedramaticallyincreasedfollicle densityon their commonedges.Thecomplicationsof restriction

will befurtherdiscussedin Section9.2.1.
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Figure 6.7: Bias vectorsspelling “hi” and
the resultingbiaseddistribution after a few
iterations.

Figure6.8: Follicleson theunderside(belly) of abird
model Left: regular distribution from Lloyd's algo-
rithm. Right: “stretcheddistribution” from our adap-
tation to Lloyd's algorithm clusteredto the biasing
vectorsshown in black.

6.1.4 DensityBiasing

Although many follicle distributionsareuniform hexagonaldistributions,somearestretcheddueto axial

growth. In orderto achieve thebiasingin the follicle densitytheusercanspecifybiasingvectorsor paint

densitydistributions on the surface. Sincethe densitygenerallyincreasesalong the axis of growth, in

somecasesthesevectorscanalsobe usedto generatethe parameterizationfor eachfollicle, asoutlined

in Section6.2.1. Then, insteadof moving the point to the centreof the Voronoi region we alter Lloyd's

algorithmto move thepoint in adirectionweightedby theusersuppliedbiasingvectorsandthecentroidof

theVoronoi region. Theweight is basedon distanceto closestbiasingvector. A Gaussianfall-off canbe

appliedto preventdramaticclustering.This adaptation,which is similar to thestipplingmethodproposed

by Secord[Sec02], createsauniformdistributionwith varyingdensityasshown in Figures6.7and6.8. The

latterreminiscentof theVentralfeathertractshown in Figure2.7.

6.1.5 Manual Follicle Placement

In additionto automaticallygeneratinguniform distributionsandbiaseddistributionsa speci�c placement

of follicles maybedesired.Interactive follicle placementmaybedesiredbecauseof irregulardensitiesor

in regionsof largefeatherswith speci�c placement.In ourmodelweusethisapproachfor placingthelarge
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�ight feathersof thewingsandtail. They arepositionedmanuallysincethey arelimited in number(typically

lessthan25),andarevisually important.Therestof thefeatherson thewingsandtail aredistributedusing

theadaptiveLloyd'salgorithmdiscussedabove.

6.2 StepTwo: FeatherGeneration

Thesecondstepof generatingthefeathercoatis theadditionof a featherto eachfollicle. Sinceit is far too

tediousto placeeachindividual feather, certainkey feathersareplaced. The sameinterpolationmethods

introducedin Chapter5 arethenusedto constructall intermediatefeathersfrom a smallcollectionof these

interactively placedkey feathers.

6.2.1 ImposedParameterization

Beforeinterpolationcanbe used,a parameterizationmustexist to relateeachfollicle to its neighbouring

follicles. As mentionedpreviously this is doneby projectingagrid from screenspaceontothesurface.This

assumesthattheuserorientsthemodelsuchthatwheneachtractis projectedto screenspacetheprojection

is relatively undistorted(i.e. that is it fairly closeto planar).While this is not anoptimalassumption,work

is currentlybeingdoneonparameterizingarbitrarymeshes[GGS03]. If thesurfaceis notcloseto planaror

somenon-linearinterpolationof thefeathersis desired,distortionof thegrid beforeprojectioncanbeused.

Oncethefollicles areplacedandhaveaparametriclocation,theuserplacespreviouslydesignedkey-

feathers at locationsthat representtransitionsin featherstructure,direction,or texture. Thesekey feathers

areinterpolatedto createa continuouslyvaryingsetof feathersasdescribedby StreitandHeidrich[SH02]

and in Chapter5. Then, for eachfollicle the set of key featherinterpolantsand their weightsmust be

determined.To thisenda2D Delaunaytriangulationis createdfrom thekey featherfollicles in theparameter

space.Eachfollicle is thenlocatedin this triangulationusingits parametriccoordinates.The barycentric

coordinatesof the follicle in this triangulationareusedas the weightsfor interpolatingbetweenthe key

feathersassociatedwith thetriangle'svertices.Recallthebarycentriccoordinates(u; v; w) for apointp can

beobtainedfrom theverticesof theboundingtriangle(p1; p2; p3) by:

u =
area(p;p2; p3)
area(p1; p2; p3)

; v =
area(p;p3; p1)
area(p1; p2; p3)

; w = 1 ¡ u ¡ v

Figure6.9showsthekey feathertriangulationandthesetof follicles. Thenew featherF at location
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= keyfeather = follic le

f

Figure 6.9: Follicles andkey feathertriangula-
tion for computinginterpolationweights.

N

T

B

User Surface 
Direction

Feather orientation 
before packing

Interpolated Surface
Directions

Figure 6.10: User de�ned direction vector, per follicle inter-
polateddirectionvectorsandfeathercoordinateframe(Normal,
Tangent,Bitangent)(N, T, B).

f , is determinedfrom key feathersK A ; K B ; K C at locationsA; B ; C respectively, as:

F =
area(A; f ; B )
area(A; B ; C)

¤ K C +
area(A; C; f )
area(A; B ; C)

¤ K B +
area(C; F; B )
area(A; B ; C)

¤ K A

This is simplyabarycentricweightingof thekey featherparameterspace.

6.3 StepThr ee: FeatherDir ectionand Orientation

Featherdirectionandorientationis thesecondelementto thefeatherarrangementcomponent.Thedirection

andorientationof thefeathercangreatlyaffect boththeform andcolourationof theresultingfeathercoat.

The follicle parameterizationanduser-placeddirectionvectorsareusedto computethe surfacedirection

at eachfollicle position. An ef�cient packingmethod,asoutlinedbelow, is thenappliedto determinethe

�nal featherorientation.Theapproachuseddecouplesthemechanismusedto computeversuscontrol the

�nal orientationof the feathers. Thesetwo mechanismscould possiblybe the sameas with somehair

styling models[HMT00] wherestreamlineswerecomputedfrom user-placedvortices,sourcesandsinks

andaninterpolationof thestreamlinesde�ned thehairdirection.Ourapproachautomaticallycomputesthe

feathers'orientationgiven the featherstructureandsurfacecharacteristics.Styling of the feathercoat is
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independentof theinitial orientationor packingalgorithm.Theapproachusedto control theorientationor

stylethefeatherswill bediscussedin Chapter8.

Hair, fur, and plant modelshave also addressedorientationissues. Direction and orientationis

generallyunspeci�edin hair modelsdueto the bilateralsymmetryandpliability of hair. The symmetry

impliesthatorientationis not discernible.Thelack of stiffnessmeansthat thestrandscurve (dynamically)

dueto collision(with otherhairsandtheobject),clumping,gravity, naturalcurlinessetc.[DTKT93, WS92],

which compensatefor any discrepancy in the initial directionof thehair. Directionandorientationof hair

hasalsobeenspeci�edusingweightedstreamlinesof �o w �elds [HMT00]. GelderandWilhelms[GW97]

addressshortstiff fur directionby dividing the body of the animal into body elementsandhave the user

specifybodyelementvectorswhichwhencombinedwith thesurfacenormalandastiffnesscoef�cient form

ahairdirection.Plantsalsohavedirectionalpropertiesfor theirbranchingstructuresandorgans.L-systems

helpto specifytheorientationusinga seriesof rotationsfor eachbranchingelementto determinethe�nal

orientationof theapicalorgan. Theorientationis similar to hair in that thecurvaturealongthebranchor

strandde�nes the �nal orientation.As theplantgrows theorientationof theapicalorganscanchangedue

to environmentalconditions(tropisms)andgrowth factors.

Howevermodelsfor hair, plantsandfur arenotappropriatefor feathersbecausetheircharacteristics

arequitedifferent. While hair is pliableandchangescurvaturedynamicallyto alter theorientation,feath-

ershave prede�nedcurvatureandarefairly stiff. While plantsde�ne orientationthroughgrowth, feather

orientationis prede�ned. While fur andsomehair orientationis not discernible,changesin directionand

orientationof featherarevery noticeable. Changesin featherorientationcanoccurby alteringboth the

directionandorientationof thefeatherfrom thefollicle. Like plants,alterationsin orientationof branching

structurescanbeusedto alter thecurvatureof the feather, but doesnot help in de�ning theorientationof

theentirefeatherwith respectto thesurface.

Thedirectionandorientationof featherscanbespeci�ed in many ways. Onemethodis similar to

that of fur, utilizing the normalto the surface,the body elementaxis andpossiblythe curvatureor shape

of the featherto computethe direction. A secondmethodmay involve generatinga �o w �eld andusing

the streamlinesfor featherdirectionandorientationaswasdonewith hair [HMT00]. If the �o w �eld is

constructedfrom the aerodynamicsof a bird in �ight it would parallel the ornithologistsobservation that

feathersareorientedtowardtheposteriorendof thebird in a normal�ight position(seeFigure2.1). While

this is an interestingapproach,not all feathersarealignedwith streamlines,especiallywith syntheticbird
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charactersandsincethe feathersin pterylaeregionsmustcover portionsor all of adjacentapteriaregion

extracontrolmaybeneededandthuswewill usetheformermethod.A secondaryprocessmayalsobeused

onaninitial orientationto automatetheprocessof coveringadjacentapteria.

Oncea desiredfeatherdirection is de�ned a methodto computethe �nal orientationtaking into

accountvariousfactors,suchascollisionsand/orcoverageof apteriaareasis needed.The threefactors

that affect the resultingfeatherorientationthe mostcanbe identi�ed as follicle angle,feather-to-feather

collisionsandfeather-to-bodycollisions.Sincetheorientationof a singlefeatheris not independentof the

restof thecoat,a changein onefeather's orientationcanhave a largeaffect on theneighbouringfeathers.

A solutionfor handlingcollisionsmustnot only determinewhena collision occurs,but alsodeterminea

propercollisionresponse.Determiningcollisionsandresponseshavebeenusedfor simulatingthedynamics

of many materialsincludingcloth [HB00] andhair (characteristichairs[DTKT93], hair wisps[WS92] or

strips[KH00], volumetricprobabilities[HMT00]). However, usingthefeather's structuralinformation,an

optimizedtechniqueto computeaninitial featherorientationatinteractiveratesis created.Whileourmethod

maynotbeasaccurateassomecollisiondetectionschemesthatusefull originalgeometry, it is comparable

with techniquesthatusesimpli�ed geometry[CXGS02] andis notonly muchfasterthanthesemethods,but

usesthe�e xibility of thefeathersto improve therealismof theresults.

Ourmethodfor orientingthefeathersis basedon theassumptionthatthesizeof thefeatheris small

relative to the featuresizeof the underlyingsurface. This meansthat the surfaceis smoothandthe area

coveredby the featheris assumedto be locally closeto planar. Both of theseassumptionsarereasonable

sincerealbirdstendto havesmallerfeathersin highcurvatureregions.Thefeathersarepackedby traversing

thefeathersin layeredorderfrom bottomto top. Theorderis determinedfrom theparameterizationof the

tract. Our methodis basedon the fact that the feathersare layeredconsistentlyfrom bottomto top, that

the shaftis generallystiff anddoesnot bendunderthe weight of the feathersandthat the barbsaremore

�e xible andmaydeformto generatea closepacking.As thefeathersaretraversedin order, a subsetof the

alreadypacked feathersareusedto extract datapointsto packeachfeatheragainst. Eachfeatheris then

rotatedmaximallyin acoordinateframede�ned by theuserassistedsurfacedirectionandthekey barbsare

adjustedasneeded.Ourmethodconsistsof threesteps:determiningthesurfacedirectionsandacoordinate

frame,computingamaximumshaftrotationandadjustingor elevatingthebarbs.
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6.3.1 SurfaceDir ectionsand Coordinate Frame

In order to determinean initial orientationof eachfeathercompliantwith what the designerof the key

featherhadintended,acoordinateframemustbeconstructedlocal to eachfollicle. Eachfollicle alreadyhas

a individual normalvector. However, this is not enoughto uniquelyorient thefeather. A surfacedirection

vectoris usedfor aseconddimension.

Thesurfacedirectionis computedeitherusingthemedialaxisof thebodysegment,or asmallsetof

userspeci�edsurfacestylingvectors.Themedialaxisof thebodysegmentcanbeautomaticallycomputed,

or asin our implementationroughlyspeci�edby theuser. By projectingthisaxisto thesurfaceatthefollicle

locationit de�nes a surfacedirectionvector. As alreadynotedby GelderandWilhelms,fur tendsto lie in

thedirectionof medialaxisfor eachbodysegment- this is alsothecasewith feathers,exceptfor thewing

feathers.Similarly, by usingaveragedbiasvectorsto clusterthe follicle distribution the usercanspecify

a few directionvectorswhich areaveragedto generatea surfacedirectionfor every follicle. Eachsurface

directionis computedby projectingan interpolatedobject-spacedirectionvectoronto thesurfaceat every

follicle. Thesesurfacestylingvectorscanaddmorecontrolto thedesiredfeatherdirection.

As shown in Figure6.10, a coordinateframefor eachfollicle is de�ned asthelocal surfacenormal

N , a tangentvector(the interpolateddirectionvectoron the surface)T anda bitangentB from the cross

productof these.This coordinateframeis usedto orient thefeather. Thefeatheris drawn with thevanein

theN B -planeasshown in Figure6.12. To computea restingor packedpositionfor thefeather, it is rotated

aboutthebitangentaxisfrom thesurfacenormaltowardthetangentor surfacedirection,asexplainednext.

6.3.2 Shaft Rotation

Traversingthefollicles in sortedorder, eachfeatherf 0 is packedusingthecontrolverticesof thekey barbs

andshaftsfrom a subsetof the surroundingfeathersF . This subsetcontainsall the datapointsof those

featherswhosefollicles lie in the boundingvolume of f 0 when orientedwith the surfacedirection. As

a boundingvolumewe simply usethe projectionof the 2D feathervaneon the surfaceas illustratedin

Figure6.11. Oncethesetof datapointsF is determined,they areprojectedto f 0's N T-plane(shaftslicing

plane) asshown on the left in Figure 6.12. An orthogonalprojectionparallel to the N T planeis used.

Fromtheprojectedpointsaheight�eld is computedfrom thedistancebetweentheprojectedpointsandthe

vectorT. Usingthelengthof thefeathershaftandtheheight�eld, a maximumangleof rotationaboutthe

bitangentis computedfor theshaftorientation.Theangleis maximumsuchthatthefeathershaft(curvature
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Figure 6.11: Datapoint determinationfor packingof feathersduring shaftrotationstage.Boundingbox is dashed
blackbox. Featherto bepacked is drawn in black. Previously packed feathersarein light gray. Thecandidatedata
points(curves)shown in darkgray.

andlength)doesnot intersectthe boundaryof the height�eld. In caseswhereF is empty, the featheris

rotated90 degreeslessanallowancefor the featherrachiscurvatureandsurroundingpolygonorientation,

in orderto preventthefeatherfrom interpenetratingthemodel's surface(skin).

6.3.3 Barb Elevation

Oncetheshaftrotationis determined,thekey barbsarecheckedto ensuregiventheir curvatureandlength

thatthey do not interpenetratethesurroundingfeathers.To this end,we employ analgorithmsimilar to the

onewe usedfor orientingthe shaft. For eachkey barba subsetof the pointsin F is projectedto a plane

(barb slicing plane) de�ned by the surfacenormalanddirectionalongthe barb,T 0 asshown on the right

in Figure6.12. For key barbswhosecurvaturedoesnot lie within this plane,a directionthat bisectsthe
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Figure 6.12: Slicing planesusedfor packing.Shaftslicing planefor rotationof theshaftshown on theleft andbarb
slicingplanefor elevationof thebarbcontrolverticesshown on theright.

key barbcontrolverticesis usedasanapproximationto thebarbdirection. Again thecandidatepointsare

projectedto the barbslicing planeusingan orthogonalprojectionparallel to the barbslicing plane. The

subsetof pointschosenfor eachof i key barbski arethosepointsof F thatlie on thesamesideof theshaft

slicingplaneaski andarebetweenki ¡ 1 andki +1 barbslicingplanes.This effectively createsa rectangular

prismfrom whichto selectcandidatepoints.Thevolumeis de�nedby theshaftslicingplane,aslicingplane

parallelto this at thefeather's boundingbox edgeandtwo barbslicing planes,onebeforeandoneafterthe

candidatebarbto beadjusted.If thissubsetis emptythekey barbis notadjusted.Otherwise,againaheight

�eld is computedusingtheprojectedpointsandthebarbdirectionvector. However ratherthancomputing

a rotationanglethecontrolverticesof eachkey barbk i are�t to theheight�eld. Again we do not consider

any pointsin theheight�eld which lie beyondthelengthof thekey barb.

To �t thecontrolverticesof barbki to theheight�eld, theheight�eld is dividedinto subsetsaccord-

ing to thelocationof ki 's controlvertices.A combinationof theglobalmaximumin theheight�eld andthe

localmaximumof eachsegmentis usedto determinehow muchto elevateeachof k i 'scontrolvertices.The

globalmaximumis usedasa minimumto preventthebarbsfrom bendingin unnaturalcon�gurations.The

barbsareallowedto �atten but nevertakeoninversecurvatures.Thecontrolverticesareonly adjustedin the

barbslicingplane,andthusthelateralcurvatureof thebarbis still generallypreserved,in orderto maintain

theshapeandoverall characterof thevane.To assistin thepackingof thefeathers,thedefault barbat the

tip of thefeathermodelis replacedby anactualkey barbat thetip with thesamecurvatureasthedefault.
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6.3.4 Packing Summary and Result

Figure 6.13: Resultsof thepackingalgorithmLeft: Thefeatherspositionalongthetangentvector, without packing.
Notice the interpenetrationswith both the surfaceof the model (skin) and other feathers. Top Right: side view
andBottom Right: front view of the samefeathercollectionafter packing. Notice the lack of feather-modeland
feather-featherinterpenetrations.

Thepackingalgorithmis summarizedasfollows. For eachfeatherf 0 of the feathertract in sorted

order:

² Thecandidatesetof controlverticesF from alreadypackedfeathersaredeterminedgiventheshape

andsizeof thefeatherandthefeathercoordinateframede�ned by thenormalandsurfacedirection.

² Themaximumrotationangleaboutthebitangentis determinedfor theshaftusinga projectionof the

candidatepointsF into f 0'sN T planeasaheight�eld.

² For eachkey barbki of featherf 0 in rotatedposition:

² A setof pointsP µ F aredeterminedsuchthatthey lie on thesamesideof theshaftask i and

arelocatedbetweentheN T 0 (barbslicing)planesof ki ¡ 1 andki +1 .

² Thesetof pointsP arethenprojectedto ki 'sN T0planeandaheight�eld is determined.
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² Thekey barbcontrolverticesare�t to theheight�eld minimizing inversecurvature.

Figure 6.13 shows an exampleof the resultsof our packingalgorithm. On the left feathersare

alignedwith the surfacedirection. Notice how they interpenetrateboth the modelsurface(i.e. skin) and

adjacentfeathers.On the right the samefeathercollectionhasbeenpacked usingour algorithm- on the

top a sideview andon the bottoma front view. Notice how thereareno feather-modelor feather-feather

interpenetrations.Therenderingof thesefeathersis texturemappedandis discussedfurtherin Chapter7.

6.4 Analysisof the Algorithm

The useof a sampleset of datapoints for packingis adequatesincethe shapeof the featheris de�ned

solely by the key barbs,which arede�ned by the control verticesof Béziercurves. All otherbarbsare

interpolationsof thesecontrolvertices.Hence,thekey barbsform theboundingboxof thefeather, anddue

to theconvex hull propertyof Béziercurves,thesecontrolverticesform a boundingvolumeof thefeather.

Therefore,only thissmallsetof datapointsneedsto beconsideredin thepackingprocess.As well, sincethe

controlverticesof thekey barbsareconsistentacrossthegeometriclevelsof detailasoutlinedin Chapter5

andChapter7, thepackingis independentof thelevel of detail.

Onceall of thekey barbshavebeenadjustedfor thecandidatefeatherf 0, thenext featherin layered

orderis packedin thesamemanner- �rst determiningtheshaftrotationandthenelevatingthebarbs.Only

onepassis doneovereachfeatherin thefeathertract.

6.5 Summary

This chapterpresentedthe detailsof how to form a collectionof feathersfrom a subsetof feathertypes.

Therearethreestepsto creatingthe coat: follicle distribution, feathergenerationandfeatherorientation.

The two main elementsexplainedin this chapterwerethe follicle distribution andthe featherorientation.

First, the follicle distribution involvesappropriatelysegmentingthe polygonalmeshinto tractsand then

specifyingdensitiesandpossiblybiasingvectorsto createthe �nal follicle distribution. Oncethe follicles

are distributed, a parameterizationis imposed,so that an orderingof the featherscan be de�ned. Key

feathersarethenaddedin selectedlocationsandthe interpolationmethodologyfrom Chapter5 is usedto

createthe intermediatefeathersautomatically. Secondly, an orientationfor the feathersis devised. This

is doneusingsomeuser-speci�ed surfacestyling vectorsandtheparameterizationthatde�nes the feather
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CHAPTER6. MODELLING FEATHERARRANGEMENT

layering. Finally, a packingalgorithmis executedthat usesa subsetof datapoints in order to achieve a

reasonablytight layeringin anef�cient manner. Theperformanceresultsof this algorithmwill beanalyzed

furtherin Chapter9.
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7

Level of Detail and Rendering

Oncethestructureandgeometryof thefeathershave beenconstructed,a methodof renderingthefeathers

is required.While this is not thefocusof this work, it is nearlyimpossibleto decouplerenderingfrom the

modellingmethodology, especiallyat certainlevelsof detail. Also, anadequaterenderingmethodologyis

requiredto properlyevaluatetheresults.Until this point in this thesis,wherepossible,structuralexamples

andillustrationshavebeenusedto helpexplainour feathercoatmodel.Thischapterwill outlinetherender-

ing methodologyandshow examplesof renderedfeathers.Implementationdetailswill beoutlinedwhere

neededto helpexplaintheperformanceresultsthatwill bepresentedin Chapter9. Thischapterwill concen-

trateon theindividual featherrenderingmodel,asit wasdesignedto beindependent,sothatminimaleffort

is requiredto rendermany feathers.A combinationof texturemapping,alphablendingandanillumination

modelwereincorporatedinto therenderingmodel.

7.1 FeatherRendering

As mentionedpreviously aspartof the thesisstatement,thereis a needanda desirefor a multi-resolution

methodology. Chapter5 mentionsthe ability to alter levels of detail by alteringthe amountof geometry.

Our renderingmodelaugmentsthespectrumof availableresolutions.

The basicrenderingmodelconsistsof texture mappingthe feathergeometrywith an acquiredor

synthesizedfeathertexture. Alpha blendingis addto simulatethe transparency of the feather. Finally, an

illumination modelbasedon the anisotropicmodelof Poulin andFournier[PF90] wasaddedto simulate
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(a)

(b) (c)

Figure 7.1: Differentmethodsof mappingthetextureto thegeometryof thefeather. (a) Thetextureused(b) texture
mappedusingfeatherparameterizationleft: original featherright: modi�ed basebarbangle(c) texturemappedusing
barbparameterizationleft: original featherright: modi�ed basebarbangle.

the“shimmeringeffect” observeddueto thealignmentof barbsandbarbules.Theillumination modelwas

implementedasaseriesof texturesin orderto utilize graphicshardwareto obtaininteractiverenderingrates.

7.1.1 Textures

Application of a texture to the feathergeometryrequiresa parameterization(u,v) of the geometry. Since

Béziercurvesareusedfor modellingboththeshaftandthebarbs,a parameterizationis inherent.Theonly

decisionis how to usethegivenparameterization.Thetexturecanbemappedin threeways:globally to the

feather, locally to eachbarbor relative to growth.

Using the local coordinatesystemof the featherwith normalizationproducesa parameterization

globalto thefeather. However, a few subtletiesexist. Givenapointp local to thefeatherstructure,only two

dimensionsof thefeatherareused,py beingproximally alongtheshaft,andpx perpendicularto this in the

planeof thevane.Then,givenapointp:

v = v(p) = py=(Shaf tLength + M aximumB arbLength)

u = u(p) =

8
><

>:

0:5 ¡ px=(2 ¤ M aximumB arbLength); px=(2 ¤ M aximumB arbLength) < 0:5

0:5 + px=(2 ¤ M aximumB arbLength); px=(2 ¤ M aximumB arbLength) > = 0:5

whereM aximumB arbLength is thebarbwith themaximumlength.In thisparameterizationthecurvature

of thefeathershaftis ignored.This meansthatthetextureis effectively gluedto thefeatherascurvatureis

addedor removedfrom thefeathershaft(bendingof thefeather).However, this alsomeansthatasthekey

barbsarechangedandthefeatherbarbsarebent,thetexture“�oats” over thesebarbs.Thismayor maynot
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(a) (b)

Figure7.2: Featherswith andwithoutalphablending(a) full geometryleft: withoutalphablendingright: with alpha
blending(b) 60% of the geometryleft: without alphablendingright: with alphablending,but not usingthe alpha
texture.

bedesirabledependingon whethertheuseris trying to maintainthescannedtextureor thestructureof the

featherthroughmodelling.

If a parameterizationlocal to thebarbsis used,this lattereffect is overcome.In this scenariov is

mappedthe sameasabove. However, u is taken directly from the parametricvalueof the barbwith an

adjustmentfor the left andright vanesandshaftwidth. This causesthe texture to be gluedto the barbs

ratherthan“�oating” on them.Thus,astheangleof thebarbschange,thetexturemoveswith them.This is

desirablewhenpigmentor patternlocationsareknown relative to thebarbandchangesin patternarebeing

analyzedwith alterationin barbangle.

The�nal scenariowouldbeto mapthetextureto theparametricvaluesof growth,wherev is mapped

alongtheshaftasthefeathergrows,andu is mappedaroundthecylinder at thebaseof theconethatforms

thepin feather(referto Figure2.10). Thisapproachis usefulif thepigmentconcentrationsat thefollicle are

known or beinganalyzedover thegrowth of thefeather.
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7.1.2 Alpha Blending

In orderto addrealismandto simulatetheeffect of transparency, alphablendingis addedto therendering

model. At the highestlevel of geometricdetail, eachbarb is constructedfrom two triangle strips. An

alphavalueis given to eachvertex alongthebarb,with a quadraticdecreasenearthe tip of thebarb. The

decreasein alphavalueis startedonesegmentearlierontheoutsideedgesthanthemiddleto simulatehigher

opacityof thebarbversusthebarbulesandlowerdensityof barbulesnearthetip of thebarb. Sincea single

polygonrepresentsmultiplebarbs,at lower levelsof detailanalphatexturewasconstructedwith thesesame

characteristics,andsimply wrappedmultiple times,dependingon how many barbsthepolygonrepresents.

Figure7.2 shows a featherwith the original texture, andalphablendingaddedat full geometryand60%

of thegeometry. To furtherenhancetherendereddetaila re�ection modelis usedin additionto thealpha

texture.

Usingalphablendingalsoaddssomesubtletiesto thedrawing orderof thefeather. In orderto blend

correctlybetweenbarbsandbetweenvanes,four decisionsmustbemade:to draw thebarbsin a top-down

or bottom-uporder, to draw the vanesin a left-right or right-left order, to draw eachbarbproximally (tip

to shaft)or distally (shaft to tip) and to draw the afterfeatheror feather�rst. Thesedecisionsarebased

on the viewing direction. For example,if the viewer is looking up the shaftof the featherfrom the front,

closerto the right vanethanthe left, thenthe barbswould be drawn in top-down orderandthe left vane

would be drawn �rst with the barbsin tip to shaftorder followed by the right vanedrawn in shaft to tip

order. Whichever substructuresof thefeatherarefurthestfrom theviewer mustbedrawn �rst, followedby

progressively closerfeathersubstructures.Sincethegeometryof eachfeatheris neverstoredandgenerated

at run time, a polygonsortingmethod(z-buffer) would not work andthus,thegeometrymustbecarefully

generatedin view dependentorderat run-time.A hemispherearoundthefeatherwith avectorto theviewer

canbe usedto determinethe drawing order. Dependingon which octantthe viewing direction is in, the

orderdiffers. This orderingis consistentaslong astheviewer is not too closeto thefeather(i.e. theentire

featheris visible). Otherwise,if only aportionof thefeatheris visible, theorderis ensuredcorrectby using

thelocal viewing direction.

7.1.3 Levelsof Detail and Re�ection Model

At levels of detail wherethe individual structureis not obvious, a methodsimilar to that of Dischlerand

Ghazanfarpour[DG94], or Wonget al. [WNH97], wheretextureis simulatedfrom geometry, is useful.Of
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d
 h


NL V

phi i
phi s

Figure7.3: : Right Parametersd andh of theanisotropicre�ection model.Left: shadingandviewing anglesshowing
lit andvisibleportionof cylinder.

course,thisstill initially requiresmodellingthegeometry, andthenpostprocessingto reducethecomplexity

for rendering. To achieve level of detail renderingwe graduallyreplacethe smallersubstructureswith a

re�ection model. This approachis reminiscentof the approachMeyer andNeyret [MN00] usefor pine

trees,in whichgeometryfrom higherlevelsof detail is usedto generatea re�ection modelfor lower levels.

There�ection modelwaschosenbasedon theshapeof thefeathersubstructures.Althoughboththe

barbsandbarbulestaperdistally, they canbe roughly approximatedby cylindrical segments.Also, since

pennaceousvanes(i.e. contourfeathervanes,especially�ight feathers)have alignedbarbs,usinga setof

alignedcylindrical elementsfor ananisotropicre�ection modelis appropriate.This mostcloselyparallels

PoulinandFournier's [PF90] anisotropicre�ection model.

ThePoulinandFourniermodelapproximateanisotropy with a largenumberof adjacentsmallcylin-

ders.And thus,sincethecylindershave a smallradiusin comparisonto their length,theintensityre�ected

off eachcylinder canbeapproximatedby there�ection off a crosssectionof any onecylinder. They orient

thecylindersusingthecoordinateframeN , T, B whereN is thenormalto thecylinder, T is the tangent

alongthelengthof thecylinderandB is thecross-productT £ N . Sothecross-sectionof thecylinderwhose

re�ectanceis to becomputedlies in theplaneN B . Thismodelworksfor lower levelsof detail,becausethe

cylindersareassumedto besmallenough(or theviewer farenough)thatindividualcylinders,or in ourcase

barbsarenotdiscernible.Thus,theviewing andlighting directionscanbeassumedto beconstantovereach

cylinder.

In theirmodelthey controltheamountof anisotropy by theuseof two parametersd andh asshown

in Figure7.3. Theanisotropy is causedby thedifferencein thedistribution of surfacenormalsbetweenthe

cross-sectionof thecylindersandalongthelengthof thecylinders.Theparameterd representsthedistance
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betweentwo adjacentunit radiuscylinders.Sincetheintersectionpoint on thecylinder de�nes thenormal,

avalueof zeroresultsin simplyusingthesurfacenormalandavalueof two meansthevariationin normals

is ¼. Any valuesgreaterthantwo resultin a�oor beingformedbetweenthetwo cylinders,whichin ourcase

contributesnothingto there�ectancemodel,becausethis would representthespacebetweenthetwo barbs

or barbules. Theparameterh 2 [0::1) controlstheheightof the �oor andthustheheightof thecylinders.

While this canbe varied in our implementation,a valueof zerowasgenerallyassumed.As Poulin and

Fourniernote,dueto the parametersd andh the normalson the cylinder canonly vary within a certain

angleµM from thesurfacenormal:

µM = min (Ád; Áh) where Áh = cos¡ 1(h) Ád =

8
><

>:

sin¡ 1(d=2) if d < 2

¼
2 otherwise:

Dependingon theorientationof thelight vectorL , somepartsof thecylinder will belit andothers

unlit. If L p is the light vectorprojectedinto the N B planeof the cylinder thenÁL p is the anglebetween

thesurfacenormalandL p. Theself-shadowing anglecorrespondsto theanglefrom thesurfacenormalat

which thecylinderblockslight from itself. Theshadow angleis theanglefrom thesurfacenormalatwhich

theneighbouringcylinder blockslight. For any �oor , somelengthof it is lit andtherestis in shadow. We

referthereaderto theoriginalpaperfor computationof theshadow andself-shadow anglesaswell asthelit

andunlit �oor lengths.Thesamelogic canbeusedto obtaintheself-hidingangleandhiding angleaswell

asthelengthof thehidden�oor andthelengthof thevisible �oor . Wheretheself-hidingangleis theangle

at which a cylinder hidesitself from theviewer andthehiding angleis theangleat which a neighbouring

cylinderhidesthecylinder from theviewer. Theportionof cylinderand�oor contributing to there�ectance

is theportionthatis bothlit andvisible.

To computethe re�ection, the lighting andviewing directionsareprojectedinto the N B -planeof

the cylinder, which in our caserepresentthe barbules. A diffuseanda specularterm is computedfrom

theseprojectedlighting andviewing directions.If L p is theprojectedlight directionandV p is theprojected

viewing direction in the coordinateframe N; B ; T then both have componentsL p = (L p
n ; L p

b; L p
t ) and

V p = (V p
n ; V p

b ; V p
t ). Thenasin many re�ectancemodelswecancomputethediffusetermasN ¢L as:

Z Ás

Ái

(N ¢L) cos(ÁV p ¡ Á)dÁ (7.1)

wherecos(ÁV p ¡ Á) is acorrectionfactordueto theviewing positionandÁi to Ás is therangeof thecylinder

that is both lit andnot in shadow asshown in Figure7.3. Thenusing(sin Á;cosÁ;0) for N equation7.1
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equatesto:

L p
n

2

0

B
@

cosÁV p (sin2 Ás ¡ sin2 Ái ) +

sinÁV p (Ás ¡ Ái ¡ sinÁs cosÁs + sinÁi cosÁi )

1

C
A +

L p
b

2

0

B
@

sinÁV p (sin2 Ás ¡ sin2 Ái ) +

cosÁV p (Ás ¡ Ái ¡ sinÁs cosÁs + sinÁi cosÁi )

1

C
A

which,dueto theviewercorrectionfactor, is normalizedby:

Z Ás

Ái

cos(ÁV p ¡ Á)dÁ = cosÁV p (sin Ás ¡ sinÁi ) + sinÁV p (cosÁs ¡ cosÁi )

Thespeculartermwascomputedusingana Gaussianapproximationto thefalloff aroundthehigh-

light with B astheangleto half intensity:

2
K

p
¼

where K =
p

log2

B

Once,thediffuseandspecularre�ectanceis ableto becalculatedfor therangeof projectedangles

ÁL p andÁV p for eachcylinder there�ectancemodelis complete.In our implementation,wegenerateda2D

texturemapwhichcontainstheBRDFvaluesof thismodelfor all possiblecombinationsof anglesbetween

binormalB , andprojectedlight directionL p, ÁL p 2 [0::¼], aswell asbinormalB andprojectedviewing

directionV p, ÁV p 2 [0::¼]. This approachis similar in spirit to the work by HeidrichandSeidel[HS99]

aswell asKautzandSeidel[KS00] basedin spirit from [SZH97]. For eachvertex in thefeathergeometry

the projectedlight L p andviewing V p vectorsandtheir correspondinganglesfrom the binormalB were

calculatedandusedastheu andv parametersof thetexturemap.

Figure7.4 shows two featherswith our methodof multi-texturing using threetextures: a colour

patterntexture, an alphatexture, and a BRDF texture for the barbules. The featheron the top hasfull

geometryand the one on the bottom has60% geometry. Comparethe alphablendingresultswith the

featherin Figure7.2(a). The dark regionson the vaneswhencomparedwith Figure7.2(a) area resultof

there�ectancemodel. In bothFigures7.4and7.2 thefeathershave beenalphablendedusingwhite asthe

backgroundcolour. As shown in Figure7.4thelight is directional.

Therenderingof eachfeatherwasdoneusingthreetextureswith four texturelook-upsandhardware

multi-texturing. The �rst texture was the actualfeathercolour. The secondwas the alphatexture to be

appliedto thebarbsandthe third texturewastheanisotropicre�ection texture. Two texture lookupswere

usedwith the third texture,onefor thebarbulesattachedto theright sideof thebarbandtheotherfor the
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Figure 7.4: Feathersusingour re�ectancemodelwith multi-texturing. Top: Full geometryBottom: 60% of the
geometry. Comparethebarbalpharesultswith thoseof Figure7.2(a). Thedarker portionson thebarbs/vaneof the
featherareasa resultof thePoulin/Fournier[PF90] re�ection model.

barbulesattachedto the left sideof the barb. Two texture look-upswere requiredsincethe N B -planes

of thebarbulesareorienteddifferentlyandhencehave differentlocal projectionsof the light andviewing

directions.

7.1.4 Other Levelsof Detail

At closerlevelsof detailwherethebarbsarelarger thanpolylines,geometrymaybeneededfor thebarbs,

anda moresophisticatedrenderingmodelwould be desirable.A renderingmodelthat could accountfor

pigmentplacementandinternalstructuresto convey moreof theillumination effectswould bedesirableat

thisscale.Currentwork at this level of detailis beingdoneto renderhair [MJC03]. This involvesprocesses

suchassubsurfacere�ectanceandscattering.While both of theseare importantin feathers,a complete

renderingmodelfor feathersis outsidethescopeof this thesis.
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7.2 RenderingFeatherCoats

Once,we have a renderingmodelfor individual feathers,we canthenapplyit to rendera feathercoat.Due

to the modeldesign,not muchalterationis neededfor renderingfeathercollections. The only detail we

mustaccountfor is therenderingorderof thefeathers,dueto thealphablending.However, becausethereis

alreadyaninherentorderingto thefeathersfrom thelayeringarrangement,wesimply renderthefeathersin

theorderthey arearranged.Eachfeatheris still drawn in view dependentorderasde�ned in Section7.1.2.

Theothercomplicationis orderof renderingthemodelandfeathers.If themodel(skin) is rendered

�rst, feathersthat shouldbe occludedby the skin may be alphablendedwith the feathercoatin the fore-

ground. And, if the modelis drawn last the feathersin the foregroundwith not be blendedwith the skin.

To overcomethis,a smallz-buffer subtletywasused.Themodelis drawn �rst, writing to thedepthbuffer.

While the feathersaredrawn we allow themodelto occludethe feathersby enablingthedepthtest,while

disablingwriting to thedepthbuffer sothatthefeathersareblendedproperly.

7.3 Alter nativeRenderingStyles

Wealsocreatedanalternaterenderingof feathersthatillustratestheirstructure.A methodusingthelocation

of the feathersubstructureswas usedto placescratcheson a 2D canvas to simulatea scratchboardlike

medium.Thetechniqueinvolvedalteringthedensityandthicknessof thescratchusedto preserve relative

tonein theresultingimage.A resultof this techniqueis shown in Figure7.5. Sincethis techniqueis slightly

tangentialto thegoalof this thesisthedetailshavebeenomitted.

7.4 Summary

This chapterpresentedour methodologyfor renderingour structuralmodelof feathersandfeatherscoats

previously presentedin Chapters5 and6. While renderingis not the main contribution of this thesis,a

renderingmodelwasneverthelessnecessaryfor assessmentof results.Sincesynthesizingfeatherpatternsis

anentireareaof researchon its own, our approachinvolvedusingacquiredor synthesizedfeatherpatterns

astexturesappliedto thefeathergeometry. An alphablendingstepallowedfor simulationof thepresence

of barbulesandparticulartechniqueswereusedto preserve this effect acrossmultiple levelsof geometric

detail. To furtherenhancetherenderedresults,a re�ection modelwasaddedto thegeometrythatnot only
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Figure 7.5: An alternativemethodfor renderingthestructuralattributesof thefeathers.

simulatedthepresenceof barbsandbarbules,but alsomimickedthere�ectancepropertiesthata simpli�ed

versionof thesetype of structureswould possess.The simpli�ed structure(cylinders)andthe alignment

betweenbarbsandbarbuleswereusedto simplify therequiredrenderingcalculations.
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Simulating FeatherAlteration

The featheralterationcomponentis composedof threeelementsfeathergrowth, featherreplacementand

featherrearrangement. Thesethreeelementstogetherde�ne bothhow thefeathercoataltersits appearance

(structure)over time and how it respondsto movementsof the skin and the underlyingskeletal model.

The developmentof the feathercoatover time is the basisof feathercoatmorphogenesis.Ensuringthe

feathercoatrespondscorrectlyto movementsof theskinallowsour feathercoatmethodologyto beusedon

animatedmodels.Sincethesealterationsareintegratedinto themethodologythischapterdoesnotaddto the

methodology, ratherit providesasaninitial validationof therobustnessandobjectivesof themethodology.

8.1 FeatherGrowth

The�rst elementof thefeatheralterationcomponentis feathergrowth. Simulatingthegrowth of thefeather

from thefeatherprimordia,to pin feather, to �nal openfeather(its death)andtheeventuallossof thefeather

is stronglyboundto the parameterizationusedto specify the generalfeatherstructure. Sincethe feather

grows encompassedin a sheath,thecanonicalshapeof thefeatheris thatof a coneor taperedcylinder. As

statedin Section5.2.5thefeathergrowth is simulatedby staggeringthe interpolationof the feathermodel

parameters.Thefeathergrows encasedin a sheathuntil all substructuresarenearlydeveloped.Thesheath

is shedfrom the tip to the base. As the sheathshedsgrowth ceasesin that region and the featherstarts

to opento its �nal form. From this information [LS72a, p.364-384]the interpolationschedulefound in

Figure8.1wasconstructed.Thelengthandwidth of theshaftincreasesduringthe�rst 30%of thefeather
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development.Next, thebarbslengthento themidpointof development.Whenthebarbsstartlengthening

threeextra key barbsareaddedto the feather. Two of thesearestraightbarbswith anangleof 180±—one

at thebaseof rachisandoneat thetip. They helpto maintainthecanonicalconeor taperedcylinder shape

until thepin featheropens.Thethird is astraightkey barbwith anangleof 180± thatstartsout locatedat the

tip of therachisandmigratesto thebase,interpolatingits anglebetweenthetip andbaseangles.This key

barbservesto interpolatebetweenthepin feathershapeandthe �nal shape.Finally in the last20%of the

development,theextra barbsat the tip andbaseareremovedandthe rachiscurvatureandactualkey barb

angleandcurvatureincrease.To summarize,thekey partsof feathergrowth in orderare:

² shaftlengthensandwidensto its �nal length

² barbslengthenwhile parallelto theshaft(they point towardthetip of thefeather)

² barbspacingstartsout with the�nal spacingasthis re�ects theattachmentof thebarbsto therachis

ataparticularlocation

² thebarbanglebeginsinterpolationbetween180± andthe�nal angle

² Simultaneouslyin thelast20%of growth theactualkey barbsstartto beusedfor shapeandtherachis

obtainsits curvature

length & width
curvature

length & width

Addedfake (tip&base)
fake (growth) Translated
actual

 = Linear transition from 0.0 to 1.0

0.5 1.00.0
Parameter
Interpolant, t=

Calamus

Rachis

Barb

Key barbs

spacing 1.0
angle fixed(180 degrees)

length

Figure8.1: Sequencingof parameterinterpolationfor
growth.

t = 0.25 t = 0.5 t = 0.75 t = 0.9 t = 1.0

Figure 8.2: Simulatedfeathergrowth from interpolation
sequencein Figure 8.1. Time stepsat 25%, 50%, 75%,
90%and100%of development.

Thismethodof simulatinggrowth generalizesthegrowth of any featherto �rst lengtheninto aquill

shapedformationof the requiredlengthandthenasthe straight,fake, 180± key barbsaremigrateddown

the shaft of the feather, the feathergraduallyopensup from tip to baseaddingcurvatureto the rachis.
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This meansthatpackingnon-openedfeathersis approximatelyequivalentto packingonly theshaftsof the

feathers.More will bediscussedaboutpackingof underdevelopedfeathersin Section8.3. An exampleof

someof thesefeathergrowth stagesareshown in Figure8.2. Comparetheseresultswith Figures2.10and

Figure2.11.

The datausedfor growth wasroughly approximatedfrom LucasandStettenheim[LS72a, p.364-

384]. Theauthoris unawareof variationsin growth ratebetweendifferentfeathertypesor thevariationthat

may exist in the variousparametersof feathergrowth, however, LucasandStettenheimstatethat at least

in the SingleCombWhite LeghornChicken that the feathersmoult at seeminglyconstantrates,however

larger featherstake longer to regrow. Regardless,this information falls beyond the scopeof this thesis.

What is importantis that our growth model is basedon the substructuresof the featherandby providing

theright interpolationfunctionandsequencingof thesesubstructures,any rateof growth canbesimulated.

Computingthe texturecoordinatesduringgrowth is not an issuesince,aswith real feathers,thepigments

aredepositedin thebarbsandshaftduringgrowth. So,by thetime thefeatherstartsto openthepigmentis

alreadylocatedin thebarbs.Thus,we assignthetexturecoordinatesin a �nal openposition,suchthat the

textureis attachedto eachbarbandgetstransformedwith thebarbtransformationsduringthesimulationof

growth.

8.2 FeatherReplacement

The secondelementto the featheralterationcomponentis featherreplacement.This elementmodelsthe

moultingprocessof featherreplacement.For eachfeathertractthefeatherlossis speci�edascentre-outward

or boundary-inward,exceptfor theAlar tractwhich maybespeci�edseparatelyfor theprimariesandsec-

ondaries.With realfeathercoatsthefeatherstendto moult in wavesover thecoat,whereapatchof feathers

moult at once,thus they may not be perfectlysequentiallike the primary andsecondarymoult patterns.

Giventhefeatherlossorderingthiselementcooperateswith thefeathergrowth processto renew thefeather

coat.

Ourmethodof featherreplacementallows theuserto specifya replacementsequencefor eachtract.

Within eachtract thefeatherscanbereplacedcentre-out,boundary-in,centre-outu, boundary-inu, centre-

out v, boundary-inv, increasingor decreasingu, increasingor decreasingv, or random. Thenaccording

to theparametriclocationof eachfeatherandthetypeof moult sequencechosena distanced, from moult
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

Figure 8.3: Moulting of featherssequentially. Tensequential,non-consecutive framesfrom a feathermoultingani-
mation. Notehow feathergrowth andlossof adjacentfeathersbeginsbeforeeachfeatheris completelyopen. This
sequentialmoult is similar to thesequentialmoultingof theprimaryandsecondary�ight feathers.
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startingpositionin parametricspaceis computed,whered 2 [0::1]. This in turnprovidesanorderingfor the

moulting,which mayor maynot beperfectlysequentialdependingon themoultingpatternchosen.Then

an overlappingwindow of width w is moved over the featherin moult sequencesimulatingthe wave of

moult. Thewindow width w determineshow long thefeathertakesto grow. Thenumberof feathersfound

within the window determineshow many feathersdevelop simultaneously. The width of the window can

bea functionof parametricspace(i.e. featherstake longerto grow neartheboundariesof feathertracts)or

relativesizeof thefeather(i.e. largerfeathersdevelopmoreslowly) or any otherinformation.

Figure8.3showstenframesof amoultingsequence.Theparameterizationis speci�edin increasing

v, wherev is thehorizontalaxis increasingto the right. In the �rst framethe featherthird from the left is

startingto openandthefeatherto theright of it is still developingits pin featherstate.In frametwo, both

of thesefeathersdevelop furtherandthe featherto the right of themhasjust beenlost. In framethreethe

featherthird from right is now morefully open,but theshaftremainsstraight.It is not until framefour that

this featherobtainsits �nal curvature.Thetwo adjacentfeathersto theright continuein asimilarmanner.

Figure 8.4: Moulting featherarrangements.Left: All feathersaremature. Right: Randomfeathersareat various
stagesof development.Notethedifferencein featherpattern.

Figure8.4shows a featherarrangementwith andwithout randommoulting. While this sequenceit

rare,it doesoccurandshows how thepatternandoverall appearanceof thefeathercoatcanbealtereddue

to moultingevenwith randommoult. As shown on theright, thereare“patches”wheretheunderdeveloped

feathersdo not cover thefeathersunderneathasmuchasthey would if they werefully developedasshown
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on theleft. Therefore,thepatternat theproximalendof thefeatherbecomesmorevisible. In this example,

the gray plumulaceousbaseof the featheris revealedcausingpatchesof gray to be presentamongthe

red/black/whitefeatherpattern,whicharenotvisible in thefully developedfeatherson theleft.

Figure 8.5: Two featherarrangements,both showing radial moulting sequence.Left: No randomnessin feather
chosenfor moulting.Right: Randomnessaddedto featherchoicewith a largermoultwindow size.

Figure8.5shows a snapshotof anexampleof a radialmoultingsequence,wherethewave of moult

proceedssimultaneouslyin all directions.This is commonlyfound in theCapitalandFemoraltracts. On

the left thereis no randomnessaddedto thefeathersequence.Thefeatherchosenandits agearestrictly a

functionof thedistancefrom thefollicle tractcentrein theu,v parameterspaceof thefeatherinterpolation,

andthus,strictly sequential.On the right somerandomnessis addedin the featherselectedfor develop-

ment,however, developmentof eachfeatheris consistent.This simulatesthewave of moult without strict

sequencing.Againnotehow in bothcases,themoultingvisibly altersthefeathercoatpattern.

To the authorsknowledge,no similar previous computergraphicsliteratureexists for comparison

of this technique.Fur andhair regenerationhave not beenaddressedin the computergraphicsliterature.

Thereis someprevious literatureon the modellingandrenderingof plant ecosystems[DHL+ 98], which

addressesthe simulationof ecosystemsand the consequentdeathand regrowth of plants. They usethe

principle of self-thinningin combinationwith sizeanddensityfor determiningwhenplantsdie or where

new plantsto grow. For inter-specieecosystems,rulesdeterminewhich of two competingplantslive based

onasetof parametersidentifyingthespecies.Similarly, with feathers,rulesdeterminelooselythesequence
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of development.However, the locationfor developmentis �x edaccordingto thefollicle locationsandthe

typeof developingfeatheris alsopredeterminedby asetof parameters.

8.3 FeatherRearrangement

Thethird and�nal elementof thefeatheralterationcomponentis therearrangementof feathers.Thefeather

rearrangementhastwo aspects:automaticandinteractive control. Theautomaticaspectis responsiblefor

adjustingthedirectionandorientationof thefeathersduringchangesin theagesof feathersor theunderlying

skinandtheinteractiveaspectis responsiblefor computingchangesin featherdirectionandorientationdue

to external information,suchas imposedfeatheranglesor surfacedirections. Both of theseaspectsare

handledquiteseamlesslyby ourpackingalgorithm.

During feathercoatmorphogenesisfeatherscanbe found in variousstagesof development.This

meansthata pin featheror partially openedfeatherhasno curvatureeitherinto thesurfaceor laterally. As

a result,thefeathersthatarelayeredon top of this partiallydevelopedfeathercannotpackany closerto the

surface,thanthis featherin its straightenedstate.Hence,a feathercoatwith pin feathersmayappearto be

packed lesstightly thana feathercoatwith fully developedfeathers.If the featheris not fully developed

it is assumedto bestiff enoughthatno barbelevationshouldoccur, thereforeonly thestraightshaftof the

featheris consideredandis packedin thesamemannerasdetailedin Section6.3.

During animationof the skeletalmodelandconsequentskin deformations,the follicles alter their

densityand thus, the layering, direction and orientationof the associatedfeathersmay also change. In

this exampletheskin movementis generatedusinga very basictechniqueof vertex blendingin anareaof

in�uence aroundthejoints. Figure8.6shows four framesfrom ananimationof a bendingwing. In thetop

left (a) is theoriginal wing pose.To theright (b) shows thewing slightly bentdownward,and(c) and(d)

show thewind bentupwardat varyingdegrees.On thetop is theskeletalmovementwith theresultingskin

deformation.In the middle the follicles with their changesin densityareshown andon the bottomis the

resultingfeatherarrangement.Themodelwasfeatheredusingtwo tracts:onefor covertsandtheotherfor

�ight feathers,denotedasgrayandwhite in thefollicle diagram.At eachframethefeathersarerepacked.

Theconsequencesof this methodarediscussedin Section9.1.3. Notehow thechangesin follicle density

arere�ected in the resultingfeatherarrangementandthe featherorientationis maintainedrelative to the

changesin bonedirection.
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(a)

(c)

(b)

(d)

Figure8.6: Bendingof wing, movementof follicles andrearrangementof feathers.(a) Initial position.(b) Wing bent
downward. (c) & (d) Wing bentupwardvariousamounts.Top: Wireframeof modelwith skeleton(bones)in black.
Middle: Follicles of two feathertracts:covertsin gray, �ight feathersin white. Bottom: Featheredwing. Notehow
thedensityof thefollicles hasincreasedaroundthejointsandhow thefeathersrespondandarepackedappropriately.
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Figure 8.7: Using �x edfeatheranglesto stylethe feathercoat. Left: Original featherarrangement.Right: Feather
arrangementwith a row of constant�x edfeatherangles.Notehow theotherfeathershave beenpackedappropriately.

Interactive controlover the feathersis fairly limited sincethe feathersare�x edat oneendin their

follicle. However, ameansof controllingor “styling” eventhelimited movementof thefeatherscanbeuse-

ful in achieving speci�c featherarrangementsor resultingappearances.In a similar context to hair styling,

it is too cumbersometo styleeachandevery feather. Commontoolsusedin hair styling includeparameter

sets(i.e. clumpsor strands)[RCT91, DTKT93], �uid �o w streamlines�eld [HMT00] andcharacteristic

hairs[WS92, Bru98, KH00, IKVZ00]. Wehavechosento allow for interactive featherarrangementthrough

two means:�xed anglesandmodi�cation of surfacedirectionvectors.The�rst interactionmethodallows

for thede�nition of a �xed anglefor a featheror setof feathers.In our implementationthis is doneby the

userchoosingfeathersandde�ning a �x edangle,but a varietyof toolswhich actascombscouldalsobe

usedto lift thefeathersto theirdesired�x edangle.Thesecondinteractionmethodallowstheuserto modify

thesurfacedirectionvectorsto obtainthe�nal feathercoveragearrangement.Thesurfacedirectionvectors

aremodi�ed directly on the surfaceof the object. In both of thesecases,the feathersarethenpacked as

beforeto form theresultingfeatherarrangement.

Figure8.7 shows an exampleof how creating�x ed featheranglescanbe usedto createdifferent

styles.In this exampletheunstyledfeatherarrangementis foundon theleft andthestyledarrangementon

theright. In thefeathercoaton theright a straighttool wasusedto lift a row of feathersto a constant�x ed

angle. Thenthe other featherswerepacked against these�x ed-anglefeathers.The interactive tools that

havebeendevelopedarevery limited. However, any typeof interactioncanbeusedto setfeatheranglesand

studyingtheusabilityof varioustoolsis outsidethescopeof this thesis.Toolsmayincludeusingany shape

objectasaattractorfor lifting thefeathers,includingspheres,arcs,jaggedcombsetc.Regardlessof thetool
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Figure 8.8: Theuseof styling vectorscanbeusedto alter feathersurfacedirectionsto cover adjacentapteria.Left:
Original con�guration.Right: After coatdesign,alterationof surfacedirectionvectorsto cover adjacentapteria.

used,or thesetor amountof �x ed-anglefeathersspeci�ed, therestof thefeathercoatwill rearrangeitself

appropriatelythroughpacking.

Figure8.8 shows how the alterationof the surfacedirectionvectorscanbe usednot only to alter

the feathercoatpattern,but alsoto changethe featherarrangementto cover adjacentapteria. On the left

thefeathercoatis �rst designedwith only a singlebiasingvectormakingall surfacedirectionvectorspoint

straightdownward.However, afterdesigningthecoat,theremaybea needto cover regionsadjacentto this

tract(possiblyapteria)andthis canbedoneby modifying thesurfacedirectionvectorsto thecon�guration

shown on the right, without re-modellingtheentirecoat. If thechangein directionvectorsis extreme,an

automaticrepackingof the�nal con�gurationmaybeneeded.
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8.4 Summary

Thischapterpresentedthealterationcomponentof our feathercoatmorphogenesismodel.Thiscomponent

containedthreeelements:feathergrowth, featherreplacementandfeatherrearrangement. Togetherthese

elementsde�ne bothhow thefeathercoatrespondsto skinmovementsandhow it changesovertime- feather

coatmorphogenesis.Although this componentandchapterdo not addtechnicallyto the methodology, it

exempli�es themethodologiesrobustnessby showing that both the featherstructureparameterizationand

featherpackingalgorithmcanrespondappropriatelyin changingenvironments.
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9

Resultsand Analysis

This chapterdiscussesthecontribution andrelevanceof our feathercoatmorphogenesismethodologyde-

scribedin Chapters5 – 8 in thecontext of thethesisobjective. This chapterbeginswith a furtheranalysis

of theresultsfrom eachof thethreecomponents:featherstructure, featherarrangementandfeatheralter-

ation aswell asdiscussesthecapabilitiesandboundsof eachcomponent.Furtheranalysisof themethod,

includingdetailsof integrationis presented,concludingwith theconstraintsandlimitationsof ourmethod.

Recallthatour thesisis thatmodellingfeathercoatmorphogenesisusinga multi-resolutionmethod-

ology that is featherparameterspeci�c will bestfacilitate thecreationof “r ealistic looking” feathercoat

for thepurposesof animatingthefollicle surfaceor ”skin”. With this in mind it is importantto show that

our methodology�rstly , is capableof modellingfeathersandfeathercoatsin a changingenvironmentand

secondlythat themulti-resolution,parameter-speci�c approachwe have chosenis bestfor this task. In the

�rst partof this chapter, a discussionof theboundsandanalysisof theresultsof eachcomponentin com-

parisonwith real feathersandotherrelatedwork will begiven. Thesecondpartof this chapter, discusses

integrationissuesandcomparesthe�nal resultswith bothrealfeathersandotherrelatedwork.

9.1 Componentsof the Model

Dueto thenatureof thework, it is dif�cult to analyzethe�nal results.Theproductof themethodologyis

a realistic-lookingmodelor imageof a feathercoatat a certainstageof development.Thus,ananalysisof

the resultswould includeeitherimageor modelcomparisonwith imagesor othermodelsof real feathers.
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Measuresdoexist for comparingsynthesizedandrealoracquiredimagesaswell assynthesizedandacquired

textures.However, thesemeasuresarenotadequatein thecontext of thismodel.A directimagecomparison

is not adequate,becausetherenderingmethodis not exact (i.e. doesnot take into accountall lighting and

opticaleffects),the individual featherpatternsarenot synthesizedandno biologically exactmethodexists

for creatingthese. As well, this work is focusedon the structureof the feather, which canbe obscured

by lighting andtexturesin resultingimages. Sincethereareno measuresfor determiningthe “lik eness”

of a feathercoat, a visual comparisonof the resultsmustbe suf�cient. Thougha visual comparisonof

synthesizedfeatherscoatswith real feathercoatsis necessary, it is not suf�cient for similar reasons(lack

of opticaleffects,andbiologically accuratepatterngeneration).Thus,visualcomparisonof the individual

componentresultsaswell asa speci�cationof thecomponentcapabilitiesis madein this section.Thetwo

aspectsof ourmethodologywe focuson for assessmentare:

² evaluatingthe capabilities,bounds,�e xibility , performanceandlimitations of the methodologyand

comparingtheseto otherrelatedwork

² comparisonof theresultsbothwith realfeathersandfeathercoatsandwith resultsof othermodelsof

feathersandfeathercoats

9.1.1 FeatherStructur eComponent

As statedin Chapters4 and5, the parameterizationfor de�ning the featherstructuremustbe capableof

creatinga wide variety of feathertypesandages.To facilitatethis, a biologically basedparameterization

waschosen(seeChapter5), meaningthat theparametersusedin themodelarebasedon thesubstructures

of thebiologicaldescriptionor taxonomyof thefeathersasoutlinedin Chapter2.

In Chapter5 it wasshown thata varietyof featherscouldbecreatedandthat theparameterization

facilitatedblendingbetweendifferent types. Figure 9.1 shows someexamplesof both contourandnon-

contourfeathersascomparedwith �atbed scansof real feathersandshows feathersfrom the continuum

from down to semiplumeto plume(contour)commonlyobserved in nature.Thetop left (a & b) represent

feathersfrom thecontinuumfrom down to semiplumewith real feathersshown on theleft andsynthesized

feathersshown ontheright. Continuingfrom semiplumein (a)& (b) to plumein (e)& (f) with realfeathers

on theleft (a,c,e)andsynthesizedonesontheright (b,d,f). Thethreekey feathersusedfor this interpolation

arethe down (b top), semi-plume(b bottom)andplume(f bottom)feathers.The latter two key feathers

have threesetsof key barbs:onenearthebase,andtwo nearthetip. Thetextureusedfor thefeatherswas
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(a)

(b)

(c) (d)

(e)

(f)

Figure 9.1: Down to Semiplumeto Contourcontinuum.(a) & (b) Down to Semiplumecontinuum.(a) RealBudgie
feathers.(b) Threesynthesizedfeathersfrom key featherson top andbottom. (a)-(f) Semiplumeto Contourcontin-
uum.(c) & (e)Realbudgiefeathers.(d) & (f) Threesynthesizedfeathersfrom key feathers(b) bottomand(f) bottom.
Thesynthesizedtextureusedis show (e) top.
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Figure9.2: Semiplume(black)with afterfeather(blue/gray)Left: Poly-
line version. Centre and Right: Triangle strips version. The centre
featherhaslessbarbsfor illustration.

Figure 9.3: The synthesizedbudgie
feather from Figure 9.1(b) bottom
with anafterfeatheradded.

(a)

(b)

Figure9.4: (a) Hawk featherLeft: Synthesized.Right: Flatbedscanrealfeather. Synthesizedfeatherusesbarblength
from thescan.(b) BudgiefeatherLeft: Synthesized.Right: Flatbedscanof realfeather. Synthesizedfeatherusesbarb
lengthfrom shapedatashown atcentre.Both feathertexturesareacquiredfrom the�atbed scans.
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synthesizedandis shown at the top of (e). Eachfeathercanbeeasilymadein under60 seconds,oncethe

textureis synthesized.

As mentionedin Section5.2 the afterfeatheris modelledas a secondaryfeatherattachedto the

main featherwith the sameparameterset. Figure9.2 shows a generatedsemiplumewith an afterfeather.

Generatedshapedatawasusedfor barblength.Onestraightkey barbwaspositionedat therachistip. The

right two feathers'barbsaredrawn with trianglestrips;themainfeatherin blueandtheafterfeatherin black

for illustration. Thoughthe additionof the afterfeatheris subtle,it doesmake a differenceasshown in

Figure9.3. Figure9.3shows thesynthesizedBudgiefeatherfrom Figure9.1(b) bottomwith anafterfeather

added.Comparethis with therealfeatherin Figure9.1(a) bottomthatalsohasanafterfeather. All feathers

in Figure9.1(a,c,e)haveafterfeathersof varyingdegree.

Figure9.4showsthecomparisonof ourgeneratedfeatherswith �atbed scansof therealfeathers.In

eachpair thesynthesizedfeatheris shown on theleft andthe�atbed scanis shown on theright. The�atbed

scancannot only be usedfor validations,but alsoasa sourceof data. The texture, the shaft curvature

and silhouetteor shapedatacan be extractedfrom the scan. In our implementationthe scannedimage

is displayedfor the userto interactively specify the locationof the rachis. A basicimagesegmentation

technique[GW92] wasthenusedto segmentthefeatherimagefrom thebackgroundandcomputeboththe

shaftcurvatureandthesilhouetteor shapedatawhich in turn speci�esthebarblength. Thefeatheron the

left usesbarblengthandrachiscurvaturefrom thescannedfeather. Thefeatherontheright usesbarblength

computedfrom the silhouetteshown in the centre. Both feathersusetexturesfrom the scans.The only

adjustmentmadeto thetexturewasto therachisplacementandto re-samplethetexture.

Figures9.5 and9.6 show morefeathers.Figure9.5 shows a generatedpeacockfeather, usingthe

textureshown andthreesetsof key barbs:onestraightsetat thetip of therachis,anotherbelow theeyeand

a third curvedsetat thebaseof theeye. A �atbed scanof anactualpeacockfeatheris shown on theright.

Figure9.6shows a synthesizedpheasantfeatheron theright anda �atbed scanof a pheasantfeatheron the

left. Both theshapedataandthetexturearetakenfrom thescan.Only two setsof key barbsarespeci�ed

here,oneat thetip andoneslightly below thetip to �atten thepatternedpennaceousportion.

In additionto modellingmany typesof feathersit is alsoimportantto modeldifferentagesof feath-

ers.Figure9.7showstherenderedgrowth sequencesimilar to Figure8.2. Figure9.8showsanotherexample

of growth with thesamegrowth data.Notehow duringthepin featherstatetherachisstaysstraightdueto

it' s stiffnessandonly oncethefeatheris completelyopen,doesit obtainits curvature.
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Figure9.5: Peacockfeathers.Left: Synthesized
from textureon topRight: Flatbedscanof a real
peacockfeather.

Figure 9.6: Pheasantfeathers.Left: Synthesizedfeatherusing
scanneddata.Right: Flatbedscanof actualpheasantfeather.

Finally, aspreviously detailedin Chapters5 and7, our methodologyinvolvesthe ability to create

modelsat multiple resolutions.Figure9.9 shows a featherat full geometrywith andwithout splits in the

vaneontheleft andthenathalf andaquarterthegeometryto theright. Theuseof thealphatexturemapand

multi-texturing asoutlinedin Chapter7 wasusedto prevent the lossof detail in lower resolutionmodels.

The bottomof Figure9.9 shows a zoomof the feathervaneat full (left), half (centre)andquarter(right)

geometry.

Structural ComponentAnalysisand Scope

As detailedabove, thestructuralcomponentis capableof creatingawide rangeof feathertypesandagesof

feathersaswell asenablestheuseof multiple resolutionsfor ef�ciency. Therearehowever, boundsto the

typesof structuresthismodelis capableof creating,mainlydueto theuseof linearinterpolation.

Linear interpolationis the aspectof the methodologythat automatesgeneratingthe feathercoat,

reducingtheamountof manualmodellingandthus,is alsooneareathatis lesscontrollable.Linearinterpo-

lation is usedin threeareasof thestructuralparameterization:barbspacingspb; spt , barblengthl andvane

anglevl
ba; vl

ta ; vr
ba; vl

ta . This meansthatnon-linearinterpolatedresultsanddiscontinuitiesaremoredif�cult
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Figure 9.7: Growth sequenceof feathersimilar to Figure8.2.

Figure 9.8: Growth sequenceusingsamegrowth dataasin Figure9.7, but differentfeathermodel.
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Figure 9.9: Left to Right: Featherwith no splits andfull geometry(key barbsshown in dark blue). Featherwith
randomvanesplitsat full geometry(highestLOD – approx.1660triangles).Featherwith half geometry. Featherwith
one-quartergeometry. Bottom (l-r): Magni�cation of feathervane,with full, half andquartergeometry.

to obtain. To overcomethis restraintthe interpolationfunction in the modelcould easilybe replacedby

someotherinterpolationfunction. In addition,if discontinuitiesin thebarblengtharedesiredeitherthiscan

beaccomplishedwith adjacentkey barbsasdescribedin Section5.2.2or with theuseof optionalsilhouette

data.Achieving discontinuitiesin barbspacingor anglearenot possiblewithout addinganotherparameter

to themodel.However, again this doesnot occurin realcontourfeathersandis very atypicalevenof other

typesof real feathers,andthusis not an issuefor our model. Linear interpolationis alsousedto compute

thecontrolverticesfor thebarbs,but onceagaindiscontinuitiesin thebarbshape,canbeachievedusingthe

adjacentkey barbtechniquefrom Section5.2.2. However, if many discontinuitiesin barbshapearedesired,

thiscanbecomequitetedious.Fortunately, this is atypicalof naturalfeathersandthus,is notanissuegiven

thescopeof ourproblem.

Theuseof Béziercurvesis anothercoreaspectof our model. Béziercurvesareusedfor theshape

of the key barbs(andhencebarbs)aswell as for specifyingthe curvatureof the rachis. Sincevirtually

anunlimitednumberof control verticescanbeused,thedegreeof thecurve is unrestricted.Thus,highly

complex curvescanbeconstructedif needed.TheBézierformulationwaschosenbecauseof its intuitiveness
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of thecontrolverticesto thecurves. A moregeneralB-Splinecouldalsohave beenusedinsteadof Bézier

curves,thoughthey allow morelocal control thanBéziercurves(especiallyhigherorder),they tendto be

lessintuitive for interactive usespeci�c to feathermodellingbecausetheshapeof theshaftandrachisare

moreeasilyspeci�edasglobalcurves,ratherthanapiecewisecollectionof localcurves.For generalfeather

curvatureshapes,a Béziercurve is morethanadequate,but therearesomespecialcases,wheremorelocal

controlover thecurvemaybeuseful.

The useof any curve presentsproblemswhende�ning length. A stylistic choicemustbe made

whetherto maintainlengthasa Euclideandistancebetweentheendpointsof thecurve or asthearc-length

alongthe curve. This choicewasneededin computingthe lengthof the curve (barb) from the shapeor

silhouettedata.If arc-lengthis usedthenit is assumedthattheshapeor silhouettedataspeci�edrepresentsa

�attenedview of thefeather, andthusastheinternalcurvaturesof thefeatherareedited,thearc-lengthmust

bemaintained.This means,not only will theresultingun�attenedsilhouetteshapenot matchthe�attened

shape,but thedesiredcurveatthedesiredscalemaybeimpossibleto achievegiventhearc-lengthrestriction

andthus,thecurvemustbescaled.If Euclideanlengthbetweenendpointsis usedit is assumedthattheshape

datarepresentsthe un�attenedsilhouetteof the feather, and thus as the curves are editedthe arc-length

or physical lengthof the barbsmy shrink or grow. While usingarc-lengthis a morephysically plausible

scenario,it highly restrictsthedesignof thefeather. Withoutanaccurateinitial arc-lengthspeci�cationthere

maybelimitationson thescaleor degreeof curve created.As well, theshapeor silhouetteof thefeatheris

usuallydescribedindependentlyfrom thebarbshapeandthususingEuclideanlengthis moreintuitive. As

such,Euclideandistancewasusedin computingthebarblengthduringthedesignof thefeather, but during

packingarc-lengthwasusedto simulateaplausiblycorrectbendingof thefeather.

In comparisonto otherindividual feathermodels,ourmodelis muchmorecontrollableand�e xible

than both the modelsof Dai et al. [DSC95] and Chenet al. [CXGS02]. Both of theseprevious works

generatethebarbsby growing or propagatinga segmentof thebarbor rachisat a time, with thedirection

of the next segmentde�ned by eithera setof anglesandpolynomials(Dai et al.) or a parametriccurve

(Chenet al.). While the functionalsetof anglesproposedby Dai et al. interpolatenicely, they are less

�e xible andratherdif�cult to control.Theonly barbcurvaturesthatcanbeconstructedarethosede�ned by

a quadraticpolynomial.Our methodis similar to Chenet al. in their useof a parametriccurve to de�ne the

barbcurvature,however they only allow thede�nition of asingleleft barbcurveandsingleright barbcurve.

Thus,theirmodelcannotconstructfeatherswith eye-spotssuchaspeacockfeathersandmany otherfeather
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curvatures.Also with theirmodelthereis no variationin barbangleor barbspacing/densitywithin a single

feather. Soagain,any featherswith asymmetricvanescannotbeconstructedandtheshapeof thefeatheris

completelyde�ned by theusersuppliedoutlinecurve.

Comparingour feathermodel with what is known about the model from Sony PicturesImage-

works[EAB+ 02], ourmodelis bothmore�e xible andsimplistic.They state[EAB+ 02] they havehundreds

of parametersto control their NURB patchbasedfeathers.While it is assumedthatmany of theseparam-

eterscontrol the lighting effects,this is still an orderof magnitudemoreparametersthanareusedin our

modelwhich is approximately15, pluskey barbsandshapedatafor individual feathersin additionto the

biasingvectors,parameterizationandsurfacevectorsfor creatingthecoat. Also, usingNURB patchesfor

thesurfaceof thefeathermakeshaving plumulaceousportionsor down feathersimpossible.

9.1.2 FeatherArrangement

The secondcomponentof our model is the featherarrangementcomponentdescribedin Chapter6. The

key attributesof this componentareagain �e xibility without lossof control,aswell asautomationof the

process.Placementandorientationof eachindividual featheris too tedious.As well, the useof multiple

resolutionsis critical especiallywhencreatingdensefeathercoats.This secondcomponentcontainedtwo

mainelements:follicle distribution andfeatherorientation.Threestepswereusedto constructthe feather

arrangement:follicle distribution, feathergenerationandfeatherdirectionandorientation(i.e. packing).

The�rst step,follicle distribution,usesa user-de�ned densityvalueto randomlydistributefollicles

over a subsetof polygons,representinga feathertract. Thefollicles aretheniteratively relaxedto obtaina

regularhexagonalor “stretchedhexagonal”distribution usinga setof user-de�ned biasingvectors.Adding

the ability to placebiasingvectors,adds�e xibility to createnon-lineardistributionsaswell asability to

morecloselyapproximateactualfollicle distributions.Figure9.10show anartistsillustrationof theDorsal

tractof a SingleCombWhite LeghornChicken[LS72b, p.425]on theleft andour follicle distribution on a

setof polygonsrepresentingtheDorsaltracton theright. Notethesimilarity in thehexagonalarrangement

of follicles. Theimageon theright alsoillustratesthe“rowsof follicles” similar to thoseon theleft.

The needto approximatethis “stretchedhexagonaldistribution” is basedon the hypothesisthat

the densityvariationactuallyaffectsthe resultingfeathercoatpatternandthus,the follicle distribution is

important.Figure9.11exempli�es this importance.This �gure shows threeexampledistributionsusingthe

sametypeof feathers,thesameindividual featherpatterns,andthesamesurfacedirectionsfor thefeathers.

126



CHAPTER9. RESULTSAND ANALYSIS

Figure9.10: Simulatingthehexagonalfollicle distribution. Left: An illustrationfrom LucasandStettenheim[LS72b,
p.425]with aninsetthatshows theroughlyhexagonaldistributionof thefollicles of thedorsaltractof aSingleComb
White LeghornChicken. The connectinglines betweenthe follicles representfollicular muscles.Right: Follicles
generatedusingour technique.Notethesimilaritiesin thehexagonaldistribution aswell asthealignmentof follicles
into rows.

Theonly differenceis thefollicle distribution. Theimageon thefar right has60 follicles, andtheothertwo

have 57. Thefollicles neartheedgeshave beenslightly perturbedto de�ne theconvex hull for thefeather

interpolation.However, if we focuson thecentreof eachsquarewherethedistributionsaremostdifferent

andyet the typeof feathersandfeatherdirectionsarethe same,thereis a noticeabledifferencein feather

coatpatterncausedsolelyby thefollicle distribution. Thefollicle distributionsareshown at thetop andthe

two key featherspositionedat thecornersareshown onthebottomleft andright. Therestof thefeatherson

thebottomshow snapshotsof thefeatherinterpolation.

Theprocessingtime requiredto computethe �nal follicle distribution is dependenton thedesired
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Figure 9.11: How differencesin follicle distribution affect theoverall feathercoatpattern.Left: Follicles alignedin
“grid-lik e” pattern.Middle: Follicles with regularhexagonaldistribution. Right: Follicles with stretchedhexagonal
distribution. Top: Follicle distribution. Bottom: Two feathertypesusedaskey feathersshown on left andright. The
restof thefeathersat thebottomareinterpolated.
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�nal distribution dueto the iterative natureof the algorithm. Eachiterationof the distribution algorithm

traverseseachfollicle once,and thus is also dependenton the numberof follicles. At eachfollicle the

follicles are re-triangulated(Delaunaytriangulation)to computethe new Voronoi regionsand theneach

follicle is moved to the centreof its Voronoi region. To computethe Delaunaytriangulationeachedge

is traversedand for eachedgean undeterminednumberof edgesmay be affected. Thus, the Delaunay

triangulationis O(m2) wherem is thenumberof edges.If n is thenumberof follicles aniterationto relax

the follicles is O((n + 2)2 + n). However, sincethe follicle distribution is producedof�ine, independent

of the featherarrangement,this doesnot restrictthe interactive modellingof the coat. Eachcollectionof

feathersin Figure9.11hasapproximately60 feathers.Thefeathergeometryis computedin real time with

eachscenecontainingapproximately100,000polygonsusing full feathergeometry. The packingof the

featherstookapproximately2 seconds.With alphablendingthissceneis renderedatapproximately3-5 fps

onaPIII 800GeForce2 PC.

The secondstepof the featherarrangementcomponentinvolved parameterizingthe follicles and

placingkey feathersso that the in-betweenfeatherscouldbe interpolatedasdescribedin Chapter5. This

involvedprojectingascreenspacegrid/parameterizationontoeachtract,sothateachfollicle hadau,v inter-

polantcoordinate.Oncethis is de�ned, it is �x ed,sincethisultimatelyde�nesthetypeof featherassociated

with this follicle. We will discussthe implicationsof this parameterizationbelow andin Section9.1.1we

showedthequalityof theinterpolatedfeathers.

The third stepwas to de�ne the actualorientationand direction of the feathers. This involved

theuserde�ning surfacedirectionvectors,which ultimatelyde�ned a coordinatesystemfor eachfollicle,

within whichapackingalgorithmis usedto packthefeathersin ashingle-likefashion.Theorderingof these

layeredfeathersis de�ned by the sameparameterizationusedfor the featherinterpolation. Alternately, a

secondaryparameterizationcouldbeimposedto de�ne theorderingof thefeathers,in a similar fashionas

thefollicle parameterizationin steptwo.

Oncean orderingandcoordinateframearede�ned at eachfollicle location,the featherscanthen

be packed. The objective in packingthe featherswas to prevent the feathersfrom interpenetratingthe

surfaceandeachother, sincethis generallydoesnot occur in nature. The methodfor packingusedthe

informationthat the featherswereconstructedfrom interpolationsof Béziercurvesandthat not only did

thekey barbsform a boundingvolumefor the feather, but thecontrolverticesof thekey barbsde�ned an

absoluteboundingregion. Informationaboutthe inherentstiffnessof the featherwasalsobuilt into the
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algorithm. This allowed the stiff shaftsof the feathersto be packed without deformationand the more

pliable barbsdeformslightly to prevent interpenetration.Thus,eachfeatherwas traversedin bottomto

top order(painterly)�rst maximallyrotatingtheshaftin thefollicle coordinateframeusinga subsetof the

surroundingfeathercontrolverticesandthenoptionallyelevatingthebarbs.

Figure 9.12: Featheredspherecomparingpackingresultswith varying feathersize to follicle densityand feather
size to surfacefeaturesizeratio. All threefeatheredsphereshave the samefeathers,surfacedirectionvectorsand
approximatenumberof follicles. They vary in featherscale- smalleston the left to largeston the right. Bottom:
Magni�cationsof variousregionsof thethreespheres.Notesizevariationof feathers.

In Chapter6, Figure6.12we showedanimageof feathers,packedandunpacked. Not only did the

unpackedfeathersinterpenetratethemodel'ssurface,but they alsointerpenetratedeachother. In thepacked

version,all of theseinterpenetrationswereeliminated. In the caseof the a planarsurface,the packingis

niceandtight asshown in thesideview. With curvedsurfaces,thetightnessis dependenton thedensityof

the follicles, thesizeof the feathersin comparisonto this densityandthecurvatureandtessellationof the
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Figure 9.13: High resolutionsphere(1600polgonsv.s. Figure9.12with 250). Left: Small feathersRight: Larger
feathers.Notethesmoothuniformcontourandhow thelargerfeathersarestartingto bulk at thebottom.

Figure 9.14: Featheredspherewith multi-texturing. Left: Full geometryRight: Half-geometry. Magni�ed portions
of eachfeatherarrangementshown to their right.

Figure 9.15: Comparisonbetweena featherpatternon a realbudgie(left) anda synthesizedfeatherpattern(centre)
usingthefeatheron theright, a regularhexagonaldistributionof follicles andour feathercoatmethodology.
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surfaceitself. Figure9.12shows a portionof a spherewith a setof follicles andthecorrespondingsurface

directionvectorsandthesamespherefeatheredwith thesamefeathers,simplyat threedifferentscales.The

directionvectorsarepurposelydrawn long to demonstratethe low tessellationof the underlyingsurface.

The rightmostfeatheredspherehasfeatherstwice the lengthof the leftmost. The spherein the middle is

midway in length. Note how smallerfeathersfollow the surfacemore tightly. Hencethereis a disjoint

contoursimilar to thedirectionvectors- dueto the low surfacetessellation.Thelarger feathershidethese

surfacedetails,but alsocreatemorebulk, especiallynearthebaseof thespherewherethefeathersarethe

largest. Below theseimagesaremagni�cationsof eachscene.In Figure 9.13we show the sametype of

featherswith similar densityon a highertessellatedsphere(1600polygonsv.s. 250polygons).On theleft

the feathersaresmallerandto theright arelarger feathers.Notehow bothsetsof feathersnow follow the

smoothersurfaceandsimilarbulking behaviour is startingat thebaseof largerfeathersphere.

In Figure9.12thereare426 feathers(not all shown) comprisingapproximately643,000polygons

at full geometry. With normalalphablending(not multi-texturing) we areableto obtainapprox. 1-2 fps

on PIII 800with a GeForce3 graphicscard.With theimageon theleft (smallerfeathers)packingrequired

approximately20 seconds.The imageon the right haslarger feathersand requiredapproximately151

secondsfor packing. The imagein the middle hadfeatherswhoselengthwasmid-way betweenthe left

andright images.Packingfor this middleimagerequiredapproximately66 seconds.Thefeatherstructures

usedarethesameasthosein Figure9.11. The increasein packingtime is proportionalto the increasein

thesurfaceareaof thefeather. With anincreasein feathersurfacearea,thefeathercoversmoreunderlying

feathers,eachwith morecandidatecontrol verticesthat mustbe consideredin the packingprocess.This

explainsthenon-linearincreasein computationtime.

Figure9.14showstheuseof multi-texturingonthesamefeatheredsphereatmultiplelevelsof detail.

On the left is the sphereat full geometricdetail (approx. 643,000polygons),renderedat approximately

0.9 fps. on a PIII 800 with a GeForce3 graphicscard. On the right is an imagewith approx45% of the

polygons(299,000)andis renderedat approximately1.5 fps on the samemachine. To the right of each

imageis a magni�cation for analysisof themulti-texturing. As is shown muchof thedetail is maintained

evenwith lessthanhalf thegeometriccomplexity.

Figure9.15comparesthepatternof arealBudgiefeathercoatwith onesynthesizedusingourfeather

coatmethodology. On the left is a imageof a portion of the left wing of a budgie. In the centreis our
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synthesizedfeatherarrangementandon theright is thefeatherusedto constructthearrangement.A dense

hexagonaldistributionof follicles wasused.Notethesimilaritiesin featherpattern.

Arrangement ComponentAnalysisand Scope

Themainrestrictionof this componentis thefollicle parameterization.Projectinga grid from screenspace

to objectspace,canpossiblycreatedistortionsin the parameterization,dependingon the topologyof the

surface.As well, for somesurfaceregions,parameterizingin this way is impossiblewithout subdivision of

theregion. Theprojectionmustbeuniqueandcloseto planarto minimizedistortionin theparameterspace.

Devising the parameterizationin screenspacedoeshowever, allows the userto constructany uniform or

non-uniformparameterizationspacedesired.For instanceif non-uniforminterpolationof the featherswas

desiredin certainregionsa local adjustmentto thegrid densitywould suf�ce to constructsuchnon-linear

interpolations.This manualgrid adjustment,canalsobeusedto absorbtheprojectiondistortions,however,

would requiresomeskill andtime to construct

Of courseif thesurfacealreadycontainsa parameterizationandtheparameterizationis appropriate

for the desiredfeatherinterpolation,this stepcanbe avoided. As well, thereis currentresearchon auto-

maticallydevising non-distortedparameterizationsfor polygonalmeshes,especiallyfor genus-0[GGS03]

meshes.Thus,amoresophisticatedtechniquecouldeasilybeusedin placeof our rathersimplisticmethod.

All otheruser-de�ned data,suchasbiasingvectors,surfacedirectionvectorsetc. aremanipulateddirectly

on thesurface,andthusaredevoid of any distortionproblems.

As alreadymentionedin Section6.1 theresultsof thefollicle distribution processaredependenton

follicle densityin comparisonto surfacefeaturesize.Thefollicle distribution is however independentof the

surfacetopology, sincethealgorithmworksdirectlyon thepolygonalmesh.

One complexity of our model is the pipeline design. The follicles are placed�rst and then the

parameterizationis overlayedandthekey feathersaddedto completethefeathercoatdesign.This is done,

becausethefeathercoatcannotbeconstructedwithout eachfollicle having a setof parametriccoordinates.

However, oncethe featherswere in place, if therewas a desireto move a follicle, therecould be two

outcomes:the new follicle canobtainboth a new positionanda new parametriclocationor just a new

position.In theformercasethismeanstheinterpolantsusedto constructthefeatherandconsequentiallythe

typeof feathermaychange.In thelattercaseit meanssimply a locationchange.Eitherway this is morea

developmentanddesignissuethanonedirectlyassociatedwith themethodologyfor creatingfeathercoats.
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While our featherpackingalgorithmusesthecontrolverticesof thekey barbsandef�ciently packs

thefeathers,it doesnot handlefeathersthatdo not have key barbs(i.e. down). If theentirefeathercoatis

composedof down, thefeatherswill simplypoint in thedirectionof thesurfacenormalandnopackingwill

occur. This is representative of thenataldown of babybirds. However, if the feathercoathassomedown

andsomecontourfeathers,thereis no currentmethodfor packingagainstthedown feathers.Thepostnatal

down that is commonlyfound on sometypesof birds often actsasan insulationlayer and is not visible

on thesurface.This layercaneasilybesimulatedby anoffset from theoriginal mesh,but is unaccounted

for in our model. Sincethe focusof our modelwason the visible feathers,this is not a limitation. The

oneproblematiccaseoccurswith contourfeathershaving largeplumulaceousportions.This plumulaceous

portion is not adjustedwith the key barbelevation in the packingalgorithmand in somecasesmay fall

outsidethe boundingbox formedby the key barbs. In this caseeither the plumulaceousportionscanbe

packedonebarbat a time aswith many hair systems,or eitherignoredandnot drawn if not visible (feather

presenton top)or left to its naturalstateotherwise(no featherpresenton top).

Our Algorithm Alternate Result 

bend

twist

Figure 9.16: Cross-sectionof packedfeathers.Left: Resultsfrom
ouralgorithm.Right: An alternateplausibleresult.

Other body 

parts/objects

skin 

surface

skin fold

feathers

Figure 9.17: Exampleswhere the packing
algorithm results in interpenetrations. Left:
Otherbodypartsor objects.Right: Skin folds.

As shown, ourpackingalgorithmresultsin aplausiblefeatherarrangementin which thefeathersdo

not interpenetrateeachotheror thesurface.However, therearetwo reasonswhy it maybelessthanoptimal:

vanescannotgain curvatureor twist andthecontrolverticesareanupperboundon theboundingvolume.

First, oncetheshaftis maximallyrotated,thebarbscanbeelevated,but never depressed.This means,that

thefeathervanecan�atten or eventakeonaslightly reversecurvature,but cannevergaincurvatureor twist.

This is to prevent thefeatherfrom loosingits shapecompletely, asthereis somestiffnessto thebarbsand
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collectively thevanein real feathers.Thusin thesituationshown in Figure9.16, extra spacebeneathsome

feathersmayoccur, wherearotationof thefeathercoordinateframein thesesituationsmay�x thisproblem.

While twisting alongthe lengthof theshaftseemsphysically improbable,a twist of the featherwithin the

follicle is moreprobablethoughphysically restricted.This is alsonot part of our currentmodel,but we

have found it to bea rareoccurrence.Second,asthecontrol verticesaretheupperlimit on thebounding

volumeof thefeatherit is notanpreciselimit. Thus,theremaybesomeextra “space”betweenthefeathers.

However, theonly methodthatwould �x this problemis to do completecollision detectionusingcomplete

geometryandwhile this is computationallyintensive, it maywork at high levelsof detail. However, either

spaceor interpenetrationswould occurat lower levelsof detail,astheapproximatedfeathergeometrymay

not �t tightly together.

Finally, thepackingalgorithmdoesnothandlepackingagainstotherobjectsor bodypartsincluding

skin folds. It canhandleconvex aswell asconcave modelsurfacesby checkingneighbouringpolygons

normalsin addition to the surfacedirectionvector, but it is highly inef�cient to checkevery polygonor

polygonsof othermodels.Thus,currentlythereis no way to handleinterpenetrationswith polygons,that

arenot in a small region (feathersize)of theoriginal follicle, with otherobjectsor with feathersattached

to thesesurfaces.For example,if a largeskin fold occurred,suchthat theskin foldedover the region the

feathercovers,but doesnot overlap the follicle thenthe resultof the packingalgorithmmay be that the

featherinterpenetratesthe fold of theskin. This is becauseno checksaredoneagainstpolygonsfar away

(beyondtheareaof thefeather)from thetrianglethefollicle is attachedto asshown in Figure9.17.

Comparinghow wearrangefeatherswith othercurrentworkyieldssomesimilaritiesanddifferences.

Previouswork hasdistributedfollicles usingaforce-repulsionbasedapproached[CXGS02, Tur92]. Chenet

al. [CXGS02] tailoredthismethodto increasefollicle densityin regionsof highercurvature,thoughdid not

attemptto producestretchedhexagonalpatterns.Theforce-repulsionmethodproducescomparableresults

to our own, thoughit canbe unstableandis slightly harderto control. Only oneprevious work, Chenet

al. [CXGS02] hasattemptedto detectandpreventcollisionsamongfeathersautomatically. Pixarin For the

Birds[Rob01] alsodid collisiondetectionbetweenfeathersonadjacentobjects,but it wasdoneby manually

placingboundingvolumes. Collisionsbetweenfeatherswerenot mentioned,andseemedto be irrelevant

dueto the surfaceshape,feathersizeandangle. Chenet al. [CXGS02] userecursive collision detection

schemefor off-line collisiondetectionandresponse.Theiralgorithmworkedonsimpli�ed feathergeometry,

thereforeit is presumedthatthereis alsoextraspacein their�nal arrangement.They quotetaking30minutes
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Figure9.18: Top: Photosof moultingmaleEclectusParrotfrom [Mos03]. Fully developedfeathercoatshown onfar
right. Bottom: Simulatedmoultingof similar coatusingour feathercoatmorphogenesismethodology.

to computecollisionsandorientationof 3500feathersonaPIII 864MHzmachinewith aGeForce3 graphics

card. Comparingthis with our mediumsizefeatherto follicle arrangementin Figure 9.12, 3500feathers

wouldtakeapproximately9 minuteswith ouralgorithmonasimilarmachine.With smallerfeathersit would

takeaslittle as2.8minutesandstill have thefeatherscover thesurfacein anoverlappingmanner.

9.1.3 Alteration Component

Thealterationcomponentof our methodologynot only providesa meansof simulatingmorphogenesis,but

also validatesthe useof our methodologyin a changingenvironmentas shown in Chapter8. We have

alreadyshown that our methodologyis capableof both simulatingfeathercoatmorphogenesisaswell as

creatingproperfeatherarrangementson moving surfaces(skin movement)in Chapter8. In this sectionwe

will compareour morphogenesisresultswith thoseof real birds, aswell asanalyzethe techniquesused.

Figure9.18 shows photosof a maleEclectusParrot moulting [Mos03], aswell asa simulatedmoulting

feathercoatcreatedwith our methodology. On thetop arethreephotosof themaleEclectusduringmoult

anda fourth photowith fully developedfeathercoat.On thebottom,aretwo examplesof simulatedmoult.

Thebottomleft showsaregion,andamagni�cationof themoult regionusingincreasingu parametermoult.

Thebottomright shows a region anda magni�cationof thatregion with randommoult. Comparingthetop

andbottomimagemoult regionsbearssomelikenessto eachother. Themaindifferencein theseimagesis

therenderingof thefeathers.
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Alteration ComponentAnalysisand Scope

Thereareonly two minor complicationswith how we achieve feathercoatmorphogenesisin a dynamic

environment:frame-to-framepackingandrenderingof feathergrowth.

During animationof the skeletonandskin, the follicles move, the coordinateframeof the feather

changesandthe feathersarerepacked. The feathersarerepacked at eachframeof the animation,to en-

sureno invalid featherarrangements(i.e. interpenetrations).However, not only is this time-consuming,

but dependingon the implementationof featherparameterizationcanleadto lack of coherencein feather

arrangementacrossframes.With our currentimplementation,the follicles arenot re-parametrizedasthey

move. Therefore,largeskin deformationsin relationto the follicle densityandfeathersizecanleadto in-

terpenetrationsof feathersbecausetheparameterizationmayno longeraccuratelyre�ect theorderingof the

feathers.But, in mostrealisticmovements,the skin doesnot undergo extremedeformationandtherefore

this doesnot tendto bea problem.Also, this ensuresframe-to-framecoherenceof thefeatherarrangement

becausetheorderingis consistent.If extremeskindeformationis necessary, a re-parametrizationof thefol-

licle locationwould alsobenecessaryto prevent interpenetrations,but thenthis leadsto lack of coherence

betweenframes.

As renderingis not the focusof this thesis,renderingof the featherduring growth hasnot been

completelyaddressed.Thetexturecoordinatesareassignedto thefeatherasif it wasfully developed,only

thesubstructuresarearrangeddifferentlyduringgrowth. For someof thefeatherdevelopment,thefeather

substructuresarecontainedwithin the feathershaft. Thereforethe texturesof the featherarenot visible.

Oncethefeathersopenthetextureis immediatelyvisible aswith real feathers.However, in thepin feather

statethe featheris coveredby a sheath,which is moreopaqueandobscuresthe texture of the shaftand

feathers.It alsosometimesaddsa blueor graycolourationto theshaft.This hasnot beenaddressedin our

model.

No otherwork currentlyexists on feathercoatmorphogenesis.No oneto the authorsknowledge

hasattemptedto modelfeathergrowth or feathercoatmoult,eventhoughit greatlyimpactsthelook of the

resultingfeathercoat. As well, therehasbeenlittle work on addressingmodellingof feathercoatsduring

animation.Detailsof how the feathercoatrespondsto animationhave not beenaddressedby [CXGS02].

Sony PicturesImageworks [EAB+ 02] addressesmany of thesecomplicationsintroducedby movementof

theskinmodelthroughtheuseof manualintervention.Finally, while stylinghasbecomeanareaof research

with regardsto hair, it is unexploredin thedomainof feathers.
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9.2 Discussionand Analysis

Integratingthe threecomponentsfor usein creatinga feathercoatis neithertheoreticallycomplicatednor

developmentallytrivial. Thedesignof thecomponentshasmadeintegrationrelatively simple,thoughthere

are somesubtletiesto implementingthe integration. The focus of this thesisis on the functionality of

themethodologyfor creatingfeathercoatsandfeathercoatmorphogenesis,ratherthantheusabilityof the

particulardevelopmentframework in whichthemethodologyhasbeenimplemented.Thus,themethodology

itself is the contribution of this researchand the functionality forms the basisfor the validation of the

contribution.

9.2.1 Integration Challenges

Figure 9.19: Our modelledwing with 210 feathersat a 100% geometry(120,000polygons). In the top left are
two magni�cationsof this sameLOD. Thebottommiddleandright aretwo magni�cationsof 60%and20%of the
geometryrespectively. A framerateof 4.8/7.8/13fps for 100/60/20percentdetail wereobtainedon a GeForce3
graphicscard.

Theimagesof thewing shown in Figure9.19wereconstructedusingtwo feathertractsasshown in

Figure8.6; onefor theprimaryandsecondary(largebottomfeathers- comparableto theAlar tract in real

birds), anda secondslightly overlappingtract for the coverts(uppersmallerfeathers- comparableto the
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Figure 9.20: Top: A fully featheredbird with 3148feathersat 60%of thegeometrywith 830,000feathertriangles
and3732modeltriangles.OnaGeForce3 weobtained0.69fps. In thetopcorneris aclose-upof thestyledheadand
a insetof the follicle distribution on thebody. Bottom: a close-upof thebody/wingareaat 20%,60%and100%of
thegeometry.
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Humeraltract).Six key featherswereplacedon theboundaryof theuppertractandthreekey featherswere

placedalongthelower tract.Thefeathersarein apackedstate.Weobtaineda framerateof 4.8fpsat100%

geometry, 7.8 fps at 60%geometryand13 fps at 20%geometryon PIII 1 GHz with a GeForce3 graphics

card.

Figure9.20shows a fully featheredbird with 3148feathersat 60% of the full geometry(830,000

triangles).Theunderlyingmodelhas3732triangles.An insetof thebird with only theshaftsof thefeather

aredrawn to show thedensityanddirectionof feathersused.Thefeathercoatwaspackedin 35.1seconds.

With hardwaremulti-texturingweobtainedaframerateof 0.69fpsona1 GHzPentiumIII with aGeForce3

graphicscard. An insetof a magni�cation of theheadis shown in the top left corner. The featherson the

backandsideof theheadhave beenstyledby specifyingunnaturaldirectionvectorsandthusdonot follow

the normalcontourof the head. The modelwasconstructedusing18 tractsand80 key feathers.The 18

tractsconsistedof 5 for thehead,3 for theneck,3 for eachwing and4 for thebody. Thefeathersonthehead

werede�ned usingfour key feathersfor eachof thetop,bottomanduppernecktractsand� ve key feathers

wereusedto de�ned the featherson eachof thesideheadtracts. The featherson theneckwerespeci�ed

usingfour key feathersfor eachof the threetracts. Eachwing wasspeci�ed with six key featherson the

two upperwing tractsandthreekey featherswereusedfor the lower wing (�ight) tract. Four key feathers

wereusedfor eachof thebodytracts.Using20%of thegeometryof thefeathercoatcreated276,000feather

trianglesandranat1.35fpsonthesamemachine.At 100%of thefull geometry2.2million feathertriangles

werecreatedandranat0.31fps. Below theimageof thefull bird arethreemagni�cationsof theareawhere

thewing joins thebodyat varying levelsof detail. Left to right arethesameareaat 20%,60%and100%

of thegeometry. Notethemaintenanceof detail,feathershapeandre�ectance.In certainregionsthereare

baldpatcheswhereno feathers/folliclesexist. In theseareasa denserfollicle distribution mayberequired.

In natureareaslike theoneunderthewing have lessdensecontourfeathers(similar to our tractdensity),

however often down feathersarepresentin theseareasto hide the skin. Also we mustnotehow smaller

moredensefeathersnaturallypackmorecloselyasthoseshown on theneck. In someregionson thebody

stiff �at featherscanbeseenprotrudingslightly from thefeathercoat.We mustnotethatsincethey arenot

singlefeathersthatthepackingis correctandthatthisprotrusionis causedby theextremecoarsenessof the

underlyingmodel(i.e. sharpedge)anda largefeathersizerelative to thesharpfeatureedgeof themodel.

Thisaffect is similar to theresultsshown in Figure9.12.

Unifying thethreecomponentsinto asinglemethodologyinvolvesspecifyingonly onemoredetail;
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how to handleinteractionbetweentracts.Sincefeathertractscanbedisjointor overlap,thereareafew ways

of handlingthis issue. Therearetwo possiblecomplicationsto addressacrosstracts: follicle distribution

andfollicle parameterization.Generallyin real birds, thereis an apteriaregion of no contourfeathersin-

betweenthe feathertracts. This meansin generalthe contourfeathertractsaredisjoint andacrosstract

follicle distribution is no longera problem.If however, thetractsarenot disjoint, thepolygonsthatcontain

follicles from multiple tractsmayhave clustersor clumpsof follicles. This canbedesirableif thedifferent

tractsrepresentdifferenttypesof feathers.However, if thetractsarethesamefeathertypea moreuniform

distribution is typically desired.This canbeaccomplishedby runningthe follicle distribution algorithma

secondtime,on only polygonsof multiple tracts.This wasnot neededfor our examples,aswe maintained

apteriaregion representationandhadtwo setsof tracts:onefor down feathersandonefor contourfeathers.

Parameterizingthe follicles acrosstractsis slightly morechallenging.This is requirednot only to

computetheinterpolatedfeathersfrom thekey feathers,but alsoto de�ne thepackingfor theorderingacross

tracts.Wehavechosento handlethefeatherinterpolationby maintainingthatthetractdivisionsareformed

to de�ne regionsof differing feathertypesandthustheboundaryof thefeathertractswill alwayshave key

feathers.If anoverlappingtractexists thesamekey featherswill alsobelocatedon this tract. Acrosstract

packingis handledby de�ning a global ordering,eitherby orderingthe tractsor the individual follicles

usingprojectionto abodyaxisvector. This is requiredfor determiningwhich feathersto packagainstat the

tractboundaries.

9.2.2 Renderingand LOD Challenges

Ourlevel of detail(LOD) or renderingalgorithmmaintainstheshapeandlook of thefeathersmoothlywhile

reducinggeometricdetailasshown in Chapter7. However, therearetwo specialcaseswheretheresultscan

belesssmooththandesired:plumulaceousfeathers,anddramaticallycurvedbarbs.While combininggeom-

etryof adjacentbarbslookssatisfactoryfor higherlevelsof detail,at very low levelsof detailthecombined

trianglestripscancause“popping” asthe levelsof detail aretransitionedfor plumulaceousfeatherssince

they arede�nedasrandomnessin thebarbcurvatures.This is dueto thelackof coherencebetweenadjacent

barbs.Also, at lower levelsof detailanalphatexture is repeatedto simulatethe transparency betweenthe

individual barbs.As long asthebarbis representedby a suf�cient numberof vertices,dramaticallycurved

barbscanbemaintained,but oncecurvesarecoarselyapproximated,thesimulatedbarbstraightensandso

too doesthe alphamap. This resultsin straighteningof dramaticallycurved barbsat low levels of detail.
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Figure 9.21: Two imagesfrom Chenet al.'s [CXGS02] work on modellingandrenderingfeathers. Left: Some
examplefeathers. Right: A featheredEagle. Theseimageswere obtainedfrom the authorsand usedwith their
permission.

However, sincebothof thesespecialcasesoccuratverylow levelsof detail,usuallythevieweris suf�ciently

far away not to be ableto discernthesedetails. The silhouetteandtexture which arediscernibleat these

levelsof detailaremaintained.Therefore,wedonotdeemthis to beaninadequacy of themethodology.

9.2.3 Comparisonwith Other Models

Comparingthe integratedfeathermorphogenesismethodologywith othermodelsof feathercoatmorpho-

genesisis impossiblebecausetherearenone.Wecancompareourmodelof feathercoatswith theconcurrent

researchof Chenet al. [CXGS02] andSony PicturesImageworks [EAB+ 02] on modellingfeathercoats.

As alreadystatedin Section9.1.1our modelis more�e xible thanbothof thesemodels.Not only canwe

modelfeathertypesotherthancontourfeathers,but wecanalsomodelfeathersof variousages.Controlling

thefeatherstructureis alsomoreintuitive with our modelbiologically parameterizedmodel.Sony's model

contains“hundredsof parameters”[EAB+ 02, p. 59] andChenet al.'s modelis basedon the less-intuitive

L-systems.

Ourmodelis morepreciseandef�cient. Ourmodelpositionsthefollicles morepreciselythaneither

of theabovemodelswhichwehaveshown to haveasigni�cant impacton thefeathercoatpattern.Not only

doesit allow for thecreationof follicle distributionssimilar to Chenet al.'s andSony's work, but it is more

controllableallowing for thecreationof thestretchedhexagonaldistributions. While thereis little known
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abouthow Sony's modelhandlesfeather-to-feathercollisions,the ef�ciency of our modelexceedsthat of

Chenet al.'s. SinceChenet al. usesraw collision detection,thereis thepotentialfor their modelto result

in moreprecisepackingsof feathers,but they do statea simpli�ed geometryis usedwhich meansthereis

someimprecisioninvolved.They alsodo not try to accountfor bendingor �attening of thefeathersasthey

arepackedunlike with thebarbadjustmentin our model.Thebuilt-in multiple-level-of-detailaspectto our

methodologyis alsoanef�ciency advantage.AgainChenetal. mentionasimpli�ed geometryfor collision

detection,but their renderingmodeldoesnotseemto scaleto lower resolutions.

However, therenderingmethodusedin bothof thesemodelsis superiorin somewaystoours.Sony's

modelusessomeof their “hundredsof parameters”to accountfor moreaccuratetransparency, translucency,

back-lightingandvariousotheroptical and lighting effectswhich arenot presentin our model. Chenet

al. [CXGS02] usea precomputedBidirectionalTexture Functionor BTF to achieve moredetail in closer

views of thefeathersasshown in Figure9.21. However, eitherbecauseof this or thelack of level of detail

thecomputationrequiredfor renderingis muchgreaterthanours.

9.2.4 Contrib ution and Validation

The main contribution of this researchis the feathercoatmorphogenesismethodology. Currently, there

are no other methodsfor simulatingfeathercoat morphogenesis.Sincethis researchbegan, two other

methodshave developedfor modellingfeathercoats,bothwith comparableresults.However, aspreviously

stated,our methodis more�e xible, controllableandin many aspectsmoreef�cient, aswell asincludesthe

morphogenesisaspect.

We have shown that our methodologyis capableof modellinga rangeof feathertypesandages,

semi-automaticallygeneratingfeathercollectionsandplausiblearrangementsof feathersaswell asprovid-

ing abasisfor modellingchangesin thefeathercoatovertime(feathercoatmorphogenesis).Wehaveshown

thatour methodologyis �e xible andfairly ef�cient in comparisonto otherconcurrentlyproducedmethods

for feathermodelling. We have shown that our “parameterspeci�c” model is more�e xible andcontrol-

lableandthattheuseof our LOD approachaddsef�ciency. As well, we have shown thatthemethodology

respondsappropriatelyin a changingenvironment(animationof the skin surface). Thereforeour thesis

statementhasbeeneffectively supported:modellingfeathercoat morphogenesisusinga multi-resolution

methodologythatis featherparameterspeci�cwill bestfacilitatethecreationof “a realisticlooking” feather

coatfor thepurposesof animatingthefollicle surfaceor ”skin”.
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9.3 Summary

This chapterreviewedtheappropriatenessof feathercoatmorphogenesismethodologypresentedin Chap-

ters5 – 8. It discussedin detailthecontributions,capabilities,�e xibilities andconstraintsof eachof thethree

components:featherstructure,featherarrangementandfeatheralterationaswell asthemethodologyasa

whole. Theresultsof eachcomponentweredetailedandcomparedwith realfeathersandfeathercoatsand

othercurrentwork. Any scopeandrestrictionsof themethodologywereclearlyoutlined.Themethodology

wasvalidatedin termsof thethesisstatementandthecontributionsof this researchwereclearlyoutlined.
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Conclusionsand Futur eWork

Modelling of feathersand feathercoatswas until very recentlya largely unexplored topic in computer

graphics. With this thesisnot only hasa strong justi�cation for exploring the intricaciesof modelling

feathersand feathercoatsbeenprovided, as also shown by other recentresearch,but that a basisfor a

solutionto this problemhasbeenprovided. Modelling feathers,feathercoatsandmostimportantlyfeather

coatmorphogenesis,is asdemonstratedin this thesis,avery involvedproblem.

Thisthesispresentedamethodologyfor modellingfeathercoatmorphogenesis,in particularfor cre-

ating “realistic-looking” feathercoatsfor the purposesof animatingthe skin. The methodologyproposed

andpresentedwasa multi-resolutionparameterization,speci�c to feathersandfeathercoats.This method-

ology wasthenvalidatedto both handleanimationof the skin andchangesin the feathercoatto produce

resultscomparableto real feathersandfeathercoats.This thesisde�ned a particularmethodologyin terms

of asetof proceduresusedto modelfeathercoatmorphogenesis.Thefocusof this thesisis themethodology

or processfor modellingthefeathercoatandits morphogenesis,ratherthanthesystemimplementationof

themethodology. Validatingthemethodologyincludesevaluatingthecapabilities,scopeandresultsof the

methodology, ratherthanthe usability of a particularimplementationof the methodology. Therefore,the

maincontribution of this thesisis themethodologyandthevalidationof themethodologyfor feathercoat

morphogenesis.

To evaluatethemethodologyin thecontext of modellingnaturalphenomena,four basicprinciples

(seeChapter1) were identi�ed: tailorability, level of detail, stochasticelementsand dynamics. As the

intentwasto modela vastlycomplex, non-repetitive, changingsurface,a balancebetweenautomationand
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control wasneeded.With too muchcontrol, a large setof parametersbecomeoverwhelmingcausingthe

designof everyfeatherdetailto befartootedious.With toomuchautomation,thedesiredresultmaybecome

unattainableor unpredictablegiventheinputparameters.Secondly, incorporatinglevel-of-detailaspectsinto

themodel,offereda naturalway of reducingcomplexity whenunneededin orderto improve performance

of the results.Thirdly, usingstochasticelementsallowed for thesimulationof outsidein�uences,suchas

splitsin thefeathervaneandplumulaceousfeatherbarbs.However, carewastakennot to overusestochastic

behaviour, especiallywherepredictableresultswereexpected.Finally, designingthemodelto incorporate

developmentof thefeathersallowedfor naturalmodellingof thestructuraldevelopmentof thefeathercoat

known asmorphogenesis.

In modellinga realisticfeathercoat,decisionsweremadeaboutwhataspectsof thehighly complex

real feathercoathad the largestimpacton the resultingappearance.The decisionto model feathercoat

morphogenesisinsteadof static feathercoatswasbasedon the hypothesisthat structuralchangesof the

feathercoathaveasigni�cant affecton theappearanceof thefeathercoat.In this thesis,threemoreaspects

thatwerehypothesizedto have a signi�cant affect on theappearance:featherstructure,follicle distribution

andfeatherorientation.Eachaspectwasshown notonly to createresultscomparablewith realfeathercoats,

but alsoto haveasigni�cant impacton the�nal appearanceof thefeathercoatandfeathercoatpattern.

First,aparameterizationfor individualfeathers(seeChapter5), basedonthebiologicalsubstructures

of realfeatherswaspresented.As aresult,thisparameterizationcontainedparametersspeci�c to modelling

feathersandfeathercoats. The parameterizationconsistedof a small manageablenumberof parameters,

thatallowedfor thecreationof a wide-varietyof featherstructuretypeswith smoothinterpolationbetween

thedifferenttypes.It alsoaccommodatedmodellingfeathersatvariousstagesof developmentandsmoothly

interpolatingbetweenthedifferentages.Theresultingfeatherstructureswerecomparedwith structuresof

real feathersandthe interpolationbetweenthestructureswereshown to beconsistentwith thecontinuum

of feathertypesfoundin realbirds.As well, thesequencingof theparametersusedto simulategrowth also

producedresultscomparablewith realfeathergrowth.

Second,aprocessfor distributingfollicles andautomaticallycomputingthe�nal arrangementof the

featherswasalsopresented(seeChapter6). User-de�ned follicle density, surfacedirectionvectorsanda

parameterizedpolygonalmeshsubdividedinto feathertracts,wereusedtocontrolthethedensitydistribution

of the follicles on thesurface. Themesh-basedalgorithmautomaticallymaintainedthepseudo-hexagonal

distribution of follicles foundin real feathercoats.Theresultingfollicle distributionswerecomparedwith
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realfollicle distributionsandshown to producesimilar results.Theimpactof thefollicle distributionon the

patternof the resultingfeathercoatwasanalyzedandshown to be a signi�cant aspectof the feathercoat

appearance.

Third, a methodfor automaticallycomputingtheresultingfeathercoatarrangementwaspresented.

Using thesurfaceparameterization,theuser-de�ned surfacevectorsandthenormalto thesurfaceat each

follicle a coordinateframewasde�ned andusedto pack the feathersin a layeredfashion. The feathers

were packed using a subsetof the control verticesof previously packed feathers. Using this subsetof

points as a height �eld an initial position of the featherwas determined. From this initial position the

barbsof the newly packed featherwere adjustedto prevent interpenetrations.By restrictingpackingor

featheranglesand modifying surfacedirection vectorsthe userwas able to style the feathercoat. The

resultingfeatherarrangementswerecomparedwith real featherarrangementsandwereshown to produce

plausiblerealisticfeathercoatresults.Again,it wasshown how changesin thefeatherarrangementnotonly

changedtheoverall featherpattern,but changedboththeareacoveredandthesilhouetteshapeof thefeather

arrangement.

Finally, in additionto showing thattheproposedmethodologywascapableof modellingthesethree

attributes,it wasalsoimportantto show it could both producechangesin the feathercoatover time, and

respondappropriatelyto changesin theskinsurface.Usingtheparameterizationto specifyvariousstagesof

featherdevelopmentandauser-de�ned moultingsequence,thedevelopmentandreplacementof thefeather

coatwassimulated.Themoultingresultswereshown not only to besimilar to real feathercoats,but also

to have a large impacton theresultingappearanceof the feathercoat. Beingableto animatetheresulting

modelis oftendesirablein computergraphics.Thus,showing thatthemethodologyrespondsappropriately

underskeletalanimationvalidatesthemethodology's �e xibility andapplicability. Usingskeletalmovement

andthecorrespondingskinmovementit wasshown thatboththefollicle densityrespondedappropriatelyto

stretchingandcompressionof theskin,andthattheassociatedfeathersmovedplausiblyover eachother. A

basicmodelfor renderingthefeathersandfeathercoatwasalsoprovided. This modelusedananisotropic

re�ection model,alphablendingandmulti-texturing to both simulatethe presenceof barbulesandincor-

porateacquiredandsimulatedfeathertextures.Therenderingmethodalsoaddeddetail to lower geometric

levelsof featherrepresentations.
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10.1 Main Contrib ution

Thecomputergraphicsproblemaddressedin this thesisis a methodologyfor de�ning andmanaging(i.e.

creations,editingandcontrol)of anintricate,geometricallycomplex, diverse,changingsurfacein thecon-

text of feathercoatmodelling. The solutionpresentedwasa featherparameter-speci�c, multi-resolution

feathercoatmorphogenesismethodologyfor creating“realistic looking” feathercoatsfor the purposesof

animatingthefollicle surfaceor “skin”.

As mentionedpreviously, the main contribution of this work is the methodologyfor feathercoat

morphogenesis.While no other suchmethodologiesexist and only a very recentfew for non-changing

feathercoats,thesigni�cant aspectsof thisentirelynovel methodologyare�rst thefeatherparameterization

including its incorporationof growth and secondthe packingalgorithm. Incorporatinggrowth into the

parameterizationof the feathersandensuringa smoothinterpolationbetweentypesandagesof feathers

mademodellingtherestof thefeathercoatandits morphogenesissimpler. Secondly, theparameterization

for the feathersprovidedan implicit boundingvolumethatwasusedto reducethecomplexity of collision

detectionandcollision resolution(packing)of thefeathercoatin anef�cient mannernovel to thegraphics

community.

The particularimplementationof the methodologyboth allowed for testingandvalidationof the

methodology, and producedresultsfor visual comparisonwith real feathersand feathercoats,but itself

wasnot partof the thesiscontribution. In orderfor this methodologyto beusedasa tool for thepublic to

createfeathercoatsandfeathercoatmorphogenesis,properimplementationof themethodologywould be

required. This would includestudyinghow peopleusewhich parametersandin what combinationsthey

maywant to changethemto createvariousresults.While designinga parameterizationandsetof controls

is never independentof theiruse,this thesisshowedthatthebiological-basedparameterizationis capableof

creatingawiderangeof feathersandfeathercoatdesignsandthereforeshouldnotbealimiting factorin the

developmentof animplementationfor thispurpose.

10.2 Futur eWork

While it wasshown thatfeatherstructure,follicle distribution, featherorientationandfeathercoatmorpho-

genesisall haveasigni�cant impactontheresultingappearanceof thefeathercoat,thereareotheraspectsof

thefeathercoatthatalsoaffect its appearance.Themostsigni�cant of theseis therenderingof thefeathers
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andtheincorporationof variousopticaleffects.This is oneareafor futurework. Not only wouldbuilding a

re�ectancemodelbasedon feathersubsurfacepropertiesbeuseful,but alsoincorporatingfeather-to-feather

andfeather-to-surfaceshadowing aswell assubtletiessuchasshaftshadowing onthebarbscouldalsoaffect

theappearanceof theresultingcoat.Otherareasof futurework mayinclude:

² usinganautomaticparameterizationmethodfor parameterizingthemodel's surface

² investigating anddevelopinga patternsynthesisalgorithmbasedon the substructuresof the feather

modelandthetransportandconcentrationsof pigmentsde�ned by ornithologists.

² designingasetof interactive toolsfor styling thefeathercoat

² incorporatingpost-designeditingdetailssuchasmovementof follicles

² incorporatingpackingof down/plumulaceousfeathersor useof adown layer

² useof non-linearinterpolationfor featherinterpolationandgeneration

² allowing feathertwist or follicle rotation and enhancedphysical simulation(i.e. friction between

feathers,�attening of feathersunderweightor computedforce).

² collisiondetectionwith otherbodypartparts,objectsandskin folds

² incorporatingareducedgeometricrepresentationfor plumulaceousfeathersatverylow levelsof detail

² moreautomaticmodellingfrom images

10.3 Conclusions

This particularmethodologywasdesignedto createrealistic-lookingfeathersandfeathercoats,including

thechangesthata feathercoatundergoesdueto moulting. It is hopedthatthis methodologymaybeuseful

to animatorsandcharacterdesignersfor �lm production,teachersandinstructorsof ornithologyandpaleon-

tology, with advancesin graphicshardware- gamedevelopersandwith precisedataandinclusionof pattern

synthesispossiblyornithologicalresearchers.It' salsohopefulthatthegraphicscommunitycanuseaspects

of this methodologyasa basisfor thedesignof othersubject-speci�cmethodologieswith similar aspects

suchascomplex scenesandlargeamountof changing,geometricdetail. Finally, asthe �rst methodology

for feathercoatmorphogenesis,this researchprovidesabasisfor othermethodologiesin thisarea.

10.3.1 SupplementalMaterial

Note: Pleaseseehttp://www.cs.ubc.ca/» streit/Thesis.htmlfor supplementalmaterial.
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Glossary

afterfeather Thefeather-likestructurethatbranchesfrom thesuperiorumbilicus.Oftenresembles,
but is smallerthanthemainfeather, althoughin somecasesit is nearlythesamesize.
Also calledhypopennae,hyporachisaftershaft.

anterior Situatedor locatednearthefront. Onananimalrelatingto or situatednearthehead.

apteria A featherlessregionor a regiondevoid of any contourfeathers.Seealsopterylae.

attenuate Describingshapewheretheobjectis morenarrow thanlongandonly tapersto oneend
(distally).

barbicels The structuresthat branchoutwardly from the barbules. Thesestructuresare typi-
cally only presenton largercontouror �ight feathers.Also calledhooks, hookletsor
hamuli.

blastema A smallmassof living substancecapableof growth.

BRDF BidirectionalRe�ectionDistributionFunction.Usedto describetheresultingillumina-
tion atasurfacelocationgiventheincomingandoutgoinglight andviewing directions.

BTF BidirectionalTextureFunction.Usedto increaserenderingperformanceandresults-
assuminga limited setof light andviewing directions.

caudal seeposterior.

cephalad seeanterior .

distal Directionaway from themidlineof thebodyor bodysegment.

dorsal Locatedon theuppersurface.Onananimalrelatingto or situatedneartheback.

epithelial An animalcellulartissuecoveringtheexternalandinternalsurfacesof thebody.

feather coat Thecollectionof feathersonabird'sbodyataparticulartime.

feather sheath The outermostlayer of the featherduring growth. A thin opaquelayer with a blue,
grey or white tinge.
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feather tract Seepterylae.

fr ontal Theplanewhich dividesthebody that is perpendicularto the transverseandsaggital
planes.

hamuli Seebarbicels.

hooklets Seebarbicels.

inferior umbilicus Openingin thecalamusthroughwhich bloodsupplyentersthefeatherduringgrowth.

keratin A �brous proteinthat is found in theouterregion of skin andin feathers,hair, nails,
hoovesetc. It is resistantto bacterialdecayandevenoncegrowth is complete.

lanceolate Describingshapewheretheobjectis morenarrow thanlong andtappersto bothends.

medial Describinga comparative relationshipof locationswithin the frontal planethat are
closerto themidline.

midline A line orientedalongthe main axis of the body suchthat a saggitalplaneplacedon
this line woulddivide thebodyinto two equalbi-lateralhalves.

monopodial Having or involving theformationof off-shootsfrom amainaxis.

morphogenesis Theevolutionarydevelopmentof theform of anorganism.Thedevelopmentof form
in anorganismduringgrowth. Seealsomorphology.

morphology A branchof biologyconcernedwith form andstructureof organisms.

moult Thecyclical or periodiclossandreplacementof theplumage.

NPR Non-photorealisticrendering. Renderingin a style that producesnon-photorealistic
looking images. This style is often usedto convey an artist-like or impressionistic
effect.

obovate Describingshape- upside-down egg-shaped.

ovate Describingshape- egg-shaped.

pennaceous Stiff, �at portionof featheror barb. Barbicelsarepresentcausingthebarbsor barbules
to interlock.

peripheral Describinga comparative relationshipof locationsoutsidethe frontal planethat are
furtherfrom themidline.

pitch Directionalchangeor rotationalonganaxis (within the transverseplane)connecting
thewing tipswhenthebird or aircraftis in �ight position.
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pith Spongytissue(air-�lled cells) formedfrom thekeratinizationof long epithelialcells.

plumage Thesetof feathersacquiredafteraparticularmoult. Seealsofeather coat.

plumulaceous Loose,“fuzzy” portionof thefeatheror barb. Barbsor barbulesarenon-interlocking.
Usuallynobarbicelsarepresent.

posterior Situatedbehindor neartherear. Onananimalrelatingto or situatednearthebuttocks.

proximal Directiontowardthemidlineof thebodyor bodysegment.

pterlography Thestudyof Pterylosis.Also namedpterylography, pterlology, ptilology.

pterylae Regionsof contourfeathers,usuallyhaving a well-de�ned ordering. The eight main
pterylaeregionsarecapital,spinalor dorsal,humeral,ventral,caudal,alar, femoral
andcrural.Seealsoapteria, pterylosis.

pterylosis Thearrangementof contourfeathersin orderlygroupingsof feather tract or pterylae.
Also calledptilosis.

rectrices(sing. rectrix) Large�ight feathersfoundon thetailsof birds.

remiges(sing. remex) Large�ight feathersfoundon thewingsof birds.

roll Directionalchangeor rotationalonganaxis(within thesaggitalplane)connectingthe
headandtail whenthebird is �ight position.

feather rudiment Thestartof featherdevelopment.

saggital A planeorientedalongthemainaxisof thebodydividing it bi-laterallyinto right and
left parts.

spatulate Describingshape- shortbroadtip.

superior umbilicus Openingwherethe rachisan calamusmeeton the shaft,from which the afterfeather
grows.

transverse A planeorientedperpendicularto themainaxisof thebodydividing it into posterior
or anteriorparts.

tr opism Theinvoluntaryresponseof anorganismeithertowardor awayfrom externalstimulus.

ventral Locatedon thelowersurface.Onananimal- oppositetheback.

yaw Directional changeor rotation along an axis perpendicularto both the saggitaland
transverseplaneor pitchandroll axes.
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