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Abstract

Thisthesisaddressethe problemof modellingrealisticlooking feathercoatsandtheir morphogenesisver
thelifespanof thebird, for computergraphics.Modelling of feathercoatsis interestingaestheticallysimply
becausef the prominenceof birdsin our daily 'lives', aswell asthe texture, patternandshapediversities
of feathersandfeathercoats. From a computergraphicspoint of view it becomesan interestingproblem
dueto the sheardetailandcompleity of the modelthatmustbe managedn a changingernvironment. Not
onlyis it desirableo simulatechangesn thefeathercoat,but thereis alsoa needfor thefeatherdo respond
appropriatelywhentheskin surfacemovesor is animated.

In this thesisthreeaspectavhich adwerselyaffect the feathercoat's appearancare explored and
modelled:featherstructure follicle distribution andfeatherarrangementEachaspectakesits basisfrom
attributesof real feathercoats,andthe resultscreatedare comparedwith realfeathercoats. In additionto
the staticcreationof feathercoats,their changeover time (morphogenesisk alsoexploredandshavn to
have anadwerseaffect on theresultingappearancef the coat. The resultsof feathermoultingareincluded
in themorphogenesiandthe methodologyis bothbasedn realfeathercoatsandtheresultscomparedvith
realfeathercoats.

The focus of this thesisis on modelling the structureof the feathercoat, ratherthan rendering.
However, sincean adequateenderingmethodologyis requiredto asses$o resultsof the structuralmodel
a renderingmethodologyis alsoinvestigated. Synthesisof the patternsin feathersis also an interesting
problemandis anentireareaof researchn areassuchasChemistry MathematicandMathematicaBiol-
ogy [Har93. Sincepatternsynthesidn featherds currentlyan active areaof researchn these elds, it is
deemedbutsidethe scopeof thisthesis.In orderto presere therealismof our results acquiredpatternsare
usedin thiswork.
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Intr oduction

Of all of earths creaturedirds have the mostvariableappearancelargely dueto their feathercoat. Mam-
malswith their fur and hair have a coatof similar compleity andscale,but lack the variationin natural
pigmentsneededo createwidely varying coloursand patterns. Tropical sh and butter ies have simi-
lar pigmentspectraput lack the ability to drasticallyalter the orientationand positioningof the scalesto
achiere wide variationsin shapeandsize. Thevariability of feathercoatsis not only diverseacrossspecies
of birds but alsoover time. A bird's appearanceanchangedrasticallyover a spanof a yearandmoreso
over thelifetime of the bird. With this variability in shapecolourandtexture within andacrossspecief
birdsthe simulationof changesn feathercoatsis aninterestingandchallengingask.

A longaddressegdroblemin computegraphicds thedesirefor visualrealism.In therealmof nature
thisgenerallymeansaddressingompleity. A sub-are@f computemgraphicscallednaturalphenomenaas
targetedrealismof natureincluding modellingof complex shapespatterns processeanddynamics,and
renderingof comple lighting situationsand materials. Often this compleity is tamgetedby devising a
speci ¢ modelfor a particularclassof objects.

Birds areinterestingcreaturesandfrom a computergraphics/simulatiowiewpoint, therearemary
interestingproblemsthat canbe addressedhcluding, simulating ight, featherstructure featherpatterns,
featherillumination andgrowth, bird gronth, modellingof beak,feeteyesandmovement/behaour. This
thesisconcentratesn developmentof the feathercoat, which involvesmodellingfeatherstructure place-
mentandgrowth aswell asthe collective arrangemenandreplacementf feathers.

This chapterwill startby rst motivatingwhy thereis a desireto modelfeathersandfeathercoat

development(morphogenesis)Next, the principlesconsideredn creatingthe feathercoatmorphogene-



1.1. WHY FEATHERS?

sis methodologyare outlined along with the scopeof both the problemand model. Finally, this chapter

concludeswith anoutline of therestof thethesis.

1.1 Why Feathers?

“Feathersare probablythe mostcomplex derivativesof the integumentto befoundin a verte-
brateanimal. Their mary partsdisplayenormousvariety of modi cations”. (Lucasand Stet-

tenheim[LS723 p. 235])

Feathersare interestingto study for threereasons:they are prevalentin our world, they are biologically
interesting,andlittle work hasbeendonein this areaof computergraphics.Birds area partof our every-
daylivesandassuchsimulatingfeathersandhencebirds would enhancehe realismof computergraphics
scenesandervironments.As well feathershave beenusedin variousman-madatemsfor fashion,writing
anddecoration Biologically, feathersaresimilar to hairin thatthey areboth cutaneousppendages have
similar distribution densitiesandscale andboth greatlyaffect theresultingappearancef the object. How-
ever, feathersarestructurallymorecomplex anddiversethanhair, thusresultingin awide variety of feather
types,sincestructurallyhairsvary only in thicknessandcurliness.Also, feathercolourationis morediverse
thanthelimited variationof melaninof mammaliarhair, resultingin mary uniquefeatherandfeathercoat
patterns.

Fromacomputemgraphicgointof view, feathersarecomparablén compleity andscaleto hairand
plants.Therehasbeenalot of work in bothof theseareasof modelling.Hair hastypically beenmodelledas
individual strandsor groupsof strandglofts) usingpolylines[iAUK92], cylindrical sgmentdRCT9]] and
trigonal prisms[WS99 with hingesand mass-springystemdgor dynamics. Often hair-to-hair collisions
have beenignored[DTKT93] sincespeci ¢ orderingbetweerstrandss usuallynot noticeable.Thisis not
the casewith feathersasoverlappingfeathersform a speci ¢ patternandalteringthe orderis immediately
noticeable Orientationin featherds alsovery critical, wherehair orientationis negligible. Thedynamicsof
hair tendto be morecomple, sincehair is generallymore e xible, however it is uniformly e xible where
feathershave variationin e xibility within a singlefeather

Plantsarestructurallysimilarto featherssincethey bothhave basicbranchingstructuresModelling

of large collectionsof plantsis comparablé¢o modellingfeathercoats bothin quantityof substructureand

lappendageattachedo the cutaneousayer of the skin
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thedevelopmenbr morphogenesisf thestructuresHowever, thearrangemerandorientationof individual
plantsin anecosystendoesnothaveto becompletelyaccuratesincethey donotform ary speci c collective
patterns.Thebranchingstructure®f plantshave typically beenmodelledusingL—systemg PL9(, however
modelsmadeof parameterspeci c to their structurehave alsobeenproposed[DHL* 9§].

Not only are feathersinterestingto model but the notion of modellinga changingfeathercoatis
intriguing dueto the compleity of this problem. Although the structureof a singlefeatheris diverseand
intricate,the speci c structureandarrangementf thethousandsf feathersabird maypossesfurthercom-
plicatesthe problem.Adding changeo the feathercoatandanimationof the bird additionallycomplicates
theapproachaken, sincenot only mustthe featherseactwith eachotherproperlydueto movementof the
bird's skin, but they have to interactnaturallyto simulatethe developmentof the feathercoat. Managing

this compl«ity is boththe challengeandcontribution of this work.

1.2 Why Mor phogenesis?

! - 5
. R4
Wiin, i
S TN AN
N
[ ‘._I-

Natal Juvenal or
Summer

First Winter First Spring Second Winter Second Spring

Figure 1.1: Successie plumagesn the rst two yearsof a Rose-breaste@rosbeak Adaptedfrom [WB88].

While modellingfeathersandcollectionsof feathergs interestingto accuratelymodelafeathercoat
integrationof changeor developments required.Within a singleyearmostbirdsloseandreplace(moult)
all their feathersat leastonceandasmary as5-6 times. Sincethe moulting of the featherss staggered,
in ary naturalfeathercoatat ary particulartime feathersat variousstagesof growth or developmentcan
typically be found. Dependingon the quantityand densityof the immaturefeathersthey too canhave a
large effect onthe appearancef thefeathercoat. This growth, developmentandchangeof the feathercoat
is knowvn asmorph@enesisandis anintegral partof the feathercoatmodel. Two examplesof feathercoat

morphogenesiareshavn illustratively in Figuresl.land1.2




1.3. MODELLING NATURAL PHENOMENMNA

1.3 Modelling Natural Phenomena

Froma computergraphicsperspectie, devising a modelfor a particularphenomenanvolvesconsidering
mary principles. Four basicprinciplesare considerin this work; tailourability, level of detail, stochastic
elementsanddynamics. Sincemary of the scenesand objectsare so comple, it is naturallydesirableto
have afairly automaticmethodof creatingthesemodels. However, often methodghatautomatea process
reducethe e xibility of the results. Thus, the model chosenmustnot only be automatic,but mustnot
limit the ability to createa wide variety of results- tailourability. Fournier[Fou89 outlinedthe otherthree
principlesfor naturalphenomenanodels: levels of detail, the useof stochasticelementsandthe role of
time. In orderto createa sceneor objectthat appeargealistic, it is often desirableto addas muchdetail
aspossible.However, this compl«ity increasesenderingtimed which is problematicwhenmary frames
needto be renderede.g. animation). Properuseof level of detail allows for the bestbalancebetween
compleity andrealism,minimizing compleity whereandwhenit is not necessaryThe useof stochastic
elementsaddsto the realismof the model. Often mary of thesemodellingtechniquesarefar too regular
to simulate“realistic” looking naturalobjects. Introducingrandomelementsnto the model (e.g.. height
elds, branchingangleetc.) increasesealism. Fournierand Fusse[FFC8Z de ned stochastianodelling
to bethe combinationof anordinarymodelwith a stochastigroces$. Finally, consideringhe elementof
timein amodelis essentialFournieremphasizethat“if amodelis intendedfor animation time shouldbe
aparameteof themodel” [Fou89 p. 197]andthatif thisis notconsiderednd“thereis a problemwith the

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

The nal elementthat mustbe consideredn choosingthe bestmodelis how speci ¢ the modelis
to the object. Modelling of comple surfacesin computergraphicshasoften beendoneby usingtextures,
bump mapsor displacemeninapsto achieve a realisticlook without having to modelthe actualsurfaceor
subsuracepropertiesHowever, therearesomematerialdn nature thatwhenviewedfrom certaindistances,
arenot adequatelynodelledusingtexture or displacemeninaps.And yet, modellingthesematerialsusing
geometryexponentiallyincreaseshe compleity of the modelling problemrequiring specialmethodsfor
modellingthesetypesof materials. Thus,the developmentof special,object-speci ¢c,modellingmethods

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

2processingime requiredto corvertthe mathematicamodelor representationf modelinto animage
3processethatgenerateandomvariables
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recentwork of modellingtheplacementstructureanddynamicsof bothfur andhumanhair [ Gol97, GW97,
IAUK92, WS93.

Tailourability, level of detail, useof stochasticelements,nclusion of time andthe useof object
speci ¢ modelsareall commonprinciplesseenin the modellingandrenderingof naturalphenomenand
computemgraphicdn general.Thesecommonprincipleswill form thebasisof anapproacho themodelling

andrenderingof feathercoatdevelopment.

1.4 Problem Scopeand Goals

The ultimate goal of this projectis to semi—automatical@ model the feathercoat over a bird's lifetime
(e.g. seeFigurel.1) suchthatthe modelcanbe animatedandthe feathercoatrespondscceptablyDueto
the variability andmorphogenesisf the feathercoatappearances methodologythatis drivenby speci c
featherrelatedparameterss neededAlso, giventhe compleity of feathercoatstructureandthe desirefor
ef ciency in animationthereis aneedfor amulti-resolutionmodel. Theclaimis thatmodellingfeathercoat
morphaenesisusinga multi-resolutionmethodolgy that is featherparameterspeci c will bestfacilitate
thecreationof “r ealisticlooking” feathercoatsfor the purpose®f animatingthefollicle surfaceor “skin” .

Feathersandconsequentlyeathercoats,could obviously be modelledmanually However dueto
the complity of feathersandvariability found on a bird's body; this could take the averagemodelleran
extremelylong time to construct. Also sincethe appearancef the feathercoatchangesver the lifespan
of the bird andit mustrespondappropriatelywhenthe “skin” is animated,continuousalterationsby the
modellerwould be required. Thus, it is desirableto have a methodthat could model mostof the details
automaticallygivensomeinitial informationfrom themodellerandresponccompletelyautomaticallywhen
the skinis moved,withoutlosingthe ability to createa wide variety of resulting“looks”.

In orderto preseretheability to createa varietyof resultstheapproachakenmustbetailorableand
e xible. Theusermusthave the ability to provide variousinitial parametersTheinitial informationthatis
neededmustaccuratelydescribehe look of the feathercoatasit develops. This would involve modelling
the evolution of the placemenbf the feathersthe type of feathersandthe colour of the feathersover the
lifespanof the bird. The userwill needto initially specifya modelto be featheed, anindicationof how

varioustypesof feathersaredistributed,anindicationof the colourationof thefeathersandhow thesethree

4semi-automatically with alimited amountof userinterventionto settheinitial modellingparameters
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parameter®volve over the lifespanof the bird. For the approachto be e xible, it is importantto make
no assumptiongboutthe underlyingmodel,in orderto facilitatethe placemenof featherson ary model
including inanimateobjects. Evenif the systemwaslimited to featheringbirds, this e xibility is needed
becausehe bird's body canvary in their shape structureandsize. Creatingsucha versatilesystemwith a
minimal setof a priori parametersyould facilitatethe placemenbf an eagles featherson any model(i.e.
humanor airplane)andaccommodatsimulatingthe growth of the modelshaving all the naturalchanges

in appearanceausedy the developmentof the eagles feathers.

Thefocusof this researchs the modelling of feathercoatmorphogenesisThis involvesdevising
modelsfor individual feathersandtheir growth, the placemenof thefeathersonthebird andamodelfor the
orderandtimelinessof feathemreplacementA secondarybjectie is the desireto animatethe feathercoat
or to have it respondappropriatelywhenthe modelis animated.This requiresthatthe featherdoe modelled
in 3D, that the placemeniand orientation/directiorof the feathersbe consistenacrossmovementof the
underlyingstructureandthattherebe somemechanisnior dealingwith movementsof the featherscaused

by skeletalmovement.

Obviously, modellingthefeatherstructureandfeathercoatmorphogenesiwill notproduceeffective
realisticresultsunlessthe modelis alsorenderedealistically For the necessityof completion,a method
for modelling patternand colour mustalso be devised. This incorporateghe problemof renderingwith
the problemof modellingthe feathercoat. To realistically renderthe feathercoat, featherdetailssuchas
subsurécepropertiesmay needto be known to producerealistic effects suchasthe iridescencedound in
hummingbirdfeathers. Renderingof subsurfceeffects, is an entire areaof active researchin computer
graphics. Hencethe constructionof an accuraterendererwill be left for future researchandthis current
researchwill focusmainly on the modellingof structural,patternand movementaspects Alternately the
goal of this work is to producea modelthatis versatileenoughto producerealisticresultswith an “off-
the-shelf renderermswell asproducenon-photorealisticesultsusingstandardNPR shadersor lters. An
exampleof a desiredNPR renderingis givenin Figure1.2 which shavs a 2D handdrawn illustration of

feathercoatdevelopmentor morphogenesis.

Oneproblemnotaddresseth thiswork is thevariousbehaioural movementsand ight patternsof
birds. Motion andmovementof the bird andfeatherscombineds anissuethatmustbe consideredn order
to attainrealisticresults.This mayinvolve simulatingthe motionof take off andlanding,soaring,or ying -

perhapsalsothebehaioursof sleepingpreeningandbathing.Simulationof ight mayinvolve notonly the
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motionof feathersduring ight andaerodynamic§RW99], but alsothe various ight patterndor different

familiesof birds. Exciting astheseproblemsare,they areleft for futureresearchert consider

1.5 Overview of Thesis

This chapterprovided a generaloverviev andsomemotivationfor the problemandapproactof modelling
feathercoatmorphogenesi<Chapter2\will overview the structuralpropertiesof feathersandcharacteristics
of feathercoats. Chapter3 will review the currentwork in computergraphicsthat is applicableto the
problemof modellingfeathercoatmorphogenesisChaptersti8 specifythemodellingandrenderingdetails
of the feathercoatmorphogenesimethodology Finally Chapter9 providesan analysisof the resultswith

conclusionsandfuturework in Chapterl0.




1.5. OVERVIEW OF THESIS

Plumage Development
in the Herring Gull

Juvenal or
First Summer

Winter

Adult Plumage
Fourth Spring

Figure 1.2: Feathercoatdevelopment/morphogenesfeom approximatelyé monthsto 5yrs of a Herring Gull as
illustratedin pen-and-ink Adaptedfrom [PL93 p. 107].
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Feather Mor phology

2.1 Intr oduction

A bird's appearancis largely afunctionof its feathers Togetheta bird's feathersveightypically two anda
half timestheweightof their skeletonandareessentiafor sustainindife. Feathersidin bodytemperature
regulation,skin protection camou age mateattraction swimming,soundproduction cleanlinessyaterre-
pelleng, watertransporttactile sensationhearingandbalancd Gil95, p. 65]. Feathersltertheappearance
of the bird by forming both individual and collective (feathercoat) patterns. The structuraland chemical
malke-up of individual featherscreatevariouspigmentationsvhich contritute to the bird's overall appear
ance.As well, slight alterationdn featherarrangementreatea variety of contourshapesandpatterns.This
chapterdescribeghe variouskey aspect®of featherghatcontribute to the overall appearancef thefeather

coat,includingfeatherstructure position,andarrangement.

2.2 General Anatomical and Avian Terminology

In orderto discussthe placementand structureof feathersa set of termsis neededto describefeather
locationsanddirectionson a bird's body A feathertract or region is an areaof the birds body containing
a speci ¢ arrangemendf contourfeathers(seeSection2.3.1). An apteriaregion is a region of eitherno
feathersor no contourfeathersandary featherghatarepresentreunoiganizedwith variabledistributions.

Feathersn the feathertractsarecyclically lost (moulted andreplenished.The setof feathersgrown after
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afull moultis collectively known asplumage. However, sincevariousregionsmay be at differentstageof

moult, the collective setof feathersvorn by a bird atary particulartime is known asthefeathercoat

A setof termsis usedto describdocationson a bird's bodyin the ight positionasshavn in Fig-
ure2.1 Ventral anddorsal referto the undersideandtopsideof the bird. Anterior and posterio describe
locationstowardthe headandtail, respectrely. Threeperpendiculaplanesdivide the body: saggital divid-
ing left andright (midline at centre) transvesedividing anteriorand posteriorandfrontal dividing dorsal
andventral. Proximal meangowardthe midline, while distal is away. Within the frontal planemedialand
IateraE describea comparatre relationshipbetweerpobjectscloserto the midline andobjectsfartheraway.

Finally orientationis describedaswith aircraftusingroll, pitch andyawasshavn in Figure2.1

°‘ Open

Pennaceous
Portion of
Vane

Closed
Pennaceous
Portion of
Vane

Plumulaceous:
Portion of =
Vane

szl —Pitch Axis

Afterfeather

Calamus

Figure 2.1: Commonavian anatomicaterminology(after[PL93 ~ Figure 2.2: Main parts of a typical contour
p.9)). feather Takenfrom the dorsaltractof a Single

CombWhite LeghornChicken[LS723a p. 236].

2.3 Individual Feather Structur e

A feathercanbedescribedisa structurewith amaincentreshaftandahierarcly of ne branchingstructures

extendingfrom eitherside. The main shaftis called the rachis (distally) and calamus(proximally) and

1Also calledcephaladandcaudalrespectiely
2Outsidethefrontal plane thetermsmesialandperipheal areusedsimilarly.
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Figure 2.3: Typical ight feather Figure 2.4: Examples of Figure 2.5: Afterfeathers: Emu (at-

with branchingsubstructures. non-contour feathers (from tached)and Chicken (in centre) (from
LucasandStettenheinfLS72a | ycasandStettenheinfLS723 p. 290].
pp.271,274,310,312).

providesmostof the mechanicatrengthof thefeather(seeFigure2.2). Fromthe mainshaftbranchbarbs
(rami) thatextendangularlytowardthetip of the feather Fromthe barbsbranchbarbulesandfrom these
possiblybranchbarbicels(seeFigure2.3). Collectively, thebarbs(barhules)ononesideof therachis(barb)
arecalledavane(vanulg. Finally, the main shaftcanbe thoughtof asa branchof the calamuswith the
otherbranchcontainingthe afterfeather(a structuresimilar to the main feather). The numberof levels of

branchingmicro-structurale ne theappearancef thefeather

Therearemultiple feathertaxonomies.This thesiswill useLucasandStettenheins [LS724 clas-
si cation cateyoriesof feathers:down,contour ight, loplumesandbristles The afterfeathersemiplume
andear covertsareconsideredpecialkcase®f the contourfeatherandthe powdedowna specialcaseof the
downfeather Mostfeathersareeitherplumulaceougnon-interlockingoartules/ndbarbicels)r pennaceous

(barbicels).The contourfeatheris mostcommonandincorporatesnary feathersubstructures.

2.3.1 The Contour Feather

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

composedf the shaft,theleft andright vanegbarbsandbarkules)andanafterfeather

11
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Shaft

The shaftis composedf the calamusandrachis. The calamus(rachis)tapersdistally and hasa circular
or oval (rectangularxross-sectioVoi66, p. 13]. The calamuss largely embeddedn thefollicle andhas
a hole (inferior umbilicug throughwhich pulp (blood) entersduring feathergrowth. On the ventralside,
wherethe calamusand the rachismeet,is an opening(superior umbilicug from which the afterfeather
grows. The calamuswall hastwo layers: an outer which extendsbeyond the calamusto the rachistip,
forming the feathersheathwithin which the feathergrons andathinnerinner layerwhich actsasa barrier
to the pulp. The calamusof a grown featheris hollow andtransparentput the rachiscontainspith® andis

opaque.

Vane,Barbs, Barbulesand Barbicels

Thevaneof the contourfeatheris composeaf barbsandbarkules,formsthe surfaceor airfoil andde nes
the overall look of the feather Vanestypically have a width-lengthratio of 1.2 to 4 andare symmetric.
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
size of the feather In contourfeathersbarbdistribution is denseproximally and sparsedistally and barb
lengthincreaseslistally from the superiorumbilicusto approximatelyl/4 the lengthof therachiswhereit
stabilizesandthendecreaset thetip. The angleof the barbsis greatesat the baseandmostacuteat the
tip*. Thewidth of thevaneis dependenvn boththelengthof thebarbsandtheir angle.Barbsarecomposed
of two layers,similar to the mainshaft. Theinnerregion of pith usuallyconsistsof mary irregularly fused
cells enclosingsingle cavities or small spheroidalvacuolesof varioussizes[LS72g. Thesevarioussize
vacuolesaandthe attening of thebarbto form aventralor dorsalcrestcontributeto thevariouscoloursseen

in feathers.

Extendingfrom the barbsarebarhuleswhich arecateyorizedinto threegroups:plumulaceouspen-
naceousandsimpli ed with practicallya continuumof variation(seeFigure 2.6). Plumulaceou$artules
are symmetric,have notchesor joints and can be constantwidth or tapperdistally. Pennaceoubarhules

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

3Pithis aspongytissue(air- lled cells)formedfrom thekeratinizationof long epithelialcells.
4Thechangen barbangleis very subtlecausingadjacenbarbsto appeamparallel

12
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Figure 2.6: Barkules of commonpigeon. Left: PlumulaceousRight Top: Pennaceou®ight Bottom: Zone of
overlapin primaries.All modi ed from [LS723 pp.244,247,261].

grooveson the proximal side and hook$ on the distal side and are typically angledfrom the barbat 20—
60 deggreesandare asymmetric.Finally, simpli ed bartulespossesgharacteristic®f both plumulaceous
andpennaceoubarhulesandare subdvided into stylet reducedpennaceousreducedplumulaceousand
rachidal [LS723a p. 251], but are alwayssimpli ed from the two extremes(e.g. no hookletsor notches,
smaller stiffer, more pointedetc.). All barlule lengthstaperdistally alongthe barbandboth hold barbs
apartto aid in parallelism(notchegestrictmovement)andhold adjacenteatherdogetherusingfriction. A
singlefeathermay possessll typesof bartuleswith a gradationfrom plumulaceouso pennaceoudistally
alongthefeather Styletbartulescanbefoundatthetips of barbsforming the openpennaceouportionand
rachidalbartulesmay befoundontherachis. Theratio of plumulaceouso pennaceoubarbsvariesandis

oneof thecriteriafor de ning thetypeof feather

Afterfeather

The afterfeathéet (seeFigure 2.2) is always plumulaceoushasshorterbarbs,and bartules thanthe main
featherandcanrangefrom afusion of a coupleof barbsto a completefeather The afterfeathers sizeand
existenceis not reliable,but is associateavith the feathertract, type, speciesandseasorjLS723 p. 253].

EmusandCasswarieshave afterfeathershatcanbe aslong asthe mainfeather(seeFigure2.5).

Salsocalledhamuli hookletsor barbicels- rangefrom 2 to 4 in body contourfeathersand3to 7 in ight feathers
Salsocalledhyporachis hypopenna@andaftershafthowever hyporachisalsorefersto therachisof theafterfeather

13
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2.3.2 Flight Feathers

Flight (largewing, remigesandtail, rectriced feather$ aretypically largerandstiffer thanotherfeathersand
have asymmetriandalmostentirely pennaceouganesseeFigure2.3). Theoutervaneis alwaysnarrover
thantheinnerandusuallyoverlapstheinnervaneof adjacenfeathergseeFigure2.6). Specializedarhules
createfriction in the overlapregion. This overlapcauseghe inner secondariegseeSection2.4.1) andthe
centralrectriceso betheuppermosteathersvhenthewing andtail arefolded. Barblengthin ight feathers
is moreconstanthanothercontourfeathersBarbspacingchangesnverselyto anglealongtherachiswhich
is equalin bothvanesfor the secondarieandrectrices put is moreacutein the outer stiffer vanethanthe
inner for the primaries. The pennaceousarhules are uniform size and are spaced30-40 (proximal) and

20-30(distal)*m apartfor all birds.

2.3.3 Down Feathers

Down feathersareentirelyplumulaceousindhave arachisshorterthanary of thebarbs distinguishinghem
from semiplumegseeFigure2.4). Natal (immatue) downis lostandreplacedy adifferenttypeof feather
while de nitive (adult) downis continuouslypresentin a x edfollicle. Nataldovn have no afterfeathers
andpossiblyno rachis,while de niti ve down have longercalami,alwayshave arachisandgenerallymimic
the characteristicef the bird's contourfeatherq(i.e. afterfeatherareonly presentn down whenthey are
presentn contourfeathers)De niti ve dowvn barbsaremuchnarraverthanthecontourfeathers pennaceous
barbsandthe bartulestendto belongerandlessvariablethanthe contourfeathers plumulaceousarhules.
Powder down featherscontinuouslygrow andwear at the tips forming a talc-like powder® that coatsthe

feathers Thesefeatherscanbe variouscolours,althoughthe powderis alwaystransparent.

2.3.4 Contour Feather Variations, Filoplumes and Bristles

Semiplumesave characteristic®f both down and contourfeathersandform a continuousgradationfrom
semiplumeto contourfeather They areentirely plumulaceousndthe rachisis longerthanary barb(see
Figure2.4). Tyne[vTB76, p. 120] describedhemas“loose-webbeglumulaceousontourfeathers”.Ear
coverts alsoarea form of contourfeather arequite small, arrangedn circularrows, all pointin the same

direction(posteriorly),andhave liberally spacegennaceoubarbs.

’Canbeupto six feetin length(tail feathersof CrestedArgus).
8Somepowderis alsoproducedrom the sheathof otherfeathersput mostcomesfrom powderdown.
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Filoplumes(seeFigure2.4) have long hair-like rachiswith afew (2 to 12) e xible barbsnearthetip
andarethe only featherghat do not have musclesattachedo thefollicle. The calamusds lessthan2 mm
long while therachiscanrangefrom 1 mmto thelengthof the hostfeatheris lled moresolidly thanother
feathersandis thickestat the distal end. The barbsare similar to downy barbs,but tendto be shorterand
stiffer. Long downy-lik e barbsgrow atthe basebut arelost asthefeatherdevelops.

Bristles have a stiff, thick rachisat the basetaperingto a ne point. Barbsarerestrictedto the
proximalendandbartulesaresimpli ed andmaydiminishor disappeanearthetips of the barbs.Bristles
typically do not have afterfeathers.Semi-bristlesmay have barbsalong mostof a slightly longerrachis
(seeFigure2.4). The gradationbetweencontourandbristle canbe describedby lengtheningor proximal
thickening of the rachis, loss/shortening/widespacingof distal barbs(so rachisextendsbeyond them),
barhule simpli cation, lossof barhules (startingat tips of barbs),andloss of afterfeatherexceptpossibly

hyporachis.

2.3.5 Feather Shapeand Curvature

“Exceptfor colour, thereis probablyno propertyof feathersasdiverseasshape’[LS72a p. 240]. Feather
shapds establishediuring gronth anddoesnot changethereafterexceptfor wear Featheraremostcom-
monly ovate (egg-shaped broadesproximally). Othershapesuchasobovate (upsidedown egg-shaped),
spatulatg(shortbroadtips, with few/no barbsproximally),lanceolate andattenuatearelessfrequent.These
lattertwo typesaremorenarrav thanlong andeithertapperdistally (attenuatepr both proximally anddis-
tally (lanceolate).Featherscan have pointed,round (contourfeathers),or truncatetips. Gill givessome
examplesof variationin tail feathershapgsee [Gil95, p. 72]). Most featherdhave symmetricplanarshape.
However, ight feathersespeciallyprimariesandtheir covertsoftenhave asymmetricnotched(abruptnar
rowing) vaneswhich emphasizethefeatheroverlapandreducesirag.

Most contourfeathershave distinct curvaturealong an axis exceptin rare casese.g. penguin-
short, at contourfeather8). Therachiof all contourfeatherscurve ventral/dorsallyinto the body (except
somerareFrenchHensandFrizzledBantamd Gil95, p. 128]) andmayalsocure laterally (e.g. rectricesof
Honey-guide). Barbscancurve to form eithera'c’ or's' cross-sectiowf the feather Thesecurvaturesde-
velopfrom differentialgrowth. Theconsistententral/dorsaturvatureof contourfeatheramaybeattributed

to feathergrowth, but afterfeatherseversethis curvatureoncemature(seeSection2.6).

9Thesefeatherdorm africtionlessscale-like surfacefor swimmingef ciency, insulationandwaterproofness.
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2.4 Feather Coats

A feathercoatis the collectionof featherson the bird at a particulartime. Due to moulting this may mean
thatin a particularcoatthereare varioustypesof feathersfrom variousdifferent plumage& at various
stagesf growth. No bird necessarilypossesseall typesof feathersput differenttypesof feathergendto
befoundin particularlocationson a bird andon birdsfrom particularervironmentalclimates.Also, asthe
bird maturesthe feathercoatevolvestypically from mostly down to mostly contour For instancedown is
usedfor insulationandthusis foundin regionscloseto the bodyandis moreprevalenton birdsfrom arctic
andwaterervironments,while contourfeathersare neededor ight andaerodynamic&ndaretherefore
presenbnthewingsandtheoutersurfaceof thebody Thissectiorwill overview thedistribution of follicles
which hold thefeathersaswell asthe orientationandalignmentof the featherswith particularemphasi®on

contourfeatherssincethey have alargerimpactonthebird's appearance.

2.4.1 Follicle Distrib ution

Feathertracts (pterylae)identify the location of contourfeathers. Othertypesof featherssuchasdown,
semiplumeand powvder down, are distributed in apteriaregions and/orunderneattthe 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 andthen more detailedoverviewn of

contourfeatherdistribution.

Semiplumesan be found in apteria,along the edgesof pterylaeas well as singularly within a
pterylae. Natal downis generallydistributed throughoutthe body and is visible, while de nitive down
may be evenly (e.g. penguin)or unevenly (e.g. owls andgulls) distributedthroughoutthe body; restricted
to pterylae(e.g. tinamous)or apteria(e.g.heronsand mostgalliform specieskandis generallyconcealed
beneaththe contourfeathers. Powderdownis restrictedto certaingroupsof birds (e.g. pigeons,storks,
heronstoucansparrotsandbowerbirds)andmay occurin patchege.g. herons).Afterfeathes arepresent
dependingon the type of bird, featherandseason.They arenot found on ary of the larger ight feathers
(seeSection2.3.2), but are consistentlyfound amongother contourfeathers. Filoplumesgrow closeto a

“hostfeather?, arepresentin all birdsexceptthe Ostrich,EmuandCasswariesandareeitherunderneath

Oplumage- thefeathersa bird possest the completionof amoult
the hostfeatheris usuallya contouror semiplumeandmay have 2 to 10 loplumes associatedvith it.
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Figure2.7: EightmainpterylaeareasonaSingleCombWhite LeghornChickenmodi ed from [LS723 p. 105,108].
Magni ed region of the dorsaltract. Notefollicle arrangemenin rows.

contourfeathersandthusarenot visible, or betweencontourfeathergvTB76, p. 122]. Bristlesarealmost

exclusively foundon the headof birds'? aroundthe mouth,nostrils,eyesandcrown.

Contourfeathersare namedfrom their placement they form the surface/silhouetter contourof
thebird. In mostpresentday speciesontourfeathersarerestrictedio andhave a well-de ned distribution
within pterylae.Someprimitive birds, ightless birds(e.g. penguinspstrichesratitebirds)andafew ying
birds (e.g. screamersmousebirdshave no apteriaandthushave a hair-like distribution of feathers.This
thesisdiscussiorwill concentraten birdswith both pterylaecandapteria. The feathersn pterylaeusually
cover adjacentapteria. The eight main pterylae(seeFigure 2.7) are: capital, spinal or dorsal, humeal,

vental, caudal,alar, femorl andcrural tracts. Theseregionshave alsobeensub-dvided, non-standardly

2excepton the Bristle-thighedCurlew andon thetoesof someowls
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(e.g. capitaltractinto frontal, loreal, malar postauriculgrauricular occipital, ocular superciliary). For

moredetailson subrgionsof theseeightmaintractssee[ Mil28].

Embryological Developmentof Follicles

The embryologicalformation of follicles assistdn understandinghe arrangemenbf featherswithin the
tracts. Initially, the dermalandepidermallayersof the skin differentiateandform clustersof dermalcells
called (blastema)which are the startof featherrudimentd3. A centrallongitudinalrow of circular rudi-
mentsform, thenrows of rudimentsdevelop laterally, beginning at the centreof the row and proceeding
peripherally

Typically the rst longitudinalrow of rudimentsis creatednearthe centreof the tract (alongthe
middorsalline). Beforethe middorsalrow is nished forming, the lateralrows begin to differentiateinto
placodesTheserudimentsareformedascloselyaspossibleto the rst row andto eachother soeachnew
rudimentis tangentto two rudimentsin the previous row forming a regular hexagonalpattern. However
sincetheserows areformedasthe bird grows they "stretch” not only longitudinally, but alsolaterally and
obliquelyasseenin Figure2.7. All pterylaehave this arrangemengxceptthe Alar andCaudaltractswhere
growth is axial andfollicle mapsareknown. Holmes[LS72h p. 347] statesthat the initial formation of

tracts

“...have regularorientationandlocationin relationto thebird's body: ... thedorsalandventral
sidesof the tract are orientedlongitudinally, thoseon the thigh, more or lessdorsal-entrally

andthosein the uppersurfaceof thewing areparallelto thetrailing edge.

Capital, Humeral, Femoral and Crural Tracts

The capitaltract consistsof the featherson the headandneck,endingat the ventralanddorsaltracts. The
humeraltracthaslittle variation,is narrov andextendsfrom the shoulderacrosshetop of thewing to the
elbaw, including the mamginal covertsandthe alula. The femoraltractis a narrav uniformly shapedract
extendingfrom the femurregion alongthe ank towardthetail. The cruraltractis sparselyfeatheredcand
coversboththeinnerandouterregionsof theleg. The capitaltract, doesnot have documenteglacement

of follicles, but is dividedinto mary sub-rgionswherefollicle locationsarede ned for particularspecies.

Bplastema asmallmassof living substanceapableof growth; rudiment- startof organdevelopment
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Thefemoral,humeral cruraltractsarelessorganizedandwhile they still possesthehexagonalarrangement
of follicles, this arrangemenis not obvious andan axis of follicle developments not asclearaswith the

ventralanddorsaltracts.

Ventral and Dorsal Tracts Distrib ution

The ventraltract consistsof all contourfeatherson the undersideof the bird exceptfor the humeraland
femoraltracts. It extendsfrom the baseof the neckto the cloacaandis usuallyforked. The dorsaltract
extendsdown the backfrom thebaseof the skull to the baseof thetail andis highly variableacrossspecies.
For examplesof this variation comparePassinerformeand Cululiformesorder[Cle7Q p. 659,665]with

Faliconiformesorder[Com37. Theventralanddorsaltractsarewell-organizedwith a speci ¢ hexagonal

distribution althoughthesizeof thesepterylaeregionsandtheirnumberof feathersandiffer acrosspecies.

Figure 2.8: Primary SecondaryCarpalRemex andcaoverts. Magni cation of of dorsalview of Figure2.7 modi ed
from [LS723 p .105].

Alar and Caudal Tract Distrib ution

Thelargerfeathersof thealar (remige9 andcaudal(rectrices tracts* areresponsibldor ight controland

hencearecalled ight feathergseeSection2.3.2. The Alar tractcontainsprimary andsecondaryemiges

Ysingularof remigess remex andsingularof rectricess rectrix
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andcoverts(seeFigure2.8). Along thewing theremigesarealignedin arow with the primariesnumbered
distally and secondariepumberedproximally. Most ying birds have 9-12 primaries,while non- ying
birds typically have 3—-16. Therearetypically 9 secondarieshut canbe up to 14 in Passerinesnd32in
otherbirds dependenbn forearmsize [VTB76, p. 129]. For recordednumbersof remiges,andrectrices
see[vTB76]. The rst six or seven primariesareattachedo onefusedbone,with a possiblegap between
the 5th and 6th dependingon the specieswhereothersare attachedo the ngers or digits (see[vTB76,
p. 127]). Eachremex is coveredproximally by a greatercovert both ventrally anddorsallyandby smaller
and smallercoverts (median,minor) until the leadingedgeof the wing is reached. Someextra coverts
(Carpal Remae) or extrafeatherqalula 2—6) may exist dependingon the species.

In the caudaltract, the numberof rectricesis even, numberedrom the centreoutward. Typically
thereare 12 (6 pairs), but they canrangefrom 4 to 32. They are covereddorsally by greateruppertail
covertswhich arecoveredby lessemppertail covertswith the exceptionof the centrerectrices.Covertsare

presententrally, thoughlessde ned.

2.4.2 FeatherOrientation and Shape
Feather Dir ection/Orientation

The generaldirectionof contourfeatherss alwaysfrom the headto thetail in ight position. “The apical
endsof the feathergon a bird's body] are orientedtoward the end of the body” [Voi66, p. 39]. Feathers
overlapeachotherin ashingle-like fashionwith thetop-mostfeathersaroundthe beak.Local differencesn
orientationoccurattheedgesf pterylaewherefeathersaremorelaterallyorientedto cover adjacenapteria.
Flight feathersalsohave a local arrangement:'All of the remigesoverlaplaterally in a uniform way: the
innervaneof eachfeatheris overlapped.. by the next proximalfeather’[vTB76, p. 136] (seeSection2.3.2
andFigure2.6). All greatercovertsalsooverlapin the sameconsistenbrder however othercovertsmay
reversethis order Theventralwing covertshave a consistenteverseordering. Rectricesandtheir coverts

areconsistentlyfayeredwith the centreasthe top-mostandthe outerrectricesasthe bottom-most.

Wing Shape

Wing sizeandshapevariesacrosgamilies,from long anddistally pointedfor migrationto shortandround

for navigation. Body masss alsoafactorin wing length(wing-loading).Longerwingshave disproportion-
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CHAPTER2. FEATHER MORPHOLOGY

ally moresecondariethanprimaries.Therelative lengthsof the primariesde ne the shapeof thewing and
tip locationandare“extraordinarilyconsistentn ary givenkind of bird” [vTB76, p. 127]°. A constanbor

distally decreasingelative lengthcreatesa roundwing anddistally increasingcreatesa pointedwing.

2.4.3 Number and Sizeof Contour Feathers

Feathercountsvary from 940 (Rubythroatechummingbird)to morethan25,000(Whistling Swan). Within
speciesovever, thefeathertractsof adultsareconsistenacrossage,sex andplumagestagg Cle7Q p. 676]
causingfeathercountsto vary only from plumagestage(i.e. moulting or abnormaloss'®) or damage The
variationin feathercountsis consideredtatisticallyinsigni cant [vTB76] [Cle7Q p. 676].
Feathercountand size are physiologically and statisticallyrelatedto ervironmentaltemperature,
bird's metabolicrate,bodyweight,andbody surfacearea.While no mathematicatelationshipexistsfor all
birds,studiesacrosgaxonomiesssociata decreasé thebird sizewith adecreas@ bodyweight,feather

countandfeatherareabut atvaryingrates[LS723 p. 193]. Wearaltersfeatherength,weightanddensity

2.5 FeatherPatterns

Feathergombinepigmentandstructureto createmoreextraordinarilyvariedcolours,thanfor any mammal

andmostvertebrategexceptsomecoralreef shes) [WB88, p. 48]. Someinsectshave similar colouration.

2.5.1 Pigmentsor Biochromes

Mostfeathempigmentgbiochrome$ arefrom: melanins caroteniodsandporphyrins[LS72h pp.391-419].
Melanin is granularand hasvariable shapeand colour, but generallyproducesearthtones. Caroteniods
producebright red, orange,and yellow and porplyrins producesomenon-iridescentred, magenta,and
green.

Melaninis the mostcommonpigmentandis foundin all bird's feathersexceptalbinos.Eumelanins
arelarge rod shapedlackishgranuleghat producedark browns, grays,andblacksandphaeomelaninare
smalleroval or sphereshapededdishor light brown granuleghat producetans,reddishbrowns,andsome

yellows. Thesegranulesare depositednto developingbarbsandbartulesby mobile pigmentcells called

5from Eisenmanri969- Bird Banding\Vol.40pp144-145
®abnormalr unusuakircumstancescludebreedingfright, sicknesspr extremesuddertemperaturehange
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2.5. FEATHER PATTERNS

melanoblastsvhich manugacturemelaninfrom the aminoacid tyrosine. Thesemelanoblastsre believed
to be distributedin a processsimilar to reactiondiffusion. Periodicdepositionsof melanincreatesubtle
colour patternsuchasbarringor speckling. Shadesf variouscoloursarea resultof the granuledensity
Melanin (especiallythe darker colours)is associatedavith keratincreatinga stiffer feather(e.g. proximally

darkbristlesin alight feathercoat[LS72h p. 272]).

Caroteniodsaandporptyrins arelesscommonthanmelanins.Caroteniodgor lipochrome$ areob-
tainedthroughdietary sourcege.g. Vitamin A), are organically solubleandthuscarriedunderhormonal
controlby body uids to differentfeatherregions. Keratinizationdissipateghe solvent xing the pigment
location. Porplyrins are relatedchemicallyto iron-containinghemoglobinand thus produce uorescent
red underultraviolet light. They also produceintensered-copperbright magentaand someolive green

colourd”’.

2.5.2 Structural Colours

Structuralcolours(schemotirome$ arecauseckitherby a scatteringor interferencgphenomenaThe scat-
teringphenomenofioPA01] is view-independenandeitherscatteroneparticularwavelength(Raleigh or
scattersall wavelengths(Mie) of light. As white light entersa layer of particlesonly the wavelengthsof
light largerthanthe particlespass e ecting therest(typically blue,i.e., The Tyndall Effec). The passing
light is often absorbedy a dark layer of melaninbelown the particles,purifying the re ected light. The
interferencephenomenas causedby the reinforcementor nulli cation of wavelengthsdueto refraction
andre ection. It canproduceview-dependenshimmeringor iridescentcolours(asin soapbubbles)and
mostrecentlyhasbeenthoughtto producestructuralblues[Ons0]. Typically, the ne structurethatcauses
refractionor re ection is layersof non-opaqueubstancesr surfacedeformities.Peacoclarhulesarecov-
eredby threevery thin layersof keratin. Hummingbirdbartulesaretwistedandhave multiple layersof oval
plateletsand air bubbles. Starling bartules have countless preciselyalignedgas- lled tubesof melanin.
Thecolourre ected depend®n the size of the gaspocketsandthe thicknessof structurescausinga range

from blue-violetto copperyor greenish-yellw iridescence.

"The porphryinturacincreatesright magentawvhile turacoerdin createslive greens
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2.5.3 Colour Variation and Changes

Generally pigmentis responsibldor mostnon-iridescentolours,hovever some(e.g. blues,greensand
purples)arecreatedrom structureor acombinationof structureandpigment.Colourscanbe createdising
multiple sourcessuchasvariousstructurespigmentsor the useof spatialarrangementMultiple pigments
canbespatiallycombinede.g.redandyellow) to createothercolours(e.g.orange).Structureandpigment
can be combined,suchasa layer of structurefor scattering(e.g. blue) above a dark absorbinglayer of

melanincausingorightblue,or containingalayerof yellow (red) pigmentcausinggreen(purple).Or alayer
of large granulestructure(re ecting all wavelengths)with alayerof pigmentbelov which cloudsor dims
theresult. Finally, usingone structureand/orpigmenton one part of the feather(e.g. blue/whitebarbs,)
and anotherstructureand/orpigmentin anotherarea(e.g. red barhules) variesresults(e.g. purple/pink

feathers¥rom a distance Age, geneticsandhormonesaffect feathercoatcolouration but oncea featheris

Figure 2.9: Snav Bunting changing Figure 2.10: Contour feathergrowth with cross-sectior(from [LS723
from brown (Oct.) to blackiwhite p 200,370]).

(Jun.) from winter tip wear (adapted

from [WB88, p.50]).

grown it recevesno new pigment,thuscolourchangecanonly occurthroughweat bleachingor external
substancesPigmentedeathersare moreresistanto weardueto the presencef keratin. Wearof a light
tippedfeatherdarkensthe obsered colour (e.g. Red Crossbill- pink to red). Sunlightsensitve pigments
canbe alteredthroughbleaching(e.qg. light pink/palered-bravn will fadeto white/grey [WB88, p. 51]).
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2.6. MORPHOGENESIS

Colouralterationscanalsobe causedy substancesmittedandcarriedin the feathersthoughthis occurs
lessfrequently Two naturalsubstancesre oil gland secretiongslight yellow or pinkish pigment)and
powderdown fragmentswhich althoughtransparentausedimming or blue-graytonesdueto interference
(e.g.gray/red/yellav becomedblue-gray/violet/green)-oreignssubstancesuchasdirt darkenthe feathers
andiron bearingwateror soil causeyellowing or reddeninge.g.Bald Eagle).Finally, geneticor hereditary
mutationscan also affect the colouration,althougharerare and non-standarde.g. Melanism,Erythrism,

SchizochrismXanthochrismandAlbinism [WB88)).

2.5.4 Pattern and PigmentLocation

Bright coloursandbold patterngypically only exist onvisible portionsof the feathersandbird (e.g. wing,
breast tail, head,neck,anddistal portion of contours). Ventralor concealedody regions and proximal

portionsof thefeatherareduller (e.g. white/gray/dullorown plumulaceousnddown feathers).

Melanin is presentin all partsof the featherexceptthe barbicels. Non-iridescentcoloursfrom
melaninand caroteniodsarefound mainly in the rachisandbarbsandsometimesn the barkules. Carote-
niodsareonly depositedn early feathergrowth, henceare only presentin the pennaceougortion of the
featherand are often not found in the barhules. Neither melaninnor caroteniodsare typically deposited
in the nal growth stagemakingthe calamuswhite or clear Melanin and carotenioddepositionwithin
barbscanbealternatve or simultaneousThe ne structureneededor iridescentcoloursis only presenin

barlules.Largerparticlesarefoundin plumulaceous$eathersproducingwhitenessor cloudy pigmentation.

Verylittle is known aboutindividualfeathempatternformationexceptthatthepresencef melanoblasts
is neededor melaninproduction but they canbe presenandinactive [LS72H. Altering actiity andinac-

tivity overtime or locationcancreatespatialpatternssuchasbarringor spotting.

2.6 Morphogenesis

Feathernwearand damagenecessitateeplacementn orderto presere colour andretainairfoil and heat.
Featherdall or arepushedut of theirfollicle by the new growing feather(seeFigure2.11). Curvatureand

patternarede ned duringinitial growth, but is alteredthroughmoultandregrowth.
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Figure 2.11: Developmenibof feathersabove the skin [LS723 p. 200].

2.6.1 Feather Growth

Oncethefollicles aredeveloped(atthe embryonicstage)they do notchange A few follicles maybeadded

to theedgesof atractduringthe juvenalor adultplumagestagesbut thisis oftenminimal andinfrequent.

“A featherdoesnotgrow like aplant,by sendingoutbranchesndtwigs mostlyatthe periphery
Cell division occursmaostly at the baseof the feathergermandthe partsdifferentiateasthey

move upward” from LucasandStettenheinjLS72h p. 351].

As a feathergrows, it evolvesfrom a blastemato a rudiment,to animmaturefeather(barelypro-
truding from thefollicle), to a maturefully developedpin-featheror quill andeventuallyit unravels from
thequill toit's nal formationasshovnin Figure2.11 During growth, thefeatheris encasedh aprotective
sheath.Thefeatheris laterally curledtowardit' s ventralsidewithin the sheathresultingin a quill-lik e for-
mation,thickestatthebaseandtaperingdistally (seeFigure2.10. All cell division occursatthe baseof the
feathercausinghequill to agedistally. A supplyof bloodandpulpatthecentreof thequill feedsthefeather

asit grows. Thebarbsandbarhulesareformedatthebaseandareattachedo therachissystematicallyasthe
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2.6. MORPHOGENESIS

feathergrows out of thefollicle wherethey continueto develop. As thenutrientsin the pulp areabsorbedby
the developingbarbsandbarhulesat the ap«, the growth rate exceedshe rate of pulp productionleading
to arecessiorandcappingof the pulp. As the featherreachesnaturity, its structuregbarbs,bartulesand
sheath)arekeratinized® andthe sheathbecomesrittle andfalls off, revealingthe nal feather Oncethe
featherunravelsthelateralcurvatureis lessenedThe afterfeathealsogrows curledlaterally, but towardthe

dorsalsideandreversest's curvatureonceunravelled.

2.6.2 Moulting

Moulting replenishewarioustypesof feathersfrom variouslocationsat differenttimes(seeFigure 2.12).
Regeneratiorof the completefeathercoat(sequencef moults)takesapproximatelyoneto two yearsde-

pendingon feathersize. The sequencesf moultandfeatherosswithin amoultarediscussedbelow.

Feather Coat Regeneration

In a typical year mostbirds have one completemoult (late summer)replacingall feathersanda second
alternatemoult beforebreeding(spring)replacingonly head,neckandsomebodyfeatherd PL93 p. 106].
In the rst yearfour or ve moultsleadto the nal adultplumage.Oncethisis acquiredonly thealternate
moult andfeatherwearcanaffect the appearanceThe sequenc®f plumageds: nataldown, juvenal, rst
basic, rst alternate secondbasic,secondalternateetc.,where rst, secondetc. is the bird's agein years.
The nal adultcoat(secondbasic)is acquiredat breedingage(approx.1.5yrst).

Newly hatchedchicksmay be bald or have nataldown. The nataldown follicles arelater usedfor
contourfeathers.The rst basicplumageis quickly acquiredafter the juvenal, often beforemoulting the
ight feathers.Adult plumageis longerand moretightly texturedthanthe juvenal,is brighterand more

complly patternedhanthe rst basic,andarrivesin time for breedingseason.

Order of Feather Regeneration

With few exceptiong(e.g. penguins¥eathersarenever lost randomlyor all at once.Featheregeneratioris

orderedandconsistenamongspecies rst theprimariesthenthesecondariefyodycontoursandrectrices.

18K eratin- a specialtype of proteinthatis resistanto bacterialdecayevenoncethefeatherhas nished growing.
cantake upto 4.5yrsaswith the Bald Eagleor Herring Gull (seeFigure1.2)
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Figure 2.12: Successie plumagesn a Single CombWhite LeghornChicken. Approximatedfrom datafrom Lucas
andStettenheiniLS723 p. 207-210].

Within eachgroupis ade ned sequenceThe primaries(on bothwings) moult distally in sequence
with growth of onestartingjust beforethe lossof the next?°. Oncethe moult of the primariesis half com-
plete,the outermossecondariegon bothwings) moult proximally in sequencelustbeforethe secondaries

nish moultingthe body contoursstartmoulting at the headand proceedbosteriorly Within eachtractthe
feathergendto moult from the centreoutward or proceedn wavesposteriorlyor anteriorly Finally, both
halvesof therectricesmoult eitherproximally or distally dependingon the species Somebirds hase minor
exceptiongo theseorderings.

Differenttractsmoultatvariousfrequenciesbut amoultis completeonly onceall thebird's feathers
have beenreplacedat leastonce. Thusthe body featheramay moult threeor four times(e.g. ptarmigans)

beforethe completionof the rst basicplumage A singleregion's moulttakesapproximatelhtwo months.

2.7 Summary

This chapteroutlinedfeatherandfeathercoatspeci ¢ informationthatis necessaryor simulatingfeather
coatmorphogenesisFirst, the structuresshape and curvatureof varioustypesof feathersveredetailed.
Next the distribution of follicles and division of the feathercoatinto tractswasgiven. A brief mention

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

20aquaticbirds- mostrails, mary alcids,loonsandthe dipperhave compressedoultleaving thebird ightless
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Finally thechapterconcludedvith adiscussiorof feathergrowth andfeathercoatmorphogenesimcluding
outlining the variousmoulting stages. The methodologyof feathercoat morphogenesigresentedn this
thesiswill usemuchof thisinformationwith particularemphasi®n contourfeatherstructure arrangement

(follicle distribution andorientation)andmoulting.
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Computer Graphics and Feathers

Modelling of naturalphenomenas often challengingdueto the complity of the simulatedphenomena.
The desireto attainrealismnot only involvesmodellingmary intricate andinterdependergtructuresput
alsosimulatingchangesn structureform andillumination asseenn the simulationof avarietyof phenom-
enaincludingwaves[FR84, clouds[Nis9§, smole [SF9g water[Ree83 andplants[PL9(.

Modelling feathercoatsis only averyrecentopic of interestin computergraphicsandmodellingof
feathercoatmorphogenesis unexploredto date. The goal of modellingfeathercoatmorphogenesiss to
achieve realisticchangesn feathercoatappearanceTlo achieve this goal, two relatedmodellingproblems
needto be addressedthe feathercoatstructureaswell asthe changesn the structurewhile notrestricting
theuseof avariety of methodgor constructinghe pattern.colourationor illumination of the coat. As well,
theserealisticappearancesiustbe achiezed in a mannerthatfacilitatesanimationof the follicles or skin.
This chaptemwill rst overview generalchallengesn modellingnaturalphenomenaNext, an overviewv of
commonlevel of detailapproache this context will be given. Thensomemethodsusedto modelsimilar
phenomenain particularplants, hair and fur is reviewed. Finally, the currentresearchon modelling of

feathercoatswill bepresented.

3.1 The Natural PhenomenaChallenge

The mostchallengingaspecto modellingary type of naturalphenomends handlingthe sheercompleity

of the objectsand scenego be represented.Not only do thesescenescontainmary objectswith mary
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substructuresind surfacedetails,but oftenit is desirableto modelthe interactionbetweentheseobijects,
eitherto simulatethe passingof time or the dynamicpropertiesof the objectsthemseles. However, even
with the recentadvancesn CPU andGPU power, it is still not optimalto modelandrenderall the detail
in mary of thesetypesof scenes.As well, someof the detail is only discerniblefrom certainviewing
distancesandthusdoesnot needto be renderedat further viewing distances.Thereare exceptionsto this
rule, especiallywherethe subsurécepropertiesaffect the overallillumination of the object's surface which
is still noticeablesvenat viewing distancesvherethe subsurécestructuresarenot. The commonapproach
takento this compleity managemerproblemis to employ the useof multiple levelsof detail (LOD).

By modellingandrenderingthe phenomenat variousLODs, only the necessaramountof detail
needgo berevealed thereforeoptimizing computationaef ciency. However, while reducingcomputation
is desirablerevealingthevariousmodellingmethoddgo theviewer/uselis not. Thus,notonly mustdifferent
modellingmethodseemplosedatvariousviewing distanceshut amethodof smoothlyintegratingbetween
the methodsds necessaryo preventdistinctionof the models,especiallywhencontinuouslydecreasinghe
viewing distance Finally, while a LOD approactovercomesomeof theissueswith thesehighly comple
scenesijt doesnot handlethe interactionand dynamicsbetweenobjects. As mentionedin Chapterl, if
objectinteraction,dynamicsandanimationarerequired,it is bestto includethis aspartof the model. The
next sectionwill overview commonLOD methodsusedin modellingnaturalphenomenaThenanoutline

will beprovidedof phenomenaimilarto feathercoats,namelyplants,hair, fur andgrass.

3.2 Level of Detail Modelling

At the highestlevel of detail every structurecan be geometricallymodelled. However, asthe viewing
distancdncreasesandstructure®ccupy veryfew pixels,theneedtio modelindividual geometryis reduced.
Thusmethoddor reducingthe compleity of themodelatthesehigherlevelsof detailhave beenused.

A very commonmethodto reducemodelcompleity is to simplify the geometricmodel,reducing
the polygoncount. However, this is only adequateuntil changesn form andstructurearenoticed. A very
commonexampleof thisis for abumpy surfaceto be simpli ed to a smoothone. Texture mapping[BN76]
wasoneof rst methodsfor generatingdetail on a geometricallysimple surfaceand can be usedwhen
an objectis far enoughaway to simplify the computationand give the illusion of surfacedetail. While

texture mappingcanbe usedto simulatethe visual effectsof the bumps(macroor micro structure)thelack
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of structureis noticeableat closerviewing distancesrst at the silhouetteedgesandthenon the surface.
Thus, techniqueshave evolved to blend betweentextures and geometryincluding mappingnormals,or
displacementto the surfaceaswell asusingre ection models(BRDFs)basedon subsurbcegeometryto
corvey the properillumination without modellingthe mesd geometry

The issueof blendingbetweenmodelsof geometricrepresentatioio achieze multiple levels of
detailhaslong beenanopenproblemin computemgraphics. As mentionedoreviously basictexturemapping
works for surfacesof objectsat a distance but closeinspectionof the surfacerequiresmodellingthe ne
structure. Poulin and Fournier[PF9Q addresse¢he problemas hierarchiesof geometrywith the model
geometryat the highestlevel, followed by bump mapsanddisplacemenmaps,thena texture thatis based
on the micro structureof the surfaceand nally the BRDF (Bidirectionalre ection distribution function).
Becker andMax [BM93] helpto smooththe transitionby redistrituting the bump mapsto have the same
underlyingenenpy distribution asthe BRDF.

3.2.1 Texture Maps

Texturesare evaluatedat a particularpoint using local information and are mappedto geometryto add
the illusion of detail to a geometricallysimple surface. Texturesare typically two dimensionaland can
be procedura[Per85 Lew89] andevaluatedon demandby a programor storedin a “look-up table”. The
textures are then projectedin somemanneronto the surfacein a step called texture mapping[Hec84.

Originally only colourintensitywasmappedbut mappingof thenormals(bumpmapping to addtheillusion

of small heightvariation[Bli78] andmappingof surfaceoffsets(displacemenmapping [Coo084 to alter
the heightat particularpointsis alsonow commonlyused.Displacemenimappingis slightly morecomple

than bump mapping,but yields betterresults,exhibiting self-hiding, shadeving and changingsilhouette
edges.

Wheresurfacetexturesarenot adequateyolumetrictextures| Per85 Pea8% have beenused.Volu-
metrictexturesmapary pointin spaceratherthanjust the surface. Sometimegexturesthroughoutobjects
aremoreintuitive (e.g. carvings,fur [KK89], textiles[GRS9§) andthus3D texturesor solid texturesare
easierto use.More recentlythesetechnique$iave beenextendedfor multiple scaled Ney95h, Ney96] and
animation[Ney95a Ney98]. The Hyperture techniqugfPH89 is a volumetricmodellingtechniquethat

impliessurfaceswvhereexplicit surfaceshave notbeencreatedthusactuallychanginghe surfaceof objects.

1n this thesismacrois 1 cm. or larger, microis 1-100* m. andmesois 0.1-10mm.
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The renderingof theseobjectsis doneusingvolumetricmethods. Texel mapping[ KK89], mapsan entire

surfacedescription(i.e., shadingmodel)to the surfaceof the objectin abundlecalledatexel.

3.2.2 Texture Mapping Problems

Two mainarea®f researclwith regardto texturemapsarethesynthesiof thetextureandthemappingof the
texture. Texturescanbedigitally acquired scanned)paintedoy anartistor procedurallygeneratedScanned
texturesoften lack quality and paintedtexturesarevery time consumingo constructoftenrequirea great
dealof skill, andlack photo-realism.Work hasbeendoneto generaterbitrarily large texturesfrom small
sampleausingperceptuatulesto matchfeatureg HB95], probability to matchfrequencie§Bon97, PL98
EL99], or randomnoiseto grow thesamplg WLO0Q], to ensurehey areperceptuallydentical. Textureshave
alsobeensynthesizegrocedurallyfrom a setof initial parameterf\WK91, Wor9g.

Secondlythe texture mustbe mappedo the surfacewithout distortiondueto perspectie, stretch-
ing, or aliasing. Traditionally this hasbeendoneusingwell-parameterizedurfaces solid textures[ Pea8$,
two-parttexturing [BKRS8G or manuallyplacingthe textures[LM94] on the object. Somemethodsap-
proximatethe surfacewith an easily parameterize@bjectsuchasWalter and Fourniers useof cylinders
to simultaneouslygrow the model and produceaccuratetexture [WF97]. Other methodswarp the tex-
ture [Ara97] or warp and/orsplit the surfaceand “unravel” it [PBOQ for correcttexture placement. Still
other methodsattemptto generatea parameterizatiomthat minimizesdistortion by optimally “ attening”
userde ned patchegBVIG91], minimizing enegy [MYV93] or optimizing the homogeneouspacingof
isoparametricurves[LM98]. Othershave warped,rotatedor scaledthe pastedexture patchego t most
appropriatelyon curved, polygonalor subdvision surfaces [Ped96 PFHOQ PB0J. Onceanappropriate
mappingis found the texture mustthenbe Itered or re-sampledWil83, Cro84 Sch9] without causing
distortionor aliasing.

Recentwork to solve thesefundamentatexture mappingproblemshaspointedto usingintegrated
methodsto generatehe texture on the surfacewhile accountingfor geometricdistortions| DG94] or to
generatehetexturefrom geometryto simulatespecialsurfacepropertieor imperfectiond WNH97]. Volu-
metrictexturescanbe usedwhenmorethana surfacetextureis desired Besidesusing3D textures[ Per83,
texturescan be painteddirectly on the 3D surface[HH90] or generatedn the surface[Tur91, Wor9g.
Thesetechniquediave beenusedto simulateweatheringandmineralphenomend DEL* 99], but have been

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

In computergraphicsliteraturelighting modelsare usedto determinethe colour of a surfaceandusually
consistconceptuallyof two componentsillumination andre ectance. lllumination de nes how the light
travels, andre ectancewhat happensvhenthe light interactswith the surface. lllumination modelsare
dividedinto global andlocal, whereglobalillumination describediow the entire environmentcontributes
to the illumination at a single point, andlocal illumination computeghe illumination at eachpoint using
informationlocal to the point (the surfaceandlight attributes). In this thesis,the focusis on feathersand
how their structuresandpigmentsaffect their colour, thusthefocusis onlocalre ectancemodels.

Re ectancemodelscanbe catgyorizedinto modelsthatsimulatetheinteractionprocesf light and
surfaceeither physically or empirically (i.e. analyticalmodels)and modelsthat utilize actualdata(e.g.
measurear simulated)of how light interactswith a particularsurface.Most of the previouswork hasbeen
on the constructionof analyticalmodels. In either casea notion of the ratio betweenthe incomingand
outgoinglight ata singlepointis describedandis termedthe BRDF (BidirectionalRe ectanceDistribution

Function.

Analytical Models

Analytical modelsrangefrom thosethat are entirely empirically basedsimpli ed modelsfor generating
a “visual impression”of light transportto thosethat closely attemptto approximatethe physical surface
and light transportproperties. Schlick [Sch94 and Glassnel{Gla9 provide comprehense suneys of
re ectancemodelsupto 1995.Thethreemostsimpli ed modelsincludethe Lambertmodelfor diffusesur
faces(constanBRDF over all directionsandpolarizations)the Phongmodelto incorporatespeculahigh-
lights andthe additionof anambientconstantindthe Phong-Blinnmodelthatsimpli es the computations
of thePhongmodel.Otherempiricalmodelshave beencreatedor ef ciency [Lar92, controllability [ Str9J
andto accountanisotropicae ections.

More complex modelsattemptto more closely simulatephysical optics, however, often mary ap-
proximationsaremade includingusinga smallsampleof wavelengthdor lighting calculations Oneof the
earliermodelsaccountedor variationsin re ectivity by consideringhe surfaceasa collectionof randomly
orientedmicro-facets. Thenthe re ectivity wasde ned by the probability distribution of the micro-facet
orientationsthe Fresnelterm on individual micro-facetsand shadeving andmasking. The rst model of

this typewasproposedry CookandTorrance CT8Z. Fromthis have evolved othermodelsto accountfor
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anisotropicre ections suchasPoulinand Fourniers model[PF9Q andWard's model[Lar92. The most
completemodelbasednwave opticswasproposedy He etal. [HTSG9]. Theirmodelhasbeenextended

by StamandSunetal. [Sta99 SFDCO0( to createiridescenceffectssimilar to thosefoundon CD-ROMS.

Non-analytical models

The non-analyticalre ectancemodelsinclude both measuredind simulatedBRDF models. BRDFscan
be directly measuredising goniore ectometes to collectlarge numbersof point samplescomprisingthe
BRDF. BRDF's have also beenmeasuredess accuratelyusing simpler CCD devices (digital cameras).
SimulatedBRDF modelsalsogeneratesamplesf BRDF's, but useavirtual goniore ectometerto generate
thedata.Knowledgeaboutthe micro-structureof the surfaceandanalgorithmicprocesss usedto compute
valuesof the BRDF for samplesof incomingandoutgoingdirections. Cabralet al's [CMS87 suggesta
methodto computethe horizonof asmallnumberof directionsateachpointin aheight eld in orderto im-
prove bumpmapping.Westinetal. [WAT92] extendthis methodusinga Monte-Carloray-tracingtechnique
to simulatealmostary kind of microscopicgeometricalstructure. Becker and Max [BM93] redistritute
thebumpsmapsin orderto matchthe enepgy of the BRDF, helpingto smooththe transitionbetweerbump
mapsandBRDFs. Oncethesevaluesareeithercomputedor measuredhey caneitherbe storedin sampled
hemispheresr sphericalharmonics[Gla95 pp.753-756]. The ideais that the incominglight from each
sampledirectionis usedto computethe outgoinglight for a hemispheref directions. Thento apply the
modelthe hemispherawith the closestincominglight directionis chosenandthe hemispherés oriented
aroundthe surfacenormalandgrain, a setof tablelook-upsrevealsthere ected light. Kajiya [Kaj85] was
oneof the rst to usethistype of modelto createanisotropiceffects.

Othermethodshave beenproposedasedon computingsimulatedBRDF datafor how light scat-
tersinside an object. Most of thesemethodsare basedon the idea of suspensiorof particlesand often
includethe surfacere ectancemodelsfor boundarycases.Modelshave beencreatedto simulateRaleigh
scatteringwherethe particlesare smallerthanthe wavelengthof light andhave beenusedfor atmospheric
modelling [Nis9§ andto simulateMie scatteringwherethe particlesare comparableo the wavelength
of light and have beenusedfor cigar smole, dustand hair/fur [KK89]. Haaseand Meyer [HM92] and
Callet[Cal9g proposemodelsanddatabasedon the Kubelka-Munkmodel[Gla95 p. 770] for simulating
light transmissiorthroughmaterialswith selectve re ection and selectve absorption(i.e. pigmentsand

dyes).They usetheir modelfor simulatingthe effectsof painton a surface.HanraharandKrueger[ HK93]
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presenta re ection modelfor surfacescomposef a seriesof layers. By evaluatingthe transmissiorof

light betweerboundariesandthe volumescatteringof light within the layers,physically basedmodelsfor

biologicalmaterialssuchasskinandleavesarecreated Morerecently are ectanceandtransmissiormodel
speci c¢ to plantswasproposedy BaranoskandRokne[ BR97] anda generalcomplex subsurlcescatter
ing modelfor very thin surfacessuchashummingbirdfeathersvasproposedy Schrammetal. [SGM97.

As well a methodfor modelling the subsuracescatteringandinternalre ection of humanhair hasbeen
proposedMJCO0J.

Currentresearclonre ection modelsattemptdo make analyticaimodelsmoreaccuratendef cient
by simplifying the computatiorf PHOJ. Otherresearcherareworking on generatingsimulatedBRDF data
more ef ciently using graphicshardware [HDKSO0Q. Still othersare working on generatingmethodsto
simulatea wide variety of micro-geometriesvith lessinformation aboutmicro-geometnyitself [APS0Q.
Most recently a modelfor skin colourationhasbeenproposedusing an inverselighting techniqueand
concentration®f melaninandhemoglobinin the skin [TOS" 03] to createskin textures. As well, a model
for subsurécescatteringandinternalre ectanceto simulatethere ectanceandcolourationof dielectrichair

bres [MJCO03 hasbeenrecentlyintroduced. Finally, with the lowering costsof CCD's the useof actual
measuredRDF datafor variousmaterialdgs alsobecomingnorecommon[MPBMO03].

Feathersare more than a patternon a surface, they are known biologically to be cutaneousap-
pendageshathave movementindependenfrom the surfaceto which they areattached.Thus,generaltex-
turemappingtechniquesreinsufcient for modellingthe completefeathercoat. Of theanalyticalre ection
modelsmentionedthe lasttwo modelsfor pigmentsand multi-layer surfacesseemmostapplicableto the
feathercolour problem. Of courseboth simulatedand measuredBRDF methodscould be utilized based
on the micro-geometnyof the feathers.Thesecharacteristicteadto the conclusionthatbiologically based
techniquesvhich work directly with the objectmodeland a physically basedre ection model are most
applicableand henceare further detailedin the next section. Othermodelsfor re ectanceandrendering

functionswill beoutlinedin Sections3.4.1and3.4.2

3.3 Mathematical-Biological Models

The modelsmost closely associatedvith feathercoatmodelsare biological models. One of the rst re-

searchergSmith[Smi84) in this areaproposedcreatingcomplex images/modelfrom a small hnumberof
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parameters a principle called databaseampli cation. This sameprocessn biology hasmore recently
beentermedemegence More speci cally Taylor[ Tay9d de ned emegencetio meanthattheentiresystem
gainscompleity throughinteractionof simplecomponent$othin spaceandtime andstudyingemegence

of form andstructureis known asmorphaenesis

In the analysisof biological morphogenesisvo perspectieshave beenformulated. The rst was
identi ed by d'Arcy Thompsor{ Tho61] recognizingthe studyof growth rateasa precursoto the studyof
form, statingthatform is determinedby the rate of growth in variousdirections. The secondwasidenti-
ed by Turing [Tur52 statingthat patternis not formedby growth, but ratherby substanceseactingand
diffusing throughthe massof tissuethatform the biological entity. Below is a discussiorof both perspec-
tives. Othermethodsof classi cationwere proposeddy Prusinkievicz [Pru93 including the embedding
of the biologicalmodelin a discreteor continuousspaceg(exogenouspartof model),a constanbr dynamic
spacgexpansiorandcontraction)astaticor dynamicrelationbetweercomponentg¢endaenouspartof the
model), parent/child(lineage) or lateralcommunicatiorbetweencomponent&ndcommunicatiorthrough

modelor space.

Working with the spatialnotion of gronth and morphogenesisTuring theorizedthat chemicals
(morphogensiliffusethroughthe embryocausingdifferentpatternso emegein regionsof differentcon-
centrationsin a processcalled reaction-difusion. Sincethen mathematicalvariantsof this model have
emepged[Mei82]. MeinhardtandKlinger [MK87a, MK87h] introducedan activatorsubstratevariantand
notionof differentiationcausingateralanddichotomoudranching.Murray [Mur81, Mur93] exploredthe
reaction-difusionprocessn relationto geometriemandscale.Bard[Bar8] introducedcascadingeaction-
diffusion processesndregion-basedliffusion rates. Harrison[Har93 proposeda variety of specialized
methodsfor generatinga rangeof patterns. Othervariantsof reaction-difusion include diffusion-limited
accretve grovth [Ede6Q Mea8§ anddiffusion-limitedaggreation[WS83. Mechanochemicakchniques
proposedy Odell etal. [Ode81] usea similar diffusionmechanismbut insteadof the substanceliffusing
onapurelychemicalbasis the spatialarrangemens formedby mechanicaforcesactingon cells (possibly
producedby chemicalreactions)to producemary patternsespeciallystructural. Many researcherbave
further developedthesetechniquedo includethe strengthof forcesbetweencells [ Ost83 Ost83 WO9(.
MostrecentlySavic [Sar95] usedthistypeof modelfor simulatingpatternformationin animalcoats.Shav
andMurray [SM9( proposea combinationof traditional reactiondiffusion and mechanochemicahod-

els for formationandlocation of featherfollicles on the commoncoot. This will be discussedurtherin

36



CHAPTER3. COMPUTERGRAPHICSAND FEATHERS

Chapterd. Cellularautomatasystemq TM87] alsoformulatea notion of spatialarrangemenandcanbe
viewed asthe discretespaceandtime counterparbf reaction-difusionmodels. Young's model[ You84 is
similar to Turing's yet morelocal. Ulam [Ula62 proposeda modelfor branchingstructureand Cochoet
al. [CPPR8T presented variationof Toffoli' s techniqueg TM87] thatassumeadninitial small numberof
arrangedclonal” cellswhich actas“seeds"for elementf the nal patternandadvanceaccordingto the
automatorrules. Both reaction-difusion andcellular automatamethodsonly allow growth on the entity's
boundary Gottlieb [Got93 proposeda methodof growing the entity internally by subdviding the space

uponeachdivision of cells.

Structuraimodels unlike spatiaimodels describehow componentsf themodeldevelop. L-systems
describeghedevelopmenbf linearbranchingstructuregrom discretecomponent$Lin68] usingformallan-
guagetheory Thedevelopmentanbecontrolledby lineage(context-freeor OL—system}or by endogenous
interaction(context-sensitie or IL—system$. L—systemscanalsomodelchangesn shapethroughoutde-
velopment.ThebiologicalentitiesformedusingL—systemsangrow atthe extremities(sub-apicafrowth)
aswell asin the internal parts (elongation of internodes). However, changesn relative position of the
componentgnake it dif cult to have exogenouscontrol. Map L—systemgLR79] usemapsto enablethe
descriptionof structureswith cycles. A groupof cellsrepresenta map,andthereare maprewriting rules
to actonthecellsto controltheir properties Lindenmayeioriginally usedthis methodfor modellingsmall

biologicalentitiessuchasalgae.

As Prusinkiavicz notes[Pru93, spatialmodelsareexcellentat capturinginformation o w through
the medium,wherestructuralmethodsdo not encapsulat¢his information o w. However, spatialmodels
arelimited in capturingthe spatialchangesof the mediumand the biological entity within it (growth is
typically limited to the boundary)while structuralmodelsencapsulatéhe expansiorof theentirestructure.
In eithercase modelshave developedthat accountfor interactionof the modelwith its environment. For
instanceUlam's cellularautomatanethodtried to accountfor collisionsbetweerbranchesy notallowing
growth to take placein analreadyoccupiedcell. Also, contet sensitve L—systemshave oftenbeenusedto
adaptthedevelopmento theenvironment.Someresultscanoftenbegeneratedby variantsof bothmethods,
sometimeseeminglyoppositetechniquesFor examplethe Maltesecrosspatterncanbe generatedby both

cellularautomatorwith collision checkingandcontect-free L—systems
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3.4 Relevant Computer Graphics Models

Many of the biological modelspreviously mentionedhave beenappliedin the computergraphicsdomain,
sometimesusedasatool for biologicalresearch Prusinkiavicz [Pru93 givesa goodoverview of various
biologicalandmathematicalheoriesof emegenceandoutlineswork in biologicaldevelopmenupto 1993.
A brie y summaryof this work and otherwork relatedto the problemof feathercoatmorphogenesiss
presentedbelow.

Somecomputergraphicsmodelsfor naturalphenomenarecloselyintegratedwith their biological
model, suchas Turk's model[Tur9]] for texture generatiorfor Turing original reactiondiffusion model
andMeinhardtandKlinger's [MK874] variation, Fowler et al!s [FMP92 useof MeinhardtandKlinger's
model[MK87b] [Mei95] for seashelpigmentationand Walter et al. [WFR98§ useof Chocos modelsfor
creatingavarietyof large cat(e.g. cheetahdeopardsandgiraffe coatpatterns Othersinvestigatethecom-
plicationsof extendingthe modelin a 3D domain[Gre91, Kaa92 CR9g andinteractingwith the 3D ervi-
ronment,suchasclimbing plants|AK88, Gre89 andthe developmentof the pathof root growth [Gre91].
Earlierwork on structuralmodelsdevelopedmodelsbasedon growth rules[ Smi84, geometricainforma-
tion andfeatures[AK84], physical or biological rules[dREF 88] andfeaturesHol94] mainly for mod-
elling plants.  More recentlymostof the work in the structuralmodel domainhasbeenconcentrated
on the useof Lindenmayei$ L—systemdor simulatingbranchingstructures. Prusinkievicz and Linden-
mayer[PL90, PLH88 addedgeometryto Lindenmayers original modelsand shifted someaspectfrom
the discreteto continuousdomaincreatingparametricL—systemsand differential L—systemswhich were
usedfor simulatingplant growth over time [HP96 HRD95 andcomputeranimationd PHM93. Context
sensitiveL—systemsvere usedby Prusinkievicz et al. [PIJM94 to alter the externalshapeof plantsby al-
lowing a mechanisnfor pruning,for combiningexogenousandendogenousontrol. andincorporationof
tropisms.Prusinkievicz claimed[Pru93 thatL-systemsancreateplantimagessimilarto Aono andKunii
andReffye etal. [AK84, dREF 88] andthatstochastid —systemscancreatethe modelsfor grasssimilar
to thosecreatedoy ReeresandBlau [RB8Y|.

Noting seeminglyorthogonalkcharacteristicef spatialandstructuralmethodstherehasbeensome
work doneon combiningthesemethodsparticularlyfor usein simulationor animation. The presencef
cyclesin map L—systemgOL—systemgPL90, p. 146]) presentproblemsfor creatinggeometricmodels
becausef theinability to assignmetric propertiedocally. Fracchiaetal. [FPdB90h FPdB904 solvedthis

problemby proposinga physically-basedsolutionusing physical cell propertiessuchasosmoticpressure
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andwall tensionto iteratively stabilizethe mechanicakystem. They also extendedthis idea[Fra93 to
usecontet sensitve L—systems Fowler et al. [FPB93 describesa methodfor arrangingprimordiaon a
surface(of plants)basedon both developmentakulesof structure(pathof primordiagrowth) andphysical
propertiesuchascollisions.Fleischeetal. [FLCB95 proposesmethodfor generatingtructuredbasedn
a spatialdistribution of “cells”. The simulationdistributessphericalcellsbasedon userde ned cell states,
extra-cellularervironmentandinteractionsand cell programswhile constrainedo the surface. The nal
distribution is thenpassedhrougha particle-to-geometrgorverter to constructhe shapeandappearance
of the cells. While they produceorganic-lookingtextureson modelsurfaces their assumptiorof spherical
cellsfor the simulationanduseof a differentialequationsasan interfacecanbe problematicn attaininga
desiredresult.

Feathercoatmorphogenesigvolvesthe developmentand managemendf an approachwith a po-
tentially large numberof ne geometrigprimitivesandsomeinteractive modelling. The couplingof devel-
opmentandcomplity is similarto mary plantsystemsandthe couplingof movementof the elementsand
compleity is similar to modellingof hair andfur. Structurally feathersaresimilar to the branchingstruc-
turesof plantsandbiologically, feathersaresimilarto hair, fur, andscales all beingcutaneousppendages.
While the structureof hair andfur differ from feathersdistribution andrenderingare similar. And while
featherstructureis similar to plantstructure the level of intuitive designandneedfor styling is different.

Renderingechniquesisedfor somehair modelsandplantmodelsmayalsobeapplicableto feathers.

3.4.1 Plant Models

Many of the plantmodelshave beenmentionedabove. Two othersareworth mentioningherearule-based
model[LD96] for interactvely modellingandanimatingbranchingootanicalstructuresandmodellingof a
plantecosysteniDHL* 98]. LintermannandDeusserjLD96] usea principal setof componentandrules,
thatthe usercombinesandmodi es graphically They basetheir modelon WeberandPenns [WP9] and
cansimulatetropismsjntegratefreeformsdeformationgin orderto allow theuserto applyoverallchanges),
animateary parametef the model, iterate objectsalgorithmically and incorporatekey-framing which
they claim cannotbe donewith corventionalstring rewriting systems.The secondplant modellingwork
involves modelling of an entire ecosystenof plants[DHL* 98]. The compleity of the resultingsystem,
the speci cation of the initial parametersandthe simulationof developmentclosely parallelsthe feather

morphogenesiproblem. The userinteractively or procedurallyde nestheinitial plantdistribution andthe
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parameter®f the variousspeciesof plants. The simulationthenruns, determiningfrom the parameters
which plantsdie, grow, arepropagtedandby howv much. While plantmodelsprovide a startingpoint for
modellingcomple, evolving models gvenif they wereadaptedo modelfeathersthey would lack mary of
thefeaturesneededor modellingfeathercoatsandfeathercoatmorphogenesiaswell astheintuitiveness

thata modelspeci c to featherscoatmorphogenesigould provide.

3.4.2 Hair and Fur Models

Much recentwork in computergraphicshasbeendoneon the modelling of hair and fur. The previous
literatureon hairandfur will bediscussedtherein thecontext of distribution, structurejnteractiondynamics,
andrendering.

Early methodsof generatindhair or fur did not suggesgjeometrybut rathertried to usere ectance
mapsor texturemappingto corvey theimpressiorof combecdhairor fur textures.ReeresandBlau's[ RB85
createdheimpressiorof 3D lines(grasslusingmotionblur andparticlesystemsMiller [Mil88] createdhe
impressiorof alignedhair (anisotropicsurface)usingevenly spacecylindersto createa pseudo-re ectance
mapandPerlinandHoffert[PH89 usedvolumetrictexturesto createfurry tribbles.Kajiya andKay [ KK89]
have producednethe bestmodelsfor fur usingtexels spreacover the surfaceanda volumetricre ectance
functionto createtheillusion of fur with self shadaving of thestrands Othermorerecentwork in designing
hair andfur textureshasusedexponentialfunctionsto controlthe shapesize,perimeteranddensityof the
hairedregion [Bid95] aswell asutilized LIC - Line Integral Corvolution [MKKIO0O].

Later methodsof modelling hair attemptto explicitly model the hairs or somesubsetof them.
Miller [Mil88] wasoneof the rst to suggesmodellinga setof cylinders. Rosenblunetal. [RCT9] use
cylindrical segmentswith connectindhingesandmass/springsr dynamics Watanabe@ndSuenag [ WS92
modelwispsof hairasaconnectedetof trigonal prismsfor styling purposesEachwisp hasa densityrep-
resentinga groupof hairswhosedynamicsaretakenfrom the wisp trajectoryandarerenderedastrigonal
prismswith no mentionof collision detection.Anjyo et al. [IAUK92] representdair asa setof polylines
and simulatesdynamicsand curvature using the cantilever approacha setof forcesand parametergor
stiffness. Hair to headcollisions are detectedusing an ellipsoid to approximatethe head. Daldegan and
ThalamanrfDTKT93] modelhair by interactvely placingcharacteristihairsin varyingdensitiesprienta-
tions andlengths. They animatehair by wispsof polylineswith mass/springveightingsand hair to body

collisionsaredetectedisingacylindrical approximatiorfor thebody Thehairis renderedisingray-tracing.
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GelderandWilhelms[GW97] modelfur asanundercoatandover-coatandwith avariety of methodsrom
straightline fur, NURB-cunesandpolyline segments.They introducea methodof distancebasectulling to
reducethe numberof hairspertriangleto maintainthefur look at furtherdistancesMore recently loneset
al. [IKVZ00] provide a methodfor modellingandrenderingfur andhair usingcontrol hairs(a setof poly-
lines)whoseinterpolateddynamicsareusedfor therestof thehairs. A volumetricre ectancemodelsimilar
to [LTT9]] is usedfor rendering. Leblancet al's renderingmodel sortshairs by distanceand thenuses
pixel blendingto approximatedensityof the volume. They alsousea shadaev buffer for eachlight source
to produceshadevs andself-shadws. Koh andHuang[KHOOQ] animatestrips of humanhair in realtime.
Their animationand collision modelis adoptedrom [DTKT93]. They usealphablendingalongthe strip
to give theillusion of hair. Hadapand Thalmann[HMTOQ] interactvely style hair by placinga ow eld
aroundthe polygonalmodelof the headandusingpositionedsourceof o w to preventbody-haircollisions
andpositionedsourcessinksandvorticesfor styling. They alsoallow clumpingto improve realismanduse
LeBlancetal.s volumerenderingmethod.Finally, Bruderlin[Bru9g introducesa methodof interactively
specifyingclumpsof fur following “hair tracts”to simulatewet or clumpedanimalfur.

Thedistribution of hair or fur follicles is known biologically to be muchthe same(althoughslightly
lessorganized)asfeathers However, auniformrandomdistributionis oftensufcient, dueto thesymmetric
andsimpli ed structureof hairandfur. KajiyaandKay [KK89] statethatfur is typically distributedsimilar
to aPoissordisk distributior? whichwasalsousedoy Goldman Gol97] to reducehair overlapprobabilityof
sufciently shorthairs.Rosenblunetal. [RCT9] interactively de ne afollicular mapandusesa spherical
projectionto nd therelative locationonthehead.Thefollicle mapcanbe mirroredto reducecomputation
andthefollicles “jittered” to remove unwantedpatternsn placementWatanabestal. [WS97 interactvely
distributed wisps of hair over half of the individual trianglesof the headmodel. Anjyo et al. [IAUK92]
describesa modelcapableof styling hair by interactvely de ning the lengthof hair anda poreregion on
an ellipsoid representinghe humanheadin orderto preventcomple collision computations.Gelderand
Wilhelms[GW97] randomlydistributethe hair (bothlong andshorthairs)over eacharea-weightedriangle
of thepolygonalmodelgivenuserde ned densityandquantity

Finally, a rangeof renderingmethodshave beenproposed. Somemethodsbasedon volumetric
textures were mentionedpreviously. Goldmanintroduceda probabilistic methodfor renderingfur at-

tributessuchas shineand soft illumination using an opacity function without actually modelling the fur.

2notwo samplesarecloserthana x eddistanceradiusaroundthe sample Gla95.
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Theseresultsaregoodfor mediumdistanceviewing. Much of the currentwork in hair renderingattempts
to improve the re ectancemodel by incorporatingef cient methodsfor doing good self shadaving of
hair [LTT91, KNOO, LV0Q]. Other methodsachieve real-timerenderingrates[Len0Q by building up a
concentricshell of volumetextures,pre- Itering acrosdevel-of-detail,andprocedurallyintroducinggeom-
etry (similar to the way Kowalski et al. [KMN* 99] introducegeometry). And mostrecently a modelfor
subsurécescatteringandinternalre ectanceto simulatethe re ectanceand colourationof dielectric hair

bres [MJC0J3 hasbeendeveloped.

3.5 Feathers

Dai etal. [DSC9] wasoneof the rst to attemptmodellingindividual feathers.Very recently somefur-
ther researclon modellingandrenderingof feathershasbeenpublished. Previous to this mostcomputer
generatedeathersandfeathercoatswereconstructednanuallyby anartisttypically in acommercialervi-

ronment.Now, therearemodelsfor both photorealisti@andnon-photorealistifeathercoats.

3.5.1 Commercial Productions

Many of the computergeneratedirds seenin commercialproductionsuntil recentlyusedvery simplistic
methoddor feathersandsuchwereviewedfrom faraway or with alot of motionblur. Someof thesdanclude
the bomberWWII pigeonsin the Nissancommercial(1998by ILM) andthe penguinsof the CanadaDry
commercial1999by MarteStudio)or the Pelicandn TriStarPicturess Jumaniji In Pixar's A Bug's Life the
bird wasmeantto give animpressiorof realismwith a cartoonishovertone. Somemay speculatehatthe
featherson thesecharactersveretedious,laborintensve, hand-paintedexturesfrom artists. In all of the

above mentionedoroductionghefocuswasalmostalwayson somethingotherthanthe birds.

3.5.2 Daietal.

Dai et al!s paper[DSC9g wasoneof the rst techniquedhat attemptedo modelfeathers. They model
theinitial structureof the featherandprovided a methodfor constructingextureswith featherlik e pattern
elementssuchaseye-spotsandriverstripes. They usean iterative approachusingcomplex mapsto both

createthe featherntextureandthefeatherstructure.
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The texture synthesifocusedon simulatingtwo particularcharacteristicef featherpatternscom-
monto Galliformes:eye spots(foundon thetail feathersof peacocksandriver stripe. They usea complex
polynomialmapandNewton's methodasaniteratorto convergeto therootsin amaximumnumberof steps
or within athreshold.The corvergenceis colourmappedusingdistancewith therationalrootsforming the
eye spotscentresandthe complec rootsforming theriver stripes. The resultingpatterncanbe tailored by
initially de ning the patternwindow andcomplex rootswithin it.

Thefeatherstructureis formedby interactively specifyingparametersuchasbarblengthf ,;, barb
anglef 5, anglevariationduringbarbpropagtionf 4, lengthvariationbetweerntwo barbsf ;| andnumber
of barlulesf ,,. Thefeathershapes drivenby the next propagtingorientationde ned asppo = fppa£ fpa
wheref ppa = au+ bu+ 1, where0 - u - ¥ They theninterpolatethevaluesof aandb linearlywith time
betweerntwo userde ned boundsag to a; andby to by to producea setfunctionswhich de ne thesmoothly
alteringanglesin barbpropagtion. A x edf ,; meanghatthe angleof the barbwith respecto therachis
is constantfor all barbs. They useda generalizeccylinder whosepolygonaltessellationwas dependent
on view distancefor therachis,line segmentsfor the barbsandtrianglesfor the bartules. They adjustthe
polygonalresolutionof therachisaccordingo cameralistance They thentexturemapthe2D planarfeather
usingtheir unlimitedtexture resolutionpreviously produced While Dai et al's modelprovidesa particular
startingpoint for feathermodellingit doesnot addressary of the issuesof feathercoatmorphogenesisr

handlecollisionsor skin movement.

3.5.3 Non-photorealistic Feathers

In the animatedshort For the birds from Pixar, the focuswasthe birds. The birds were portrayedwith
realisticbehaiours and motion including individual feathermovements but asvery cartoory characters.
Thefeathercoatwascomposedf individually modelledfeathersnot a texture-mappedurfaceandthere
wasa greatdealof animationof thefeatherdRob0]. RobertsofRob0] stateghat“the biggesttechnical
challengefor the animators...werén making the contactsbetweenthe birds work andin animatingthe
feathers”.

The producergecognizedhatthe featherrealism*“just addedthat elementof birdieness’TRob0]
andhencewasworth the extra computation.Thefeathersverevery short,planar texture-mappedcurfaces.
In orderto increasethe elementof birdieness geometrywasaddedto softenthe shingle-like feathersto

make certainareasappeamoredowny andfuzzy andto createhairy edgesandsilhouettes.To createthis
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look they addedittle spheresnappedwith hairandtransparengctexturesin choicelocations.In additionto
makingthefeatherdook soft, the producerlsorequestedhatthey have shinesincethe scendook placeon
ahotsummerday. Robertsors article doesnot discloseary moredetailsaboutthis topic.
Anothertechnicalchallengehat presentedtself with this work wastheability to x baldspotsand
to handlecontactsbetweenbirds. Whenbirds' faceswereanimatedthe surfaceof the bird oftenstretches
causingbald areasin the feathercoat. Pixar x ed this by simply creatingcopiesof local feathersand
randomlydistributing themwithin the bald spot. Sincemuch of the shortrelieson the birds looking like
they are“squishedtogether’interpenetratiorof feathersand/orbodieswas not an option. Pixar handled
this issueby creatingdisc shapectollision detectionwidgetsthat wereplacedbetweerthe birdsthatwere
ultimately shapedandanimatedoy the animators As far asis known mostof the animationof the feathers
andbirdswasdonemanuallyby theanimators.Theanimatorsnitially workedwith guidefeatherdhatwere

geometricallysimplerandsmallerthanthe nal feathers As Robertsorstateseachbird had2873feathers.

3.5.4 Concurrent Photorealistic Feathers

In parallelto this thesiswork, therehasalsobeenwork on creatingphoto-realisticfeathers FW01] and
feathercoats EAB™ 02] [CXGS03. Sincemodellingrealisticfeathercoatmorphogenesiis thegoalof this
thesis,this previous work is mostapplicable. Two of the main contributorsin this areaare SonyPictures

ImageworksandMicrosoftReseath Asia

SonyPicturesimageworks

Sory hasbeenworking on feathersover the pastfew yearsfor their 2002releaseof StuartLittle 2 which
starreda mouse,Stuartandtwo birds: an AmericanGold nch asthe heroine(Margalo) anda Pergrine
Falconasthe villain. The movie includedclose-upshotsof animatedbirds and moving feathers. From
previous mavies they had developedan extensive hair modellingandrenderingpipeline and partsof this
pipelinewereusedfor their feathers.

Theindividual feathersveremodelledusingNURB patches.They have afew hundredparameters
to controlthestructureandrenderingpropertiesf eachfeathe{ EAB* 02]. Thisincludedthingslike applied
texture maps,lengthand curve of the feather breakupor splitting andtranspareng They distributedthe
feathersoverthesurfaceof the modelusingtherepulsve force mechanisnof Witkin andHeckberf WH94]

with an alterationof being ableto vary the densityof the follicles over differentregions of the surface.
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The featherdirection, orientation,twist and groomingwere all controlledusing hundredsof key curves.
Interpolationbetweerthesecurvesgeneratesherestof the feathercoat(approximately3000feathers) By
manuallyeditingthesecurves,thefeathercoatis ableto begroomed Featheito-feathermndfeatherto-body
collisionsareresohedmanuallyusingthesekey curvesin a staticmodelposition.

Oneof the biggesthurdlestackledby the Imagavorks teamwasto preventinterpenetratiorof the
feathersduring animation. It wasnecessaryo have feathersslide over oneanothemwithout piercingeach
otheror endingup in thewrong order To handlethis they developeda oneandtwo dimensionalvolume
deformationtechnique.Sincethe key curveswhereanimatedwith the model,therewere possibilitiesfor
incorrectfeatherdirectionsor featherinterpenetrationsvith eachotheror the model. The volume defor
mationinformation storeda heightdisplacementor eachcontrol vertex from the surfaceandthe closest
surfacelocation,sothatasthe modelis animatedhe feathersstayedalignedwith the surfaceof the skin.
While this solvedinterpenetrationvith the skinit did not solve interpenetrationvith neighbouringeathers,
soasecondsetof volumedeformationinformationstoredhow closeadjacentontrolverticeswereto each
controlvertex of eachfeather

They thenenhancedhe realismand “cuteness’factor of their resultsby addinghairsin-between
featherswhererequiredand makingmanualadjustmentgincluding plucking feathersmanuallycombing,
handanimationandblendingstaticeffects). The featherswhereshadedusingthe RenderMarr 2 shading
languageemploying ananisotropidighting modelandsomeextra back-lightingeffects. Thefeathertextures
weregeneratedboth procedurallyandhandpainted.Eachbird requiredabout200key curves.Margalo was
completewith 3,082feathersandapproximately70,000hairsandthe Falconhad3,241feathersandaround
7,000hairs.

While the resultsof their techniquearegood,a lot of manualinterventionwasrequiredaswell as
theadditionof hair. UsingNURB patchego modeltheirfeathergestrictsthetypeof featherthey canmodel
(e.g. they cannotcreatedown which perhapsexplainsthe useof hair) andtheir modeldoesnot allow and

wasnot intendedfor, modellingof feathercoatmorphogenesis.

Micr osoft Reseach Asia

Chenetal. [CXGS0] recentlypublisheda methodfor modelingandrenderingof realisticfeathers.Their

methodwas basedlargely on the fact that the featheris a naturalbranchingstructureand henceuseda

3RenderMaris aregisteredrademarkof Pixar
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3.5. FEATHERS

Figure 3.1: Two imagedrom Chenetal.!s[CXGS03 work onmodellingandrenderingeathersLeft: Someexample
feathersRight: A featheredcagle.Theseimageswereobtainedfrom theauthorsandusedwith their permission.

methodcommonto computergraphicsfor modelling plants,L—systems A featherwas modelledusinga
setof ve curvesto de ne the shapeof the feather: rachiscurve, left andright barb curvesandleft and
right outline curves. They thenassumehatthe shapef all barbcurveson the samesideof therachisare
identicalexceptfor theirlengths.Thestructureof theirfeathelis describedy asetof context-freeL-system
productionsof theform:

id : pred: cond! succ

They useaparametrid_-systemasfollows:

w : R(0)
p1:R@i):i <N ! [BL(i; 0)][Br(i; 0)R(i + 1) (3.2)

P2:BL(iij) ) <ML Br(isj+1)

Ps:Br(i;j):j < Mr! Br(i;j + 1)
whereN de nesthelengthof thefeatheraswell asthedensityof barbson eachsideof therachis,while M |
andM g de ne thelengthsof theleft andright barbsrespectrely. This meangroductionp; grows asmall
bit of therachisandthenproductiongp, andps grow theleft andright barbsrespectiely, with production
R(0) constructingthe entirefeather They thenintroduceforcesinto this systemto simulatesplitsin the

feathervane. The splits areplacedin locationswherethe accumulatiorof a randomsetof forcesexceeds

somethresholdandthenthebarbis rotatedby arandomanglein the directionof theresultingforce.
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CHAPTER3. COMPUTERGRAPHICSAND FEATHERS

Their feathersare renderedusing a precomputedidirectional texture function (BTF) of sample
geometryof thebarb/barhile structuresThey ray-tracethis geometryof ine andusetheresultingBTF asa
textureto alphablendwith the patterntexture of thefeather

The feathercoatis generatedy rst re-tiling the polygonalmodelusinga variationof Turk's al-
gorithm[Tur92. Again thisis similar to the methodusedby SONY Picturesimageavorksin thatthey use
repulsive forceson the surfaceto determinethe follicle distribution. They alter Turk's algorithmslightly
to vary the densitybasedon feathersize ratherthan surfacecurvature. They usea Gaussiarradial basis
functionto determinethe areaof in uence anduseDijkstra's shortespathalgorithmto computedistances
onthesurface.Theuseris ableto controlthe spatialextentandthe weightof eachbasisfunction.

Oncethefollicle locationsaredeterminedthe userplaceskey feathes andde nesagrowing direc-
tion at eachof theselocations.Fromthekey feathersandtheir growing directions,interpolationcomputes
feathersand growing directionsat all intermediatdocations. However, theseare only the initial growing
directions. The nal growing directionsare determinedusingan recursve collision detectionalgorithm.
The collision detectionis computedusinga simpli ed versionof the feathergeometry A Vornoiregionis
determinedaroundeachfeatherand only the featherat the verticesof eachVornoi region are considered
candidatesor collision detection.To furthersimplify the computationpnly thosefeatherdying below this
featherareusedto computecollisions.Whena collisionis detectedhefeatheris rotatedslightly towardthe
surfacenormal. This processs repeatedecursvely until no collisionsaredetected.

Again, theresultsthey obtainarequite goodasshavn in Figure 3.1 However, dueto their chosen
approachn modellingindividual feathersthetypesof featherghatcanbe modelledarelimited (i.e. down
cannotbemodelled)andtheinternalshapeof thefeatheris limited becaus@®nly onecurve de nestheshape
for all barbson onesideof the feather The useof arecursve collision detectionalgorithmis fairly time
consuming 30 minutesoff-line for abird with 3500feathersandbecausét is basednsimpli ed geometry

it is notexact. Finally, they too do not provide ary mechanisnfor simulatingfeathercoatmorphogenesis.

3.6 Summary

This chaptersummarizedprevious work with aspectssimilar to modelling feathercoat morphogenesis.
The interactionplacementand simulation of a large complex systemssuch as Deussenret al's ecosys-

tem [DHL™ 98] parallelsthe compleities of the feathercoatproblem. Also the interactive modelling of
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plantsystemausingrulesandicons[LD96] andinteractve modellingof hair stylesusing uid o w stream-
lines[HMTOQ], characteristihairs[IK\VVZ00], wispsor clumps[WS92 Bru9§ andparameter§DTKT93]
is comparabléo the controlandinteractionrequiredin feathercoatmodelling. As well, there ection mod-
els of Hanrahamand Krueger [HK93], Schrammet al. [SGM97 and Haaseand Meyer [HM92] simulate
mary of theopticaleffectsfoundin feathers However, noneof thesemodelsweredesignedor feathersaand
usingthemto modelfeathersvould be at minimum awkward anddif cult. Also, thereis no provisionsfor

handlingthe compl«ities of featherarrangementandmorphogenesis.
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Problem Scope,Goalsand Approach

The modelling of feathercoatmorphogenesiss a multi-facetedproblemasshowvn in Chapter2 andis a
relatively unexploredareaof computergraphicsasshavn in Chapter3. In orderto solve a problemwith
theseattributesthe scopeof the problemmustbewell identi ed. First, a setof modelexpectationseedto
be made. This will identify whatthe nal modelshouldbe capableof andwhat aspectof the modelare
mostimportant.Seconda setof assumptionsvill bemadein orderto reducethe scopeof the problemto a
manageablsize. Finally, this problemwill be subdvidedinto addressablgyossiblynon-distinctelements.
Eachelementof the problemwill alsohave ade ned scope.In thenext threechapterghe approachusedto

solve themainelementsf this problemwill bediscussed.

4.1 Model Expectationsand Goals

As alreadyoutlinedin Chapterl the goal of this work is to designa modelof feathercoatmorphaenesis
for the purpose®f animatingthefollicle surfaceor skin Thuschangen thefeathercoatmustbesimulated,
includingmovementof thefeathersaswell asloss,re-gravth andconsequentiathangen form andpattern.
Animation of the featherfollicles or featherds necessaryor creatingthe appearancef changein overall

shapeor form. Thus,the goalis to have the feathersespondappropriatelygiven movementsof a skinned
surface,but not to determinethe skinnedsurfacebasedon animationof the skeletonor appendagesf the

bird, whichis a separatareaof research.

To ensuraunconstrainedreationabossibilities the procesof modellingfeathercoatmorphogene-
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sismustwork for a reasonableangeof topologicalmodelswithout specializedspeci cationof the model.
Thus,notonly would it be possibleto placefeatherson modelsof birds andothernaturalobjects but pos-
sibly on ary closedthree-dimensionabbject. Also in orderto ensurethatthis approactcanbe usedeasily
with commonlyavailable packageshe modelis assumedo be a closedsetof polygonswith normalsand
no specialproperties Any otherunknawvn attributesof themodelwill be obtainedasparametersr inferred
from themodelitself. This allows for awide variety of packageso beusedto createtheinitial inputmodel

to themethodology

In computergraphicsit is importantto minimize the amountof time neededo createan object
or characterwhethercomputationtime or usertime. Lesseningcreationtime increaseshe possibility of
modellingand/oranimatingin real-time,allows for more objectsor character$o beincludedin a sceneor
more complicatedobjectsor charactersTime or computatiorthatis only neededncein theinitial stages
of designingthe objector characteis normally nominalcomparedo thetime neededo createeachframe
of an animationor simulation. However, the goal of this thesisis not staticoncedesigned. In factthe
feathercoatis composedf mary individual sggmentsthat caneithermove or changeappearanceThus,
it is plausiblethatthe modelchangesontinuously(possiblyframeto frameasin simulations) hencetime
neededo make changeso themodelcanlargelyimpacttheresultingrateof creation.Thus,themodelmust

enableef cient changeandmovementof the feathercoat.

Finally, this ef cient changeand movementmustalsobe controllable. As mentionedn Chapterl
thereis a trade-of betweenautomatinga potentiallytime consumingprocessandallowing for e xibility
of the nal result. Sincethe numberof structureqfeathers)thatwill typically be usedis on the order of
hundredsor thousandsindividual control and positioningof the featherss unrealistic. Thus, the process
mustinvolve somesemi-automaticneansof controllingthefeathersn afashionthatis notcumbersomer

time consuming.

Previous andconcurrentwork on feathergprovidessomeinitial results,however lacksautomation,
e xibility anda meango modelfeathercoatmorphogenesisWhile Sory Picturesimageavorks[EAB* 02]
usescurves and surface patchesfor their feathermodelsand styling, their modelswere very parameter
(manually)intensve (i.e. on the orderof a couplehundredparametersandmary of the arrangemenand
orientationissuesneededo beresohedmanually However, theirresultsarestunning.They did notattempt
to addresdeathercoatmorphogenesisWork donerecentlyby Microsoft ResearchAsia [CXGS03 pro-

videdaslightly moreautomatianethodfor bothmodellingandrenderingheir feathershowever lackedthe
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CHAPTER4. PROBLEM SCOPEGOALS AND APPROACH

e xibility to modela wide variety of featherdypesaswell aslackeda meango modelfeatherggronn asa

resultof feathercoatmorphogenesis.

4.2 Assumptionsand Limitations

Optimizationof processeandmodelsoftenresultin compromisesFor instancejncorporating ne detail
commonlyrequiresmore computationthus trading-of amountof detail and processefciency. Thus,in

designingthe modelcertainassumptionsnustbe madein orderto allow for optimizationsin otherareas.
Theseassumptionandlimitationswill be speci edwith respecto thefeathercoatmorphogenesiproblem

in the contet of the principlesof naturalphenomenanodelsasoutlinedin Chapterl.

4.2.1 Levelof Detall

The level of detail desiredcan affect the entire designof the model. For instanceif only a very specic
limited level of detailis neededhenmary optimizationscanbe madeto take advantageof this fact, and
thus increaseperformance. However, if the level of detail desiredis variable, often not only are these
assumptiongmpossiblebut muchcaremustbetakento ensurethe preseration of multiple levels of detail.
A naie solutionto modelling featherswould be to modelthe geometryof every structureright down to
the substructuren barbsandbartulesto ensurerealisticresults. For a few feathersthis may seemlike a
reasonabl@pproachput for an entirefeathercoator possiblymultiple feathercoats,this muchgeometry
would requireanunreasonablamountof resourcege.g. computatiortime, memory andprocessoability)
makingthis approactseemessthanadequate.

The goal of this work is to simulatethe appearancef feathercoatmorphogenesisThe level of
detailchoserfor thiswork canbethoughtof asthefeather At ascalewhereanindividual featheris notdis-
cerniblefrom therestof thefeathercoatsomemodi ed form of atexturemappingapproactwould probably
beagoodtrade-of betweerthequality of resultsandcomputationaéf ciency. Thustheconcentrations on
meso-scopistructure®f thefeatherwheremeso-structurelsave size0.1-10mm. While modellingmicro-
scopicsubstructurdi.e. lessthan0.1 mm., bartulesandbarbicels)s necessarfor creatingthe colouration,
it is notalwaysvisible to thenaked eye andis notrequiredin the nal model,but maybe modelledinitially
andusedin therenderingstages Sothetargetedlevel of detail for this work will be for mid to closerange

(excluding microscopic)viewing of the feathercoatfor a smallgroupof birds. In this range texture map-
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pingis notadequatandfeathergeometnyis necessarpecauséndividual feathermovementsandstructures
arenoticeableput methodghatderive texturefrom geometry{ DG94 maybe usedatthe boundarie®f this

viewing range.

4.2.2 Object-Speci ¢ Models

As mentionedn Chapterl, usingagenerictechniqueor modellingthe characteristicef a surfaceis some-
times not adequatebut precisegeometricmodelling of the entire object causesa complity explosion.
Modelling of feathercoatsand more so, feathercoat morphogenesisis exactly one of thoseproblems.
Thus,methodgthattake advantageof the speci c attributesof the structure suchasregularity andknowl-
edgeof thehow the structuredevelopscanbe usedto constructa object-speci cmodellingtechnique This
approachwill beusedin orderto optimizetheresultsandthe ef ciency of thetechnique.

Onedownsideof creatinganobject-speci cmodelis thatit is oftenlimiting in its applicationsThe
modellingof feathercoatmorphogenesifastwo main componentsmodellingof feathersandmodelling
of the feathercoat. While thesetwo componentarenot distinct,they canbe designedseparatelyo allow
e xibility in the methodology Modelling of the feathersinvolves developing a parameterizatiorior the
featherdhatallows interpolationbetweertypesandagesof feathers Modelling of thefeathercoatinvolves
modellingthe placementprientationand arrangemenbf the structuresin orderto form the feathercoat.
Although, the feathercoat modelling handlesthe distribution and movementof the feathers,the feather
structurecould theoreticallybe substitutedor ary objectwith similar form andmovementor motionlike
bladesof grass)eavesor ary cutaneousppendageée.g. hair, fur, scales).Thus,while the modelwill be

featherspeci ¢, incorporationof othersubstructuress plausible.

4.2.3 Emergence Control and Ef ciency

As alreadymentionedan emepgentsystemis onewherecomple structureresultsfrom a relatively small
numberof parametersWhile it is desirableto minimize manualmodellingand maximizeef ciency and
simplicity of the model, it is alsonecessaryo maintain e xibility, controlandpredictabilityof the results.
Controldoesnot meanthatthe userspeci esalarge setof parametersut ratherthata useris ableto create
whatthey desire.

In orderto facilitateusercontrolandef ciency aswell asemegence a minimal setof parameters

is speci ed at the beginning of the simulation. During the simulationan automaticprocessunsallowing
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the userto stopandrestartthe simulationat arny point. The developmentof the nal structureis automatic

basednthemodelatthe particulartime with the particularsetof userspeci ed parameters.

4.2.4 Input and Output of the System

As previously mentionedthe input is assumedo be a setof polygons(possiblywith normalinformation)
anda setof userspeci ed parameter$o tailor the model. Oneassumptionrmadeaboutthe modelis thatthe
surfaceareais proportionatto the numberof follicles or sizeof follicle region. This meanghatif polygons
grow (shrink)in sizedueto movementof the model,this correspondso the skin stretching(relaxing)and
thefollicles will simplybespreadcompactedapart(together).Theadditionof polygonswould correspond
to theadditionof a patchof follicle-lessskinwhichis unrealisticandthereforewill notbeconsideredn this
model. The secondassumptions thatthe model's surfacehassomemaximumcurvaturewith respecto the
polygonresolution. Sincesharpedgesdo not exist on the surfaceof animalsthe skin modelis assumedo
have boundedcurvature. Otherthanthis restriction,the modelmustbe robustenoughto handlemodelsof
ary topology Theonly othersurfaceabnormalityto handle,is skin crease®r folds. Thesewill behandled
asthey arein the realworld; if the skin hasa cutaneousppendageattachedo it andthe skin folds, the
appendageeitherdisappearsr shrinks,but simply staysattachedat the samelocationon the skin.

The featherarrangemenalgorithmis automatic. The feathersareassumedo alwayslie naturally
giventhe body axis. They will adjusttheir directionandorientationto accommodatenovementand situ-
ationssuchascreasesandchangen curvature. Not only do differenttractshave variousdistributions(see
Chapter2), but differentdistributions may be desiredby the modellerto createvariouseffects. However,
thefollicle locationis x edto somelocationon the skin, which may or may not move in relationto the
skeleton,but thisis outsidethe scopeof this work.

Finally, the outputof the systemis meantto be usedwith ary commercialrenderingpackage.As
a postprocessingstageto the model, certainphysical surface characteristicsnay be corvertedto typical

renderingoarameter$o be usedwith ary “off-the-shelf renderer

4.2.5 Other NecessaryModel Attrib utes

In additionto level of detail, objectspeci city, controlv.s. ef ciency andinput/outputcharacteristicef the
approachtherearetwo otherattributesthat mustbe consideredn designingthe model: inclusionof time

anduseof stochasticelements.Sincethe goalis to modela changingresultthe inclusionof time in the
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methodologyis imperative. Many of the parametersvill vary continuouslyrequiringa mechanisnof both

trackingandstoringthevariationaswell asinterpolatingbetweervariations.

4.3 Problem Segmentation

The goal of this researchs to simulatethe changesn appearancef the feathercoat. The component®f
feathercoatmorphogenesithat mostcontritute to changesn appearancbave beenidenti ed as: feather
structure featherarrangemenandfeatheralterations(seeChapter2). The featherstructureidenti es the
type of feathergpresentand contrituteslargely to the overall appearancef the coat. The featherarrange-
mentde nes both the shape(form) and patternand so also contrituteslargely to the appearanceFinally,
featheralterationsde ne bothwhenandto what extentthe featherstructure(evolution from pin featherto
nal state)andarrangementhangeover time dueto growth and movementof the skin andthus, is also
necessaryn capturingchangesn appearancerhis problemcanbethoughtof asbeingcomposedf mary
sub-problemgi.e. elementspelongingto thesethreemain componentsEachelementcanbethoughtof as
eitherstaticor changing,n the sensehatthe staticelementslo not changeonceformed(e.g. a feathers
structureor colour) andthe othersarecontinuouslyevolving (e.g. feathergrowth). A roughcateyorization
of elementss showvn in Figure4.1

Thesethree main componentsare non-distinctin the contet of the feathercoat morphogenesis
problemand mustbe consideredn this contet. The featherstructure(and colour) coupledwith feather
grownth formsindividual featherpatterns.This coupledwith the featherarrangementonstructghe feather
coatpattern.And nally, thefeathercoatpatterncoupledwith the featheralterationscomponenformsthe

morphogenesisf thefeathercoat. Thethreemaincomponentandtheir scopesarediscussedbelow.

4.3.1 Feather Structure

The rst componentfeatherstructure involvesmodellingthe substructurendits variationsof the feather
Sincethesevariationsde ne differentfeathertypes(seeChapter2), this componentnvolvesmodelling of
differenttypesof featherswhich requirescreatinga parameterizatiothat de nes the physical structure,
shapesizeandcurvatureof eachfeathertype. The parameterizatiomustallow for interpolationbetween
thefeathertypesandfeatheragesby interpolatingelementof the parameterizationColour of the feather

mustalsobemodelled but developmenbf individual feathempatternds atopic of researclin developmental
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Figure 4.1: Breakdavn of FeatheiCoatMorphogenesi®roblem.

biology and is outsidethe scopeof this thesis. Thus, the featherstructurecomponent(seeFigure 4.1)
includesthe modellingand parameterizatiorof structure including substructuregurvatureand shapeand
the colour. In addition,aswill be outlinedin Section4.3.3 the featherstructureparameterizatiomustbe
extendableto parameterizinghe growth of the feather Thus,this alterationaspectmustbe built into the

structuralparameterization.

4.3.2 Feather Arrangement

Modelling thefeatherarrangemenis the seconccomponentThis includesthefollicle distributionwhichis
x edonceit is establishedaswell asthefeatherorientation Thefollicle distribution mustbeaccuratelyand
consistentlyidenti ed onthe surfaceof themodel. A smallsetof parametersnustexist to controlvarious
typesof follicle distributionsfor the variousregions,typesandagesof the bird. A methodof bothde ning
the pterylaeregionsandthe distributionswithin themis needed Oncethis distributionis de nedit is x ed
in relationto surfacelocation. The methodof mappingthe distribution to the surfacemust be scalable.
The featherorientationmustde ne both a direction of featheraxis andthe rotation of the feathertoward
the surface. The orientationmustallow for the coverageof apteriaregionsby feathersof the neighbouring

pterylaein a reasonablevay. This part of the problemwill involve devising an algorithmfor automatic
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arrangemenor lay of thefeatherqorientationanddirection)giventhe setof follicles andthe setof feathers
onthesurface.Thefeatherarrangemeralgorithmmustaccounfor featherto-feathemndfeatherto-surface

collisionsandinterpenetrationfor a staticmodels.

4.3.3 Feather Alterations

Finally, the third componentfeatheralterationsjncorporatesoth of the above componentsn a changing
ervironment.Thiscomponeninvolvesspecifyinga methodologyor how thefeathercoatevolvesovertime
both dueto grownth andmovement.It hasthreeelementsfeathergrowth featherreplacemenandfeather
rearrangement Thefeathergrowth elementwould identify how a featherchangesver time. This element
usesghefeatherstructure parameterizatiorandcolourationandinterpolateghe parametergvertime. The
growth methodusedmustbe generalenoughto simulatethe growth of ary feather with ary structure,or
for that matter arny cutaneoustructure. The secondelementto this componentis featherreplacementlt
is independenfrom structureandarrangemenin thatit identi es timing, frequeny andorderof feather
loss/rggrowth from variousregionsonthesurface.Ilt musthowever, triggerthefeathergrowth processvhen
neededFinally, thethird elementfeatherrearrangementle nes how thefeathercoatresponds$o changes
suchasfeathergrowth, replacementalterationsof the surfaceor skin. Thefeatherdirectionandorientation
mustchangegivenchangesn feathertypeandsizeaswell aschangeso surfacecunatureandtopology but
thefollicle distribution muststay x ed. Also, theremustbe a mechanismior alteringthelay of thefeathers
accordingo userinput. Birdsoftenruf e orlift theirfeathergo preencleanor to exhibit variousbehaiours
(e.g.afrightenedPeacock)ln orderto createchangesn form andappearancef thefeathercoatthe ability
to alter the lift of the featheris necessary This elementwill usethe featherarrangemenalgorithm of
componentwo, alongwith additionalinformationto bothautomaticallyandinteractivelyadjustthefeather

arrangement.

4.4 Main Contributions

The main contrikution of this work to the areaof computergraphicsis a methodologyfor de ning and
managinganintricate,geometricallycomplec surface,thatis both diverseand constantlychanging,n the
contt of feathermodelling. The solutionis the proposede xible, versatileand ef cient methodology

for modellingfeathersfeathercoatsandfeathercoatmorphogenesiswWhile the proposedapproachs not
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biologically exact,it doesprovide a biologically basednitial modelfor assistingn visualizationof feather

structure growth andfeathercoatmorphogenesis.

4.5 Summary

This chapterdetailsthe scopeand goalsof the feathercoatmorphogenesiproblem. The scopeandgoals
wereoutlined rst in the contet of naturalphenomenanodelsoutlining thelimitations,the desiredevel of
detail,thedegreeof objectspeci cnesspalanceof emegencegcontrolandef ciency aswell astheinputand
outputto the problem. The overview of the approachwasoutlinedby dividing the probleminto threenon-
distinctcomponentsfeatherstructure featherarrangemenandfeatheralterations.The next four chapters
will outline the integratedsolutionsto thesethreecomponent@&nd comparethe detailsof the approacho
previouswork. Chapter 9 will showv resultsof this feathercoatmorphogenesimethodologyaswell asa

comparisorwith currentresearchiesultsandrealfeathers.
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Modelling Feather Structure

The featherstructurecomponentas outlinedin the Chapter4 encompassesodelling the physicalprop-
erties of the feathernamelyall structuresand substructuress well as colour and growth of the feather
Modelling of the physical substructuresf the featheris necessargiven our! goalto simulatechangesn
form andour chosenlevel of detail - the feather Two aspect®f physical form thatmustbe addressedre
the parameterizatiorof structurein orderto createvaryingfeatherstructuresandsurfacegeneation given
thestructuraldescription Also, in orderto constructhefeathercoatarepresentatiofor thewide spectrum
of feathertypesandsizesis required,asoutlinedin Chapter2. Sincethesevariationsin substructurend
consequentiallfeathertypecontritutelargely to theappearancef thefeathercoatthey mustnecessarilype
partof our model. Obviously, manualmodellingof the entirefeathercoatwould be too tedious.However,
if a parameterizationf the featherpropertieqe.g. substructurecurvature,sizeandshape)s constructed,

thenavariety of featherscould be producedy alteringa smallnumberof parameters.

5.1 Basisfor Feather parameterization

As outlinedin Chapter3, utilizing a smallsetof parameterso producecomplex structuress oftenusedin
modellingof naturalphenomenaSinceour goalis to simulatethe structureanddevelopmenbf thefeathers,
biologicalstructuralmodelswereusedasabasis.

L-systemgPL90, aspreviously mentioned have beenusedfor modelling both the structureand

IThe restof the thesisis written in the active voice. Our is usedto meanthe authorandthe readerin orderto
includethereadeiin thediscussiorof the developmeniof the methodology
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developmentof mary differenttypesof branchingstructuresncluding plantsandtrees,andmostrecently
feathers.L-systemsaredesignedo createcomple structureswith variablebranchingmechanismsRules
areusedto specifythe branchingtype, the numberof branchesthe locationandfrequeng of thebranches
andangleof the branchesL-systemshave alsobeenusedto correlate nal shapewith growth rates [PL90
p.123-126].Feathersasnoted,arecomposeaf multiple levelsof branchingoarbsandbartulesandhence,

theuseof L-systemsseemsaturalfor this problem.

In the pastyeat recentwork hasbeendoneto modelfeatherstructureusing L-systems. Chenet
al. [CXGS07 from Microsoft Researctsia proposeda productionbasedsystemasoutlinedin Chapter3.
However, feathersarevery regularmonopodial[PL90, p. 70] branchingstructureswheretheangle length
andnumberof thebrancheareessentiallyuniform overtheentirefeatherandthustheoverheador specify-
ing variationis notneededAlso, asstatedn Chapter2, sincefeathergrowth occursproximally atthebase
ratherthanthroughouthe structureor distally at the apicalends thefunctionality of branche®longatingto
simulateplantgrowth is not needed Finally, if shapeor form is de ned indirectly by a setof productions
or rules,thenit is not clearhow smoothinterpolationbetweerntheseforms canbe obtainedasis required
with feathertypes. Chenet al. [CXGS03 overcomethis problemby de ning a boundingcurwve for the
silhouetteedgeof the feather As recognizedoy Chenet al. [CXGS03 L-systemsare a valid option for
modellingfeathersandfeatherstructure.Chenet al. [CXGS03 did not attemptto modelgrowth or feather
coatmorphogenesisThereforeusingL-systemdor their modelswasappropriate.However, our initially-
proposedyoal of specifyinga setof simple parametergor eachfeathertype andinterpolatingfor various
typesandagesof feathersseemsanoreapplicableto the regularity of the featherstructureaswell asgrowth

andmorphogenesiandthusis the approachargetedin this work.

Dai et al. [DSC9] introducea techniqueto model feathersof a speci ¢ family of birds with a
functionalsetof parametersThey usea setof parameter$or rachislength,barblength,barbangle,anda
functionfor curvatureof the barbs.However, the curvatureof the barbis only two-dimensionalthereis no
way of specifyingrachiscurvature,andno provision is madeto simulateasymmetryWhile theirtechnique
providesgoodinitial results becaus®f theway they iteratively grow their barbs thereis little controlover
the nal shapeor the featherlimiting their resultsto only a few feathershapesandlimited feathertypes.
Sincethe characteristicseparatinghe varioustypesof feathers(asoutlinedin Chapter2) arethe length
of rachis,barbsandbarlulesandthe interlocking natureof the bartules, a parameterizatiothatincludes

thesecharacteristicgs necessaryor creatinga modelfor a wide rangeof feathertypes. Our approacho
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| Structure | Parameter | Variable |
calamus length lof
width-ratio Cuwr
rachis length r
basewidth Iw
cunvatures Fe, Mvde
barb length I

|yl
left vaneangle Vpa Via

rightvaneangle | v{,, Via
spacing SPys SPt

# key barbs m

setof key barbs | BJ;f8j0::mg
8 Key barb | # controlvertices | n
controlvertices | cv;;f8ij0::ng
positiononrachis| rp

Table5.1: List of parametergn our model

modellingfeatherstructureutilizes a setof parametersaguelysimilar to GelderandWilhelms's [GW97]
fur modellingandDai et al's [DSC93 feathermodelling,extendingDai et al.'s work to allow for a more
generamodelof bothfeathertypeanddevelopment.

Our feathermodelemegesfrom the needto have anintuitive setof biologically-basegarameters
with boththe e xibility to createa wide rangeof feathertypes,andthe simplicity to generatehousand®f
uniquelystructuredeathersThemainaspecis basednkey representationat multiple levelsof detail. An
individual featheris designedisinga setof parametersglescribinghelengthandcunatureof therachis,the
lengthandangleof the barbs,anda setof key barbsfor the vanecurnvature. The curvatureof intermediate
barbsis speci ed by interpolatingthe key barbs. Theseindividual feathersarethenusedaskey feathers
in the designof thefeathercoat,by interpolatingthis parameterizatioto createintermediateeathers.The
parameterizatioandinterpolationof theparameterarediscussedbelon. Furtherconstructiorof thefeather

coatis discussedh the next chapter

5.2 Our Parameterization of Indi vidual Feathers

Ourparameterizatiois basednthebiologicalstructureof thefeatherasoutlinedin Chapter2. The

two mainstructuresnodelledaretheshaftandthebarbs.Theafterfeatheis modelledasa secondaryeather
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attachedo the mainfeatherandhasthe sameparametesetasthe mainfeather The setof parametersised
areshowvn in Figure5.1 andarefoundin Table5.1 The calamushaslengthc, andwidth-ratio c,. The
rachishaslengthr,, basewidth r,, andtwo cunatures: side-to-sideor lateralrc, andfront-to-backor
ventral-dorsalqc. Therachistip is assumedo form a point andthe calamuswidth is computedso that
thereis no discontinuitywheretherachisandcalamusmneet.

Figure 5.2 shaws the implicationsof someof theseparameters.All feathersin this image have
constanbarblengthanddensityaswell as,onekey barbnearthe baseanda defaultkey barbatthetip. The
two leftmostfeathersshow alterationin rachislengthr, andrachiswidth r,,. Thetwo rightmostfeathers

shaw alterationsn rachiscurvaturebothlateralr|. andventral-dorsatqc.

(@) (b) (©)

Figure 5.1: lllustration of the parametersf Figure5.2: FeatherdllustratingdifferentparametersAll feathers

ourmodelfrom Table5.1 have constanbarbdensityandlength,aswell asonekey barbnear
the baseandthe default key barbnearthetip. (a) tall thin rachis
r;rw, (b) shortfatrachisr;r, (c) sideandfront view of rachis
with lateralanddorsal-entralcurvature.

Thevaneis modelledby a collective setof barbs.A selectsetof m key barbsis speci edandfrom
thesethe restof the barbsare generatedy interpolation. Eachkey barbB!;j = 0;1;:::;m hasa setof
n control pointscyi;i = 0;1;:::;n andalocationalongtherachisrp 2 [0;1]. The Euclideandistance
betweercvy andcy, is clampedo [0; 1] andonly thecontrolverticesneedto be storedasthere ned curve
is computedatrun-time. Theseremarkswill be explainedfurtherin 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 the planeof thevane.Therearetwo setsof theseanglesde ning theleft (vLa, vl,) andright (Vbar
Vi{;) vaneasshown in Figure5.1 The barbangleis thenlinearly interpolatedat run-time. A third barb
parameteis the spacingalongthe rachis. Thereareboth a basespacingsp, andatip spacingsp; with a
linearinterpolationin-between.The spacings symmetricon bothvanes.

The nal parametein 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,the barbsarespeci ed ascurves,a simplescalingof the parametriccurve is usedto both maintain
the curvatureandcontrolthelengthof the barbsandhenceshapeof thefeather

Somefeatherssuchasprimary ight featherdo nothave symmetrideft andright vanes.Thus,it is
importantto be ableto createasymmetriocvanes.Thisis donein our modelby having parameteseparation
of theleft andright vanes.By beingableto specifyseparatd&key barbsfor thesevanesaswell asseparate
branchinganglesdramaticallyasymmetrideathersanbe created An examplevaryingthe barbangleand
key barbcurvatureto createa primary-like ight featheris shavn in Figure5.4. Notethedecreasén angle

betweertherachisandbarbsat the baseof theright vane.

5.2.1 Interpolation

Interpolationis animportantaspecbf our featherandfeathercoatmodel. It is usedat threelevels of detalil.
Interpolationis usedto generatédhundredsof barbson a featherin real-timewhile only storingthe control
verticesfor afew key barbs.Interpolationis alsousedto generate@ smoothtransitionbetweerfeathertypes
and betweenfeatherages. Finally, usingthesesmoothtransitions,a collection of featherswith realistic
variationscanbe createdrom only afew key feathers.Below, the detailsof theinterpolationto createthe
intermediatébarbsandthevariationin feathertypesandagesds presentedDetailsof creatinga feathercoat

from key feathersarefoundin Chapter6.

5.2.2 Interpolation Within a Feather- Barb Generation

When designingthe feather only key barbsare speci ed to de ne the curvatureof the vane. Any barb
branchingfrom therachisbetweerkey barblocationsmustbeinterpolatedrom the key barbsfoundimme-

diatelyabore andbelow thebranchlocation. Thus,if B 2 is thekey barbfoundabore andB  is thekey barb
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foundbelow abarbb¥, thenl* would bea Béziercurve de ned by the setof n controlverticest, :
8i 20;1;:ng: b, = (1i t)BE, + tBY, (5.1)

where,t = (i Bf,)=(B3 i Bf,). Thisis alinearinterpolationbetweeneachof thekey barbscontrol
verticeswheretheinterpolationparametet is normalizedo the distancebetweerthetwo key barbs.Since
mary featherbarbsaresimply usuallyquadraticandsometimegubic,n = 4 is oftensufcient.

In theabsencef akey barbbelow, adefaultkey barbB ¥ 1 is usedandis de ned asfour randomly
generatedontrolvertices.Therandombarbis constructedy addinga smallamountof randomnesso the
locationof four evenly spacedcontrolverticesalonga straightline. Thenrandomdisplacement§0.5..0.5]
areaddedo thesecontrolverticesto offsetthemin two dimensiongrom theline with aweightingfactorto
increasgandomnessowardthetip of thebarh This simulateghe naturalincreasen displacementoward
thetip of thebarh If thereis no key barbde ned above, a default key barbB 9 2 is usedandis de ned as
a curwve with slight front-to-backcurvature. Thesetwo default key barbswere chosensincemary feather
typeshave a plumulaceoudaseandpennaceoustip. If thereareno key barbsde ned at all, thenB ¥ 1 is
usedgiving the impressiorof anentirely plumulaceoudeather(i.e. down feather). Thelocationsof these
defaultbarbsarealwaysatthe baseandthetip of thefeather All intermediatébarbsaregeneratedsusual.

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

curve with thelessemumberis simply elevatedusingthefact[RC96 thata Béziercurve of degreen with

cvd,, = cvy) andcomputingtherestas:

[ i Do g
e = mCViil” (1j oy 1)cvi,forl =10

Oncethe barb control verticesare obtained they are scaledby the lengthof the barb With a Eu-
clideandistanceof onebetweencyvy andcv, the relative curvatureof the vaneis maintainedthroughthe
scale but whenthedistanceas lessthanonethebarbsscalenon-linearlywith respecto eachother Thiscan
beusedto creatediscontinuitiesn thevane.

Figure5.3 shavs examplesof alterationsn barbspacing(spy, sp;) andvaneshapeusingkey barbs.
Theleftmostfeather(a) increasesn barbdensitytowardthetip. Thefeatherto its right (b) shovs how key
barbscanalterthe internalshapeof thefeather The key barbsareshavn in thick black on theright. Note

thelack of symmetryin thekey barbcurves,locationandnumber Finally thefeatherin (c), shavs how both
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@) (b) ()

Figure 5.3: Shapingfeatherswith key barbs. (a) Feathemwith barb spacingvariation (spy, sp;). (b) Feathemith
variationin barbcurvatureandnumberof key barbs.Key barbsshavn in black on right. (c) Feathewith key barbs
creatingdiscontinuitiesKey barbsshavn in blackonright.

theinternalandsilhouetteshapecanbealteredto form discontinuitiesn theshape This is doneby placing
two key barbsof varyingparametridengthor curnvatureimmediatelyadjacento oneanother
Figure5.5shavs somenon-contowlik e feathersconstructedisingour parameterizationThedown
featheris anexampleof afeatherwith no key barbsandavery shortthin rachisandcalamus.The loplume
andbristle are specializedeathersandwere constructedisingthe key barbson the right. Shapedatawas

alsousedfor the bristle. Comparethesewith Figure2.4

5.2.3 Acquiring the Parameters

A setof silhouetteboundarypointsfor determinatiorof the barblength canbe arti cially constructecdbr
determinedrom a atbed scanof anactualfeather In fact,usingimagesegmentatioralgorithms,notonly
canthebarblengthbe extractedfrom the scan but alsothe placementindcontrol pointsof key barbs barb
spacingandbarbanglecanbe extracted.However, the ventral-dorsatunaturewould still have to beadded
manually An exampleof thescanningprocesss detailedin Chapter9.

Figure5.4 shaws feathersusingshapedata. The shapedataor contouris shovn on thefar 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 thesefeathersare constructedisingthe silhouetteshapedataon the left. Note the variationin barb
angleof theright andleft vanesatthebasey} ., Vi, , Vi, Vi )- Left: Feathemwith nokey barb,Centre: Feathemwith
key barbsshavn in blackat centreright. Right: Feather(key barbsin black)with andwithout splitsin thevane.

few key barbsdistally andtwo featherswith a key barbat the baseandtip. The feathersecondrom right
resemblestypical primary ight featherstructure Finally, therightmostfeatheris similar to this primary-
like ight featherexceptsplitsin thevanehave beenaddedo simulatewear(seeSection5.2.5. All feathers
areorientedwith thevaneparallelto theviewing plane.Thevaneshave beenmodi ed by varyingthe barb

angleat the baseof theright andleft vanes(vl,,, Vi, Vi, Via)-

5.2.4 FeatherTypesand Inter polations

As outlinedin Chapter2, a wide variety of feathertypesexist. Taxonomiescoarselycatejorize feather
types;however, generallythereis a continuumbetweerthesecateyories.For instancefeathersanbefound
rangingcontinuouslyfrom down to semi-plumeo contour Also feathertypesin differentphysicalregions
on a bird's body are often blendedwherethe regionsjoin. Thus, it is desirablethat our parameterization
enabledlending.

Our parameterizatiors designedo easilygenerate continuumof feathertypessimply by linearly
interpolatingtherachisandcalamudengthsandwidths, the rachiscurvaturesthe barbanglesandspacing,
in additionto thekey barbinterpolationoutlinedin Section5.2.2 Thekey barbinterpolationacrosgeathers
is very similar to theinterpolationusedto generatehe barbswithin a singlefeather Firstthekey barbsare

linearly interpolatedacrossfeatherso generatea new key barbsetthenthe remainingbarbsaregenerated
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=)
Figure 5.5: Bottom: Featheistructuregeneratedvith Figure 5.6: Left: Two featherswith left vane key
our parameterizationTop Right: key barbsusedfor barbs. Right: A featherevenly interpolatedoetween
feathergeneration(nonefor down). Barblengthwas the two on the left with new key barbs. Note the ad-
speci edwith a silhouetteshape.Comparehesewith dition of extra key barbsat thetip to satisfymatching

thefeathersn Figure2.4. requirements.

from this new key barbsetasoutlinein Section5.2.2 Wheninterpolatingbetweertwo featherswith varying

numbersof key barbs the featherwith fewer key barbsis arti cially in ated until the numberof key barbs
areequalasshawvn in Figures5.6 and 5.7. Figure5.6 shawvs theleft vanekey barbinterpolationbetween
two feathers Theonefeatheroriginally hadtwo key barbslabeledoneandtwo. Theotherfeatheroriginally

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

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

barbsarethenmatchedrom baseto tip usingthe parametriaachisposition(r p - attachmenpoint of barb
to rachis). This ensuresn optimal shapematchregardlessof scale.A midpointinterpolationof thesetwo

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

attachmento therachisaremodi ed.

The controlverticesof the new key barbsaregeneratedisingbilinearinterpolation. To generatea
new feather °from feathers= 2 andF P, eachnew key barbis generatedy rst determiningts parametric
rachispositionr p, andthencomputingthe new controlvertices.Therachispositionis determinedy simply
interpolatingthe parametricrachis positionsof featherF 2 andFP. The new key barbsare generatedy

constructingwo temporarykey barbson eachfeatherF 2 andF °. A temporarykey barbZ§, is constructed
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t=0.0 t=0.2 t=04 t=0.6 t=0.8 t=1.0

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

onfeatherF 2 atlocationr p (from key barbsabore andbelov) andatemporarykey barbYr% is constructed

onfeatherF ? atlocationr p (from key barbsabove andbelow) asfollows:

8i 210;1;::5ng: 28, = (L r)Ad, + BE,

b b .
CV;j + SDCVi’

8i 2f0;L;:5ng: Yo, = (1 s)C

whereA (C) andB (D) arekey barbsabore andbelow rachispositionr p onfeatherss 2(F ) respectiely and
r ands arenormalizedinterpolantdrom therachisattachmenpointsof A, B andr p. Linearinterpolation
of thesetwo temporarykey barbs(Z ;”‘p,Yr%) is thenusedto constructhe nal key barbX rop onfeatherF %as
follows:

8i 20;1;:5ng: X, = (Li 1)Z&, +rYS;

cv; !
wheret 2 [0::1] is theblendfactorbetweerthetwo feathertypes.

Figure 5.5 shavs somenon-contowlik e feathersconstructedising our parameterization.Using
therelationshipbetweerbarbdescriptionandbarblength,shapediscontinuitiesn the vanecanbe created
(althoughare rare) using a silhouetteshapeor by placingtwo 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 samelocation and using a squareshape
silhouetteto tailor the lengthfor the top barbs. Alternatelythe bristle usessilhouetteinformationto form

the sharpdiscontinuityin thevanes.
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As mentionedt is desirableo have a continuumbetweerfeathertypes.Figure5.7 shavs a contin-
uumconstructedrom thefeathertypesat thefarleft andfar right. Thekey barbsareshovn onthetop and

theresultingfeatherstructureon the bottomwith theinterpolantor blendfactor

5.2.5 Modelling Feather Growth and Change

Due to the sequentialoss/rggrowth of feathersand the cyclical natureof moulting, a feathercoatvery
rarely consistsof entirely fully developedfeathersandin somemoult stagesonly a few feathersare fully
developed.Also, asfully developedfeathersagethey canwearalteringtheir structure.Thus,it is important

to modelfeathersat variousdevelopmentaktages.

Feathegrowth canbe modelledby interpolatingthe sameparameterfoundin the previoussection.
However, insteadof linearly interpolatingall parametersimultaneouslytheir interpolationis staggeredo
simulategrowth. The feathergrows encasedn a sheathuntil all substructuresrenearlyfully developed.
Thenthesheaths shedfrom thetip to thebase As thesheatlshedsgrowth cease# thatregion. The shaft
lengthandwidth increaseduringthe rst 30% of the featherdevelopment.Next, the barbslengthento the
midpointof development.Whenthe barbsstartlengtheninghreeextra key barbsareaddedto the feather
Theseextra key barbscontrolthe the angleandcurvatureof the barbuntil the featheropens.This will be

discussednorein Chapter8.

Thefeatherstructurechangesot only dueto growth, but alsodueto wear As shavn in Chapter2,
asa featherages,it is possiblefor the barbsto wear- effectively shorteningtheir lengths. Also, dueto
preeningwind pressureandobstructiongi.e. foliage) the feathervaneof the ight feathersmay develop
gapsor breaksandarethusnot perfectlycontinuous.The interlockingbarbssometimesecomeseparated
(split), until the bird hasa chanceto repairthem. Thus, in orderto capturethe realismof the changing
structure the split in the vaneof the featheranustalsobe modelled. In our modelsplits are simulatedby
randomlygeneratingsplit locationsalongthe vane. Thenthe two barbsthatfall on eitherside of the split
locationhave their angles x edto the anglesof the barbsclosesto themasshown in Figure5.4 onthefar

right. Theuseof randomnesfor split locationsis similarto Chenetal.: s[CXGS0J approach.
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5.3 SurfaceGeneration

Oncethe structuralor mathematicamodelis constructeda polygonalor meshsurfacemustbe generated
for rendering. Surfacemodelsfor plantorganssuchasleavesandtrees[PL9( useboth bicubic patches
and polygonalmeshes. Plant organ gronth hasbeensimulatedusing sequentialaddition and scaling of
polygonsaccordingto growth parameters.Hair and fur techniquesusing volumetric textures cannotbe
appliedto feathers.With feathersthereis a needfor independentlymoving structures.Hair structurehas
typically beenmodelledusingstraightline elementg Mil88], a seriesof primitivesto simulatea cantilever
beam suchaspolylines [IAUK92, SG94 RH96, GW97), cylinders [Mil88, Ski89 RCT91, DTKT93] and
trigonalprisms(wisps)[WS92 AM95] aswell astruncatecconeq Gol97], particlesystemgLTT91, Ree83
or NURB curnesandsurfaces[GW97).

Threeprevious works on modellingfeathersusedpolygonsor NURB patches.Dai etal. [DSC93
usedpolygonalmeshedgor thevaneandgeneralizedaylindersfor therachis. Thevanesveretexturemapped
with a constructedeathertexture andall barbinformationwasdiscardedexceptwhat wasneededor the

nal boundaryof the feather Chenetal. [CXGS03 usedquadstripgo modeleachbarb They mentioned
usinglevel of detailalgorithmsfor rendering but not for geometricmodelling. This wasre ectedin their
oneminute-petframerenderingtimes. Engle[EAB* 02] at Sory Picturesimageavorksuseda setof NURB
patchesto constructa surfacefor their feathers. Eachfeathercould be a single patchor mary patches
dependingon the size, shapeand splits in the vane. This approachintegratednicely with their NURB
arrangementools andcontrols. However, it did not allow for the creationof non-continuousanefeathers
suchasdown or semi-plumesThis type of effectwasapproximatedisinghair strands.

Ourtechniqueconstructsa surfacefor afeatherdirectly usingthe substructuresf thefeather From
the barb curves a triangulationis constructedhat re ects the structure,form, and detail of the feather
Thetriangulationis constructedn a two stepprocess:rst the barbcunesaretessellatechind secondthe
triangulationis constructedjiventhecharacteristicandrequiredevel of detail. Thislevel of detailapproach
will bediscussednorein arenderingcontext in Chapter7. Below we presenthe geometricdetails.

Onelastparametertessellationjs usedto controlthe level-of-detailfor renderingpurposesHow-
ever, it mustbe noted thatthedesignof the modeleasilyfacilitatestheability to tailor aresultinggenerated
surface.Eachbarbcune is approximatedy a polyline setof line segments.The numberof line segments
usedcanbe variedasshavn in Figure5.2 (a,bv.s. ¢). While the overall “look” of the featherdoesnot

change- silhouetteshape barb densityandlengthareall presered, the amountof geometryrequiredis
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greatlyreduceddueto the quantity of barbs. This tessellatiorparametecan easily be tied with the view

distanceto give view-dependengeometricepresentatioof the feathersurface.

structure tess=1.0 tess=0.71

polylines 2984polygons 1246polygons

tess=0.44 tess=0.18 tess=0.0
814polygons 436polygons 236 polygons

Figure 5.8: Key barbsare shavn in thicker black lines. Top Left: Structureof the featherin polylines. Rest:
decreasing.OD with tessellatiorparameterandnumberof polygons.

Oncethebarbsareapproximatedy a setof polylines,the verticesof thesepolylinesareconnected
on eachsideof thevaneto form amesh.If splitsarepresenin thevanethereneedso beaboundaryedge
in the meshalongthe barbsborderingthe split. Sincethetriangulationis deriveddirectly from the vertices
of the barbs,asthe barbcurvesincreasdn resolution,soto doesthe triangulation. At full resolutioneach
barbis generatedy two triangle strips (one on either side of the barb). At lower levels of detailin the

closedvaneportions(betweerkey barbsandsplits)the meshis constructedrom only asmallportionof the
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de ned barbs. The algorithmusedto choosethe barbsto constructthe triangulationattemptsto minimize
shapedistortionby preservingthe key barbrepresentatiomslong aspossible. This meansthat the barbs
closesto thekey barbsarechoserto becollapsedandmegedlast,andthatthe barbsbetweerthekey barbs
arecollapsedandmemgedin a dispersedrder(divide andconquer) to avoid local distortions. Figure 5.8
shavs thefeatherstructureon thetop left and ve levelsof detailwith thetriangulatedsurfacemesh.More
informationon our level of detailapproacrandhow it impactsfeatherrenderingwill begivenin Chapter7.
Note how the key barbsare presered throughthe lowestlevel of detail. Sincethe key barbsde ne the
feathershapeby collapsingthemlastwe ensuremaximumpreserationof feathershapeavenwith extreme
reductionin geometry Usinga x ed numberof verticesperbarb,the polygoncountis reducedrom 3,000
to approximatel\200. This canfurtherbereducedy reducingthe numberof sggmentsapproximatingeach
barb

5.4 FeatherColouration

The secondelementto the featherstructurecomponenis the feathercolouration. This includesnot only
colour pattern,but alsore ectanceproperties.Pastwork hasalwaysusedtexture mapsfor colour pattern.
Thework of Chenetal. [CXGS03 incorporatesransparencasanre ectanceproperty Sincebothof these

attributesarenot thefocusof this work, only anapproximatiorof theseattributesis made.

Our approactusesthe advancesn imagecapturetechnologyandrecenttrendof image-baseden-
deringmethodsFeathetexturesareacquiredrom realfeathers Chapter7 furtherdetailsourapproximation
to variousillumination effects. Featheilluminationis closelycoupledwith the meso-structurandcoloura-
tion of thefeatherasspeci edin Chapter2. Sincelocal featherilluminationis acomple physical property
including multiple re ectance,transmittanceandsub-surcescatteringt is an entireresearchareaitself.
Currentresearchn hair renderinghasjust begunto addressomeof thesepropertied MJC03. Perhapsas
futurework a similar modelfor featherscould be adaptedr constructedor feathers.

Biological patternsynthesishasbeenan areaof ornithologicalandbiological researctor decades
andstill only theoriesof featherpatternformationcurrentlyexist. While addressinghis areais outsidethe
scopeof this thesishaving believable colouration,patterningand illumination addsto the realismof the
feathercoat. Thus,we incorporatethe patterninto our methodologyby assuminghatrealisticpatternscan

beacquiredor synthesized.
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5.5 Summary

This chaptepresentednecomponentf our feathercoatmorphogenesimethodology It focusedon pre-
sentingthe parameterizatioof the featherstructure.lt wasshavn thatwith this parameterizatioa variety
of feathertypescouldbe constructeciswell asproviding a methodologyfor generatinggmoothcontinuaof
feathertypeswhich canbe seamlesslynterpolatechetween A methodfor generatinga surfacerepresenta-
tion from this parameterizatiowasalsopresentedThe characteristicef the parameterizatioallowed for
generatiorof multiple surfacerepresentationthatcaneasilybetied with viewing distanceo createa level

of detailapproactwhich will befurtheroutlinedin Chapter7.
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Modelling Feather Arrangement

As speci edin Chapter4 the featherarrangementomponenis composeaf two elementsfollicle distri-

bution andfeatherorientation In Chapter2 it wasstatedthatthefollicle distributionis relatively x edover
the lifetime of the bird. A few follicles may be addedto the boundaryof pterylaeregionsor the relative
positioningmay changeslightly dueto stretchingof the skin duringgrowth but only in very early stageof

developmentWith theexceptionof theseearlydevelopmentaktagesthepatternremaingoughlyhexagonal
andwhile the absolutedensityof follicles maychangethedistribution is unaltered The featherorientation
is the seconcelementof this componentAltering the orientationof the feathergrovidesa mechanisnior

changingboththe shapeand patternof the nal feathercoat. However, someaspectof the featherorien-
tation area productof the physical attributesof the featherandfollicle. As statedpreviously, in a natural
statethefeathersof pterylaeregionshave a speci ¢ orderinganddirectionandoften cover adjacent@pteria
regions. Theautomaticcomputatiorof thenaturalstateof thefeatherds anecessarpartof ourfeathercoat
model. Furthercontrolof alternateorientationswill be exploredin thefeathemearrangemerglementf the

featheralterationcomponentn Chapter8.

In orderto generateealistic-lookingcollectionsof featheranary detailsmustbeincorporatedThe
feathercoatis not only affectedby the individual feathers,but also by the distribution, orientationand
interactionof the feathers.Featherasmentionedn Chapter2, aredistributedwithin feathertractson the
bodyof thebird andhave ananisotropicallystretchedhexagonaldistribution. Ourapproachuseshis notion
of atractfor both computingthe directionandorientationandto allow for styling. Biologically accurate

feathercoatscanbedesignedisingaccuratdractpositions but for computemgraphicgpurposedibertiescan
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Figure 6.1: Modelling of thefeathercoatin threesteps.Inputsaresolid rectanglesputputanddatatransferin dashed
rectanglesThewhite regionsarepiecesof our modelthatareexplainedin this chapter

betakenwith thetractlayout. The orientationof the featherds nota simpletasksincethe feathersneedto
automaticallycomputea stablestateaswell asreactto eachothergiven changesn this state. They must
not interpenetratandyet they mustbe pacled fairly tight. Giventhe enormousamountof geometryand
thevariability in feathershapejf normalcollision detectionschemesvereusedeithersimpli ed geometry
or a lot of computationtime would be required. In this chaptera methodfor determiningthe stretched
semi-rgular distribution of the follicles, aswell asan ef cient methodfor determiningthe orientationof
thefeatherds presented.

Our approachassumeshat the modelto be feathereds a polygonalmeshandthatit is hasbeen
sufciently subdvided so that feathertractscanbe accuratelyformedfrom subgroupsof polygons. This
assumes certainminimum resolutionto the mesh,especiallyfor forming accurateractboundaries.The
speci ¢ procesave usedfor doingthiswill bediscussedurtherin Section6.1

The procesof modellingafeathercoatis shavn in Figure6.1 Therearethreemainsteps:follicle
distribution, feathergeneratiorandfeatherorientation. The secondstepinvolvesinterpolatingthe feather
typeswhichwaslargely explainedin Chapters. Givena meshwith polygonsgroupednto featherracts,the
userspeci esafollicle densityandbiasvectos for eachof thesetracts. With this information,thefollicles
aredistributedgeometricallyasdescribedn Section6.1 below. In additionto alocationonthe model,the
follicles needan associategbarametridocationfor interpolationand ordering. To avoid constrainingthe
type of modelto befeatheredy usinga global parameterizatioranindependentocal parameterizatiors
imposedntheindividualtractsof themeshby projectingarectilineargrid from screerspaceontothemodel

asdiscussedn Section6.2.1 Next the userassociatekey featherawith selectedollicles positions.Using
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thekey featherstructuretheimposedparameterizatioandinterpolationrmethodpresentedh Chapters, the
featherstructuresat all follicle locationsaregeneratedFinally, the resultingorientationof the featheran

eachtractmustbedeterminedasdiscussedn Section6.3.

6.1 StepOne: Follicle Distrib ution

As mentionedin Chapter2, our focusis on the modelling of modernday contourfeathers. While some
primitive birds and ightless birds have featherdistributions similar to hair, mostbird's contourfeathers
arerestrictedto pterylaeregions. Thusfeatherfollicles have a muchmoreorganizeddistribution thanhair.
Not only arethey organizedin pterylaeregions, but they are organizedin rows andform a roughregular
hexagonalpatternwith someskewing dueto axial growth (seeChapter2).

Computergraphicshair modellingsystemsaddresdair distribution in a similar context. The areas
wherehair is presenthave beende ned by interactve placemenbf follicular maps[RCT91, WS92 and
ellipsoidalregions[iAUK92]. Creatinga distribution of follicles within a follicular areaor pterylaeregion
is of lessimportancebecauséhair is lessorganized(althoughalso roughly hexagonal)and hairs are bi-
laterally symmetric,and thusa roughuniform approximationof the distribution is often sufcient. Some
usemanualplacemenbf the hair follicles [WS93. Kajiya andKay [KK89] usea Poissordisk distribution
asan closeapproximationto the actualdistribution of fur. Goldman [Gol97] usesa Poissondistribution
to ensuresimplistic calculationsof collisionsbetweenshorthairs. Gelder[ GW97] alsoapproximatedur
distribution with a Poissordistribution.

Generatinghe hexagonalpatternof follicles andcellulararrangementhasbeenthe work of mary
developmentabiologists. In particularShav andMurray [SM9Q createpatternssimilar to featherfollicle
distributionsby usinga superpositiorof two wave-like patterns.They usea reaction-difusionmechanism
to createa pre-patterrsimulatingthe epidermalayeranda mechanochemicahechanisnin simulatingthe
dermallayerto generatea spatialdistribution. They claim the patterngeneratednustbe generatedy two
wave-like patternswith a signi cant wavelengthdifference eliminatingthe possibility of a single process
or asequencef two or moreprocesseaswith Nagorckaetal. [NM85].

An approactsimilar to Rosenblunetal.s[RCT91, WS97 hair follicle distribution canbe usedto
interactiely de ne thefollicle regionsor pterylae.Sinceour approactassumesve have minimal informa-

tion aboutthe modelsurface(i.e. a setof connectecpolygons),the usermust rst divide the modelinto

77



6.1. STEPONE: FOLLICLE DISTRIBUTION

Figure 6.2: Bunry modeldividedinto tracts Thereareeighttracts:earshead-lefthead-rightpreastpack,body-left,
body-rightandtail. Two arenotlabelled(bodyleft andright) restarecolouredwith graytones.The earswill needto
bedividedin two for parameterization.

tracts. This is doneby identifying groupsof polygonsthat belongto eachfeathertract. A polygoncan
belongto morethanonetract,andthusthetractscanoverlapandintersect.n our modelstwo setsof tracts
wereused:onefor down andthe otherfor contourfeathers.Theresolutionof themodelwasassumedo be
ne enoughto accommodatéractde nitions at the polygonlevel—otherwise the modelwas subdvided.
Our particularimplementatiorallowedfor theuseof setoperator®nbothindividualandgroupsof polygons
to createa selectedsetof polygonswhich de ned anindividual tract.

Oncethetractsarede ned, thefollicles canthenbe distributedfor eachpterylae. The distribution
within the pterylaeregionscanbe donein two ways: explicitly or procedurally The explicit speci cation
of the distribution involvesthe userpaintingfollicle regionson the surfaceor creatinga texture mapto be
usedasa densitydistribution. The proceduralapproachnvolvesthe userspecifyinga probability density
distribution function or the parameterso a reactiondiffusion process.With both the probability density
distribution and the reaction-difusion approachthe distribution cantake placedirectly on the surface of
the model. While usinga texture mapfor the distribution seemamoreintuitive and controllable,it either
requiresa properparameterizationf the modelor introducegossibledistortionsto the distribution.

Within eachpterylaethe goal is to achieve an approximatelyregular distribution. Turk [Tur91,
Tur9Z hassuggestea procedurafforce basedmethodof achieving regular distribution over a polygonal
surfaceby randomlydistributing points, projectingtheminto the planeof the adjacentpolygon,andusing

repulsive forcesto move the pointsapartuntil stabilized.He alsosuggests modi cation of this technique
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Figure 6.3: Lloyd's algorithmcreatesa uniform 2D distri- Figure 6.4: Uniform distribution may fail to be uni-
bution by moving the centrevertex of the Voronoiregion  form with respectto geodesiadistanceif the follicle
(dashedregion of Delaunaytriangulation)to its centroid  densityis sparsén comparisorto the featuresize of
(graycircle). thesurface.

to adaptvely increasehe densityof thesepointsin regionsof highercurvature.Chenetal. [CXGS07 use
this methodfor distributing featherfollicles, but insteadof usingcunatureto adjustthe density they use
thefeathersize. They assumeoverageof skin is achiered by increasinghe densityof featherswherethe
feathersaaresmaller

Our methodis similar to thatof Turk aswell asChenet al., but doesnot useforcesandis purely
geometric. It begins by generatingandompoints (positions)within eachtriangle of the setof polygons
de ning a giventract. The local densityof thesepointsis basedon an areaweightingof the triangleand
thetract,aswell asa usersupplieddensityparameterA largetableof randombarycentriccoordinatesre
generatednceinitially to presere consisteng whenaddingfollicles to thetract. Thesepositionsarethen
modi ed to form amoreregulardistribution. To thisend,we employ avariantof LIoyd's algorithm[Ll082],
in contrasto the useof repulsive forcesin thework by Chenetal. [CXGS03. Althoughno formal proofis
availablefor dimensiondargerthanone,Lloyd's algorithmis generallybelievedto befreeof local minima,

while thisis a known problemfor repulsve forceapproaches.

6.1.1 Lloyd'sAlgorithm

Lloyd's algorithmachievesa 2D uniform distribution of the setof pointswhich arethe verticesof a mesh.
The meshmustbe Delaunaytriangulatedso that the dual (Voronoi diagram)can be usedasa measurenf
pointspacing.EachVoronoiregion is computedandthe centroidof the Voronoiregion found. If the centre

vertex of the Voronoiregion doesnot lie atthe centroidof this region, the centrevertex is movedto satisfy
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Figure 6.5: Two degeneratie case®f usingthe2D Edge- ip algorithmfor creatinga Delaunaytriangulationona 3D
surface:A) TopologicallydegenerateB) surfacesmoothingor distortion.

this conditionasshawvn in Figure 6.3, After a few iterationsof this procedureover all Voronoiregions,a

uniform spacings achieved.

6.1.2 Delaunay Triangulation On a Surface

We usethe original surface meshand the randomlydistributed points (positions)to generatea submesh
whoseverticesarethe randomlydistributedpositions.Within eachtriangleof the original modelthe newly
distributedpointsaretriangulatedusinga planesweepalgorithmandthenDelaunaytriangulatedusingthe
Edge- ip algorithm[dBvKOS99. Eachtriangleof theoriginalmodelthencontainsa Delaunaytriangulated
submestwith a setof boundaryvertices. Thenfor eachedgeE © of eachtrianglein the original modelthe
boundaryverticesof the submesheare matchedand connectedisingsortedminimum distancegrom E °
Onceall of theseboundaryedgesareconnectedthe submeshepresentingherandomlydistributedvertices
is formed. Up to this pointthe algorithmsusedandthetriangulationconstructedirecon rmed stable since
thesealgorithmareprovento work in 2D andwe have usedthemin the context of atriangle(plane).
Onceagnin the meshis Delaunaytriangulatedusing the edge- ip algorithmto ensurepropertri-
angulationalongeachE ° edge. However, now the edge- ip algorithmis usedin 3D insteadof 2D which
createssomerestrictionsand limitations. Insteadof usinga boundingcircle to computethe edgesto be
ipped, aboundingspherds used.While thisis commonpractisewith 3D Delaunaytriangulationswe are
still computinga 2D triangulation(on the surface),simply in 3D spaceandthuslocal planarityis assumed
betweento adjacentriangles. The two main problemsare creatinga degeneratenesh,particularlyin the
caseshowvn in Figure6.5a, or smoothingsharpfeaturesasshawvn in Figure 6.5b. For the degeneratanesh

casetheseedge- ips aresimply not allowed andthe smoothingcaseis irrelevant, sincethe meshis only
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neededo createhe VVoronoiregionsfor laterrelaxationof thepoints. Becausethepointsareconstrainedo
move only onthesurfaceof the original modelmesh(asoutlinedbelow), theseinaccuracie®f the submesh

areirrelevant.

Constructingsurfacesor manifoldsfrom setsof pointsis an ongoingresearchopic in mary areas
of researchincluding 3D printing technology mathematicscomputationalyjeometryand molecularbiol-
ogy [Ede98. However, eachof thesetechniquesnake certainassumptionsr have certainlimitations. Our
problemrequiresa Delaunaytriangulationof the surface thatdoesnotalterthe geometryor topology how-
ever, is ableto useinformationaboutthe input surfacetopology Many of theseothertechniquesuse3D
Delaunaytriangulationsor morecomplicatedmanifoldlearningprocessesr requirethe point setto form a
closedsurface,becauseao informationis known aboutthe surfacetopology However, not only canwe not
provide asamplepointsetwhichformsaclosedsurface but a 3D Delaunaytriangulationdoesnotguarantee
a surfaceDelaunaytriangulation. Leibon and Letscher{ LLOO] statethata surfaceDelaunaytriangulation
which accuratelyrepresent$oth topology and geometryof the manifold doesnot exist for an arbitrary
setof points, but canbe guaranteedo exist given certaindensityrequirement®f the points. This is the
samerequirementsour algorithmabove andthus,a Delaunaytriangulationrepresentatie of thetopology
andgeometrycangenerallybe achieved given this requirement.As well, a Delaunaytriangulationof the
point setscanalwaysbe obtainedf topologicalor geometriadistortion(possiblysmall)is permitted.Since
the Delaunaytriangulationis only usedto relaxthe verticesanddiscardedafter relaxationandthe vertices
arereprojectedo the surfaceandthus guaranteedo remainon the surface, this topologicaldistortionis

irrelevantexceptfor theimpacton theresultingdistribution asdiscussedhext.

6.1.3 Applying Lloyd' s Algorithm

Onceeachtract's follicles are Delaunaytriangulated(or closeto it), Lloyd's algorithmcanbe appliedto
generatea uniform distribution of the featherfollicles. The algorithmproceedsn the 2D surfacein 3D in
thesameway astheoriginal 2D algorithmwith onemodi cation. Thefollicle densitymustberepresentadie
of thefeaturesizeof theobject. Thecentroidof theVoronoiregionis computedasbeforeasaweightedsum
of triangleareasusingthe centref eachtrianglein the Voronoiregion. Oncethepositionof thecentroidis
computedt is projectedbackto the surfaceof the original model,to ensurehatthefollicle remainsonthe

surfaceof the object. Thus,sincethereis no measuref geodesidistanceif thefollicle densityis sparsen
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(@) (b) (©)

Figure 6.6: Variousdistributions. (a) the initial randomdistribution below, the original meshabove. (b) relaxed
uniform distribution afterthreeiterationsof Lloyd's algorithmsubmestandoriginal modelmeshabove. (c) uniform
distribution after nineiterationsof Lloyd's algorithm- submeslandoriginal modelmeshshavn above.

relationto featuresizeof the object,the distribution of follicles may appearto be non-uniformasshavn in

Figure6.4.

Also the computedcentroidsmay no longerbelongto the sametriangleasthe centrevertex of the
Voronoiregion of the original modelmesh. Thusthe follicles or verticesof the submeshmustbe allowed
to migratebetweertriangleswithin the feathertractof the model. Figure 6.6 shavs examplesof theinitial
randomdistribution andmultiple iterationsof Lloyd's algorithm. Note thatthefollicles of the feathertract
do not necessarilyspreadexactly to the edgesof the polygonsin which they are de ned, only that the
follicle densityis somavhat presered alongtheseedges. This is dueto the irregular triangulationalong
the edgesandbecausdhe boundaryfollicles arenot permittedto relax or the feathertract coveragecould
changesigni cantly. Also we purposelydo not permitfollicles to lay on the edgesor adjacentractsmay
experiencedramaticallyincreasedollicle densityontheir commonedges.The complicationsof restriction

will befurtherdiscussedn Section9.2.1
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Figure 6.7: Bias vectorsspelling “hi” and Figure 6.8: Follicles onthe undersidgbelly) of a bird
the resulting biaseddistribution after a few model Left: regular distribution from Lloyd's algo-
iterations. rithm. Right: “stretcheddistribution” from our adap-

tation to Lloyd's algorithm clusteredto the biasing
vectorsshawvn in black.

6.1.4 Density Biasing

Although mary follicle distributionsare uniform hexagonaldistributions, someare stretcheddueto axial
growth. In orderto achieve the biasingin thefollicle densitythe usercanspecifybiasingvectorsor paint
densitydistributions on the surface. Sincethe density generallyincreasesalongthe axis of growth, in
somecaseghesevectorscan also be usedto generatehe parameterizatiorfior eachfollicle, asoutlined
in Section6.2.1 Then,insteadof moving the point to the centreof the Voronoi region we alter Lloyd's
algorithmto move thepointin adirectionweightedby the usersuppliedbiasingvectorsandthe centroidof
the Voronoiregion. The weightis basedon distanceto closestbiasingvector A Gaussiarfall-off canbe
appliedto preventdramaticclustering. This adaptationwhich is similar to the stippling methodproposed
by Secord Sec02, createsauniform distribution with varyingdensityasshovn in Figures6.7and6.8. The

latterreminiscenbf the Ventralfeathertractshovn in Figure2.7.

6.1.5 Manual Follicle Placement

In additionto automaticallygeneratinguniform distributionsandbiaseddistributionsa speci ¢ placement
of follicles may be desired.Interactie follicle placementnay be desiredbecausef irregular densitiesor

in regionsof largefeatherawith speci ¢ placementin our modelwe usethis approacHor placingthelarge
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ight feathersof thewingsandtail. They arepositionednanuallysincethey arelimited in number(typically
lessthan25), andarevisually important. Therestof the featherson thewings andtail aredistributedusing

theadaptve Lloyd's algorithmdiscusse@borve.

6.2 StepTwo: Feather Generation

Thesecondstepof generatinghe feathercoatis the additionof a featherto eachfollicle. Sinceit is fartoo
tediousto placeeachindividual feather certainkey feathersare placed. The sameinterpolationmethods
introducedn Chapters arethenusedto construciall intermediatdfeatherfrom a smallcollectionof these

interactvely placedkey feathers.

6.2.1 ImposedParameterization

Beforeinterpolationcanbe used,a parameterizatiomustexist to relateeachfollicle to its neighbouring
follicles. As mentionedpreviously thisis doneby projectingagrid from screerspaceontothesurface. This
assumethatthe userorientsthe modelsuchthatwheneachtractis projectedo screerspacehe projection
is relatively undistortedi.e. thatis it fairly closeto planar).While this is not anoptimalassumptionywork
is currentlybeingdoneon parameterizingrbitrarymesheg GGS03. If the surfaceis not closeto planaror
somenon-linearinterpolationof the featherds desireddistortionof the grid beforeprojectioncanbe used.
Oncethefollicles areplacedandhave aparametridocation,theuserplacereviously designedey-

feathes atlocationsthatrepresentransitionsin featherstructure direction, or texture. Thesekey feathers
areinterpolatedo createa continuouslyarying setof feathersasdescribedy StreitandHeidrich[ SHOZ
andin Chapter5. Then, for eachfollicle the setof key featherinterpolantsand their weights must be
determinedTo thisenda 2D Delaunaytriangulatioris createdrom thekey featherfollicles in theparameter
space.Eachfollicle is thenlocatedin this triangulationusingits parametriccoordinates.The barycentric
coordinatesof the follicle in this triangulationare usedasthe weightsfor interpolatingbetweenthe key
feathersassociatedavith thetriangle's vertices.Recallthe barycentriccoordinategu; v; w) for apointp can

be obtainedrom the verticesof theboundingtriangle(pz; p2; p3) by:

y= areapipzips) . _ area(pipsipy) w=1j uj v

area(ps; p2; P3)’ area(pi; p2; P3) |

Figure6.9shonsthe key feathertriangulationandthe setof follicles. Thenew featherF atlocation
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Feather orientation
before packing
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Figure 6.9: Follicles andkey feathertriangula- Figure 6.10: User de ned direction vector per follicle inter-
tion for computinginterpolationweights. polateddirectionvectorsandfeathercoordinateframe (Normal,
TangentBitangent)(N, T, B).

f , is determinedrom key featherK a5 ; Kg ; K¢ atlocationsA; B ; C respectiely, as:

_ area(Af;B) . area(ACif) . area(C;F;B)

= - - = 7 - @ 7 — = ‘oK
area(A; B; C) c area(A; B; C) B area(A; B;C) A

Thisis simply abarycentrioveightingof the key featherparametespace.

6.3 StepThree: FeatherDir ectionand Orientation

Feathedirectionandorientationis theseconcelemento thefeatherarrangementomponentThedirection
andorientationof the feathercangreatlyaffect boththe form andcolourationof the resultingfeathercoat.
Thefollicle parameterizatiomnd userplaceddirectionvectorsare usedto computethe surfacedirection
at eachfollicle position. An ef cient packingmethod,asoutlinedbelaw, is thenappliedto determinethe
nal featherorientation. The approachuseddecoupleghe mechanisnmusedto computeversuscontrol the
nal orientationof the feathers. Thesetwo mechanismsould possibly be the sameas with somehair
styling models|[HMTO0OQ] wherestreamlinesvere computedfrom userplacedvortices,sourcesand sinks
andaninterpolationof the streamlinegle ned the hair direction. Our approachautomaticallycomputeghe

feathers'orientationgiven the featherstructureand surface characteristics.Styling of the feathercoatis
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independenbf theinitial orientationor packingalgorithm. The approachusedto controlthe orientationor

stylethefeatherswill bediscussedn Chapter8.

Hair, fur, and plant modelshave also addressearientationissues. Direction and orientationis
generallyunspeci edin hair modelsdueto the bilateral symmetryand pliability of hair. The symmetry
impliesthatorientationis not discernible.Thelack of stiffnessmeanghatthe strandscurve (dynamically)
dueto collision (with otherhairsandthe object),clumping,gravity, naturalcurlinessetc.[ DTKT93, WS93,
which compensatéor ary discrepang in theinitial directionof the hair. Directionandorientationof hair
hasalsobeenspeci ed usingweightedstreamline®f ow elds [HMTO0Q]. GelderandWilhelms[GW97]
addressshortstiff fur directionby dividing the body of the animalinto body elementsand have the user
specifybodyelementvectorswhichwhencombinedwith thesurfacenormalandastiffnesscoefcient form
a hair direction. Plantsalsohave directionalpropertiesor their branchingstructuresandorgans.L-systems
helpto specifythe orientationusinga seriesof rotationsfor eachbranchingelementio determinethe nal
orientationof the apicalorgan. The orientationis similar to hair in thatthe curvaturealongthe branchor
strandde nesthe nal orientation.As the plantgrows the orientationof the apicalorganscanchangedue

to environmentalconditions(tropisms)andgrowth factors.

However modelsfor hair, plantsandfur arenotappropriatdor feathersdbecauseheir characteristics
arequite different. While hair is pliable andchangesurvaturedynamicallyto alterthe orientation feath-
ershave prede nedcunatureandarefairly stiff. While plantsde ne orientationthroughgrowth, feather
orientationis prede ned. While fur and somehair orientationis not discernible changesn directionand
orientationof featherare very noticeable. Changesn featherorientationcan occur by altering both the
directionandorientationof thefeatherfrom thefollicle. Like plants,alterationsn orientationof branching
structurescanbe usedto alter the cunatureof the feather but doesnot helpin de ning the orientationof

theentirefeathermwith respecto the surface.

Thedirectionandorientationof featherscanbe speci ed in mary ways. Onemethodis similar to
that of fur, utilizing the normalto the surface,the body elementaxis and possiblythe curvatureor shape
of the featherto computethe direction. A secondmethodmay involve generatinga ow eld andusing
the streamlinedor featherdirectionand orientationaswas donewith hair [HMTOQ]. If the ow eld is
constructedrom the aerodynamic®f a bird in ight it would parallelthe ornithologistsobsenration that
feathersareorientedtowardthe posteriorendof thebird in anormal ight position(seeFigure2.1). While

this is aninterestingapproachnot all feathersarealignedwith streamlinesgspeciallywith syntheticbird
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charactersandsincethe feathersin pterylaeregions mustcover portionsor all of adjacentapteriaregion
extracontrolmaybeneededandthuswe will usetheformermethod.A secondarprocessnayalsobeused

onaninitial orientationto automatehe procesf coveringadjacengpteria.

Oncea desiredfeatherdirectionis de ned a methodto computethe nal orientationtaking into
accountvariousfactors,suchas collisions and/orcoverageof apteriaareasis needed. The threefactors
that affect the resultingfeatherorientationthe mostcan be identi ed asfollicle angle,featherto-feather
collisionsandfeatherto-bodycollisions. Sincethe orientationof a singlefeatheris notindependenof the
restof the coat,a changen onefeathers orientationcanhave alarge affect on the neighbouringfeathers.
A solutionfor handlingcollisions mustnot only determinewhena collision occurs,but alsodeterminea
propercollisionresponseDeterminingcollisionsandresponsebave beenusedfor simulatingthedynamics
of mary materialsincluding cloth [HBOQ] and hair (characteristihairs[DTKT93], hair wisps[WS923 or
strips[KHOQ], volumetricprobabilitiesfHMTO0Q]). However, usingthe feathers structuralinformation,an
optimizedtechniqueo computeaninitial featherorientationatinteractize ratesis created While ourmethod
may not beasaccurateassomecollision detectionschemeshatusefull originalgeometryit is comparable
with techniqueshatusesimpli ed geometryf CXGS03 andis notonly muchfasterthanthesemethodsput

useghe e xibility of thefeathergo improve therealismof theresults.

Our methodfor orientingthefeatherss basedn theassumptiorthatthe sizeof thefeatheris small
relative to the featuresize of the underlyingsurface. This meansthat the surfaceis smoothandthe area
coveredby the featheris assumedo be locally closeto planar Both of theseassumptiongrereasonable
sincerealbirdstendto have smallerfeathersn high cunatureregions. Thefeathersarepacledby traversing
thefeatherdn layeredorderfrom bottomto top. The orderis determinedrom the parameterizatioof the
tract. Our methodis basedon the fact that the feathersare layeredconsistentlyfrom bottomto top, that
the shaftis generallystiff anddoesnot bendunderthe weight of the feathersandthatthe barbsaremore

e xible andmay deformto generate closepacking. As the feathersaretraversedin order a subsebf the
alreadypacled feathersare usedto extract datapointsto pack eachfeatheragainst. Eachfeatheris then
rotatedmaximallyin acoordinatéramede ned by the userassistegurfacedirectionandthekey barbsare
adjustedasneededOur methodconsistof threesteps:determiningthe surfacedirectionsanda coordinate

frame,computinga maximumshaftrotationandadjustingor elevatingthe barbs.
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6.3.1 SurfaceDirectionsand Coordinate Frame

In orderto determinean initial orientationof eachfeathercompliantwith what the designerof the key
featherhadintendeda coordinatdramemustbeconstructedocal to eachfollicle. Eachfollicle alreadyhas
aindividual normalvector However, this is not enoughto uniquelyorientthe feather A surfacedirection
vectoris usedfor a seconddimension.

Thesurfacedirectionis computeckitherusingthe medialaxis of the bodysegment,or a smallsetof
userspeci ed surfacestyling vectors.The medialaxis of the body segmentcanbe automaticallycomputed,
or asin ourimplementatiommoughlyspeci edby theuser By projectingthis axisto thesurfaceatthefollicle
locationit de nes a surfacedirectionvector As alreadynotedby GelderandWilhelms, fur tendsto lie in
the directionof medialaxisfor eachbody seggment- thisis alsothe casewith feathersgxceptfor the wing
feathers. Similarly, by usingaveragedbiasvectorsto clusterthe follicle distribution the usercan specify
afew directionvectorswhich areaveragedo generate surfacedirectionfor every follicle. Eachsurface
directionis computedoy projectingan interpolatedobject-spacairectionvectoronto the surfaceat every
follicle. Thesesurfacestyling vectorscanaddmorecontrolto the desiredfeatherdirection.

As shawvn in Figure6.10, a coordinateframefor eachfollicle is de ned asthelocal surfacenormal
N, atangentvector (the interpolateddirectionvectoron the surface) T anda bitangentB from the cross
productof these.This coordinateframeis usedto orientthefeather The featheris dravn with the vanein
theN B -planeasshavn in Figure6.12 To computearestingor packedpositionfor thefeatherit is rotated

aboutthe bitangentaxisfrom the surfacenormaltowardthetangenior surfacedirection,asexplainednext.

6.3.2 Shaft Rotation

Traversingthefollicles in sortedordet eachfeatherf is packed usingthe controlverticesof the key barbs
andshaftsfrom a subsetof the surroundingfeathersk . This subsetcontainsall the datapoints of those
featherswhosefollicles lie in the boundingvolume of f © when orientedwith the surfacedirection. As

a boundingvolume we simply usethe projectionof the 2D feathervaneon the surfaceasillustratedin

Figure6.11 Oncethesetof datapointsF is determinedthey areprojectedo f °s N T-plane(shaftslicing
plane asshavn on the left in Figure 6.12 An orthogonalprojectionparallelto the N T planeis used.
Fromtheprojectedpointsa height eld is computedrom the distancebetweerthe projectedpbointsandthe
vectorT. Usingthelengthof thefeathershaftandthe height eld, a maximumangleof rotationaboutthe

bitangents computedor the shaftorientation.Theangleis maximumsuchthatthefeathershaft(curvature
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Figure 6.11: Datapoint determinatiorfor packingof feathersduring shaftrotation stage. Boundingbox is dashed
black box. Feathetto be pacledis drawn in black. Previously pacled feathersarein light gray. The candidatedata
points(curves)shavn in darkgray

andlength)doesnot intersectthe boundaryof the height eld. In caseswhereF is empty the featheris
rotated90 degreeslessan allowancefor the featherrachiscunatureandsurroundingoolygonorientation,

in orderto preventthefeatherfrom interpenetratinghe model's surface(skin).

6.3.3 Barb Elevation

Oncethe shaftrotationis determinedthe key barbsarechecledto ensuregiventheir curvatureandlength
thatthey do notinterpenetratéhe surroundingeathers.To this end,we employ analgorithmsimilar to the
onewe usedfor orientingthe shaft. For eachkey barba subsewf the pointsin F is projectedto a plane
(barb slicing plane de ned by the surfacenormalanddirectionalongthe barb, T ® asshavn on the right

in Figure6.12 For key barbswhosecunaturedoesnot lie within this plane,a directionthat bisectsthe
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NT plane
Feather with keybarbs of barb
K

NT plane of shaft

Feather rotated in
maximal shaft angle

B .
Data Points

Data Points

Figure 6.12: Slicing planesusedfor packing. Shaftslicing planefor rotationof the shaftshavn on the left andbarb
slicing planefor elevationof the barbcontrolverticesshavn on theright.

key barbcontrolverticesis usedasanapproximatiorto the barbdirection. Again the candidatepointsare
projectedto the barb slicing planeusing an orthogonalprojectionparallelto the barb slicing plane. The
subsedf pointschoserfor eachof i key barbsk; arethosepointsof F thatlie onthe samesideof theshaft
slicing planeask; andarebetweerk;; 1 andk;+1 barbslicing planes.This effectively createsarectangular
prismfrom whichto selectcandidatgoints. Thevolumeis de ned by theshaftslicing plane aslicing plane
parallelto this atthe feathers boundingbox edgeandtwo barbslicing planes pnebeforeandoneafterthe
candidateébarbto beadjustedlf this subseis emptythekey barbis not adjusted Otherwise again a height
eld is computedusingthe projectedpointsandthe barbdirectionvector However ratherthancomputing
arotationanglethe controlverticesof eachkey barbk; are t to theheight eld. Againwe do notconsider

ary pointsin theheight eld whichlie beyondthelengthof thekey barh

To t thecontrolverticesof barbk; to theheight eld, theheight eld is dividedinto subset@ccord-
ing to thelocationof k;'s controlvertices.A combinationof theglobalmaximumin the height eld andthe
local maximumof eachsegmentis usedto determinehow muchto elevateeachof k;'s controlvertices.The
globalmaximumis usedasa minimumto preventthe barbsfrom bendingin unnaturalcon gurations.The
barbsareallowedto atten but nevertake oninversecunatures.Thecontrolverticesareonly adjustedn the
barbslicing plane,andthusthelateralcurvatureof the barbis still generallypresered,in orderto maintain
the shapeandoverall characteof the vane. To assistin the packingof the feathersthe default barbat the

tip of thefeathemodelis replacedby anactualkey barbatthetip with the samecunatureasthe default.
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6.3.4 Packing Summary and Result

Figure 6.13: Resultsof the packingalgorithmLeft: Thefeathergositionalongthetangentvector without packing.
Notice the interpenetrationsvith both the surface of the model (skin) and other feathers. Top Right: side view

and Bottom Right: front view of the samefeathercollection after packing. Notice the lack of feathermodeland
featherfeatherinterpenetrations.

The packingalgorithmis summarizedasfollows. For eachfeatherf © of the feathertractin sorted
order:

2 Thecandidatesetof controlverticesF from alreadypacledfeathersaredeterminedyiventhe shape

andsizeof thefeatherandthefeathercoordinatdramede ned by the normalandsurfacedirection.

Themaximumrotationangleaboutthe bitangenis determinedor the shaftusinga projectionof the
candidatepointsF intof °sN T planeasa height eld.

For eachkey barbk; of featherf %in rotatedposition:
2 A setof pointsP u F aredeterminedsuchthatthey lie onthe samesideof the shaftask; and
arelocatedbetweertheN T (barbslicing) planesof ki; 1 andki; .

2 Thesetof pointsP arethenprojectedo ki'sN T®planeandaheight eld is determined.
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2 Thekey barbcontrolverticesare t to theheight eld minimizing inversecurvature.

Figure 6.13 shavs an example of the resultsof our packingalgorithm. On the left feathersare
alignedwith the surfacedirection. Notice how they interpenetratédoth the modelsurface(i.e. skin) and
adjacentfeathers.On the right the samefeathercollection hasbeenpaclked using our algorithm- on the
top a sideview andon the bottoma front view. Notice how thereare no feathermodelor featheffeather

interpenetrationsTherenderingof thesefeatherds texture mappedandis discussedurtherin Chapter?.

6.4 Analysisof the Algorithm

The useof a sampleset of datapointsfor packingis adequatesincethe shapeof the featheris de ned
solely by the key barbs,which are de ned by the control verticesof Béziercurves. All otherbarbsare
interpolationsof thesecontrolvertices.Hence the key barbsform the boundingbox of the featheranddue
to the corvex hull propertyof Béziercurves,thesecontrolverticesform a boundingvolumeof the feather
Thereforepnly this smallsetof datapointsneedgo beconsideredn thepackingprocessAs well, sincethe
controlverticesof thekey barbsareconsistenaicrosgshe geometridevelsof detailasoutlinedin Chapters
andChapter7, the packingis independentf the level of detail.

Onceall of thekey barbshave beenadjustedor the candidatdeatherf © the next featherin layered
orderis pacledin thesamemanner- rst determiningthe shaftrotationandthenelevatingthe barbs.Only

onepasss doneover eachfeatherin thefeathertract.

6.5 Summary

This chapterpresentedhe detailsof how to form a collection of feathersfrom a subsetof feathertypes.
Therearethreestepsto creatingthe coat: follicle distribution, feathergeneratiorandfeatherorientation.
Thetwo main elementsexplainedin this chapterwerethe follicle distribution andthe featherorientation.
First, the follicle distribution involves appropriatelysegmentingthe polygonalmeshinto tractsandthen
specifyingdensitiesand possiblybiasingvectorsto createthe nal follicle distribution. Oncethe follicles
are distributed, a parameterizations imposed,so that an orderingof the featherscan be de ned. Key
feathersarethenaddedin selectedocationsandthe interpolationmethodologyfrom Chapter5 is usedto
createthe intermediatefeathersautomatically Secondly an orientationfor the feathersis devised. This

is doneusing someuserspeci ed surfacestyling vectorsandthe parameterizatiothat de nes the feather
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layering. Finally, a packingalgorithmis executedthat usesa subsetof datapointsin orderto achiee a
reasonablyight layeringin anef cient manner The performanceesultsof this algorithmwill beanalyzed

furtherin Chaptero.
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Level of Detail and Rendering

Oncethe structureandgeometryof the feathershave beenconstructeda methodof renderingthe feathers
is required.While this is not the focusof this work, it is nearlyimpossibleto decouplerenderingfrom the
modellingmethodologyespeciallyat certainlevels of detail. Also, an adequateenderingmethodologyis
requiredto properlyevaluatetheresults.Until this pointin this thesis,wherepossible structuralexamples
andillustrationshave beenusedto helpexplain our feathercoatmodel. This chaptemwill outlinetherender
ing methodologyandshav examplesof renderedeathers.Implementatiordetailswill be outlinedwhere
neededo helpexplaintheperformanceesultsthatwill bepresentein Chapter9. This chaptemwill concen-
trateon theindividual featherrenderingmodel,asit wasdesignedo beindependentsothatminimal effort
is requiredto rendermary feathers A combinationof texture mapping alphablendingandanillumination

modelwereincorporatednto therenderingmodel.

7.1 FeatherRendering

As mentionedpreviously aspart of the thesisstatementthereis a needanda desirefor a multi-resolution
methodology Chapter5 mentionsthe ability to alter levels of detail by alteringthe amountof geometry
Ourrenderingmodelaugmentshe spectrunof availableresolutions.

The basicrenderingmodel consistsof texture mappingthe feathergeometrywith an acquiredor
synthesizedeathertexture. Alpha blendingis addto simulatethe transparenc of the feather Finally, an

illumination modelbasedon the anisotropicmodelof Poulin and Fournier[PF9J wasaddedto simulate
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@
(b) (c)

Figure 7.1: Differentmethodsof mappingthetextureto the geometryof the feather (a) Thetexture used(b) texture
mappedusingfeatherparameterizatioteft: original featherright: modi ed basebarbangle(c) texture mappedising
barbparameterizatiofeft: original featheright: modi ed basebarbangle.

the“shimmeringeffect” obsered dueto the alignmentof barbsandbarhules. Theillumination modelwas

implementedisa seriesof texturesin orderto utilize graphicshardwareto obtaininteractve renderingates.

7.1.1 Textures

Application of a texture to the feathergeometryrequiresa parameterizatioifu,v) of the geometry Since
Béziercurvesareusedfor modellingboththe shaftandthe barbs,a parameterizatiors inherent. The only
decisionis how to usethe givenparameterizationThetexture canbe mappedn threeways: globally to the
featherlocally to eachbarbor relative to growth.

Using the local coordinatesystemof the featherwith normalizationproducesa parameterization
globalto thefeather However, afew subtletiesexist. Givena pointp local to thefeatherstructure pnly two
dimensionsf thefeatherareused,py beingproximally alongthe shaft,andpx perpendiculato thisin the

planeof thevane.Then,givenapoint p:

v = v(p) = py=(Shaf tLength + M aximumB arbLength)

8

2 05§ px=(2=M aximumB arbLength); px=(2=aM aximumB arbLength) < 0:5

u=u(p) =
2 05+ px=(2 @ M aximumB arbLength); px=(2 a@M aximumB arbLength) >= 0.5

whereM aximumB arbLength is thebarbwith themaximumlength.In this parameterizatiothecurvature
of thefeathershaftis ignored. This meanghatthetextureis effectively gluedto thefeatherascunatureis
addedor removedfrom the feathershaft(bendingof the feather).However, this alsomeanghatasthe key

barbsarechangedandthefeatherbarbsarebent,thetexture” oats” overthesebarbs.This mayor maynot
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@) (b)

Figure 7.2: Feathersvith andwithoutalphablending(a) full geometryleft: without alphablendingright: with alpha
blending(b) 60% of the geometryleft: without alphablendingright: with alphablending,but not usingthe alpha
texture.

be desirabledependingon whetherthe useris trying to maintainthe scannedexture or the structureof the

featherthroughmodelling.

If a parameterizatiofocal to the barbsis used,this latter effect is overcome.In this scenariov is
mappedthe sameas abose. However, u is taken directly from the parametricvalue of the barbwith an
adjustmenffor the left andright vanesand shaftwidth. This causeghe texture to be gluedto the barbs
ratherthan” oating” onthem.Thus,astheangleof thebarbschangethetexture moveswith them. Thisis
desirablevhenpigmentor patternlocationsareknown relative to the barbandchangesn patternarebeing

analyzedwith alterationin barbangle.

The nal scenariavould beto mapthetextureto theparametriozaluesof growth, wherev is mapped
alongthe shaftasthefeathergrows, andu is mappedaroundthe cylinder at the baseof the conethatforms
thepin feather(referto Figure2.10. This approachs usefulif the pigmentconcentrationatthefollicle are

known or beinganalyzedover the growth of thefeather
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7.1.2 Alpha Blending

In orderto addrealismandto simulatethe effect of transpareng alphablendingis addedto therendering
model. At the highestlevel of geometricdetail, eachbarbis constructedrom two triangle strips. An
alphavalueis givento eachvertex alongthe barb,with a quadraticdecreaseearthetip of thebarb The
decreasé alphavalueis startedonesegmentearlieronthe outsideedgeghanthemiddleto simulatehigher
opacityof thebarbversusthe bartulesandlower densityof barlulesnearthetip of thebarh Sinceasingle
polygonrepresentmultiple barbs atlower levelsof detailanalphatexturewasconstructedvith thesesame
characteristicsandsimply wrappedmultiple times,dependingon how mary barbsthe polygonrepresents.
Figure 7.2 shaws a featherwith the original texture, andalphablendingaddedat full geometryand 60%
of thegeometry To further enhancehe renderedietail a re ection modelis usedin additionto the alpha
texture.

Usingalphablendingalsoaddssomesubtletiego thedrawing orderof thefeather In orderto blend
correctlybetweerbarbsandbetweervanes four decisionamustbe made:to draw the barbsin atop-davn
or bottom-upordet to drav the vanesin a left-right or right-left ordet to drav eachbarb proximally (tip
to shaft) or distally (shaftto tip) andto draw the afterfeatheror feather rst. Thesedecisionsare based
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 drawvn in top-davn orderandthe left vane
would be drawvn rst with the barbsin tip to shaftorderfollowed by the right vanedrawn in shaftto tip
order Whichever substructuresf thefeatherarefurthestfrom the viewer mustbedrawvn rst, followedby
progressiely closerfeathersubstructuresSincethe geometryof eachfeathers never storedandgenerated
at runtime, a polygonsortingmethod(z-buffer) would not work andthus,the geometrymustbe carefully
generatedh view dependenorderatrun-time.A hemispheraroundthe featherwith avectorto theviewer
canbe usedto determinethe drawving order Dependingon which octantthe viewing directionis in, the
orderdiffers. This orderingis consistenfislong asthe viewer is not too closeto thefeather(i.e. the entire
featheris visible). Otherwisejf only aportionof thefeatheris visible, theorderis ensurecorrectby 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

Ghazanfrpour[DG94], or Wong et al. [WNH97], wheretextureis simulatedfrom geometryis useful. Of
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Figure 7.3: : Right Parametersl andh of theanisotropiae ection model.Left: shadingandviewing anglesshawving
lit andvisible portionof cylinder.

coursethisstill initially requireamodellingthe geometryandthenpostprocessingo reducethe complexity
for rendering. To achieve level of detail renderingwe graduallyreplacethe smallersubstructuresvith a
re ection model. This approachis reminiscentof the approachMeyer and Neyret [MNOO] usefor pine

trees,in which geometryfrom higherlevelsof detailis usedto generatare ection modelfor lower levels.

There ection modelwaschoserbasedn the shapeof thefeathersubstructuresilthoughboththe
barbsandbarhulestaperdistally, they canbe roughly approximatedy cylindrical segments. Also, since
pennaceousanes(i.e. contourfeathervanesespecially ight feathershave alignedbarbs,usinga setof
alignedcylindrical elementdor ananisotropicre ection modelis appropriate.This mostcloselyparallels

PoulinandFourniers [PF9Q anisotropiae ection model.

ThePoulinandFourniermodelapproximatenisotroy with alargenumberof adjacensmallcylin-
ders.And thus,sincethe cylindershave a smallradiusin comparisorto their length,theintensityre ected
off eachcylinder canbe approximatedy there ection off a crosssectionof any onecylinder. They orient
the cylindersusingthe coordinateframeN, T, B whereN is the normalto the cylinder, T is thetangent
alongthelengthof thecylinderandB isthecross-product £ N . Sothecross-sectionf thecylinderwhose
re ectanceis to becomputediesin theplaneN B . This modelworksfor lower levelsof detail, because¢he
cylindersareassumedo besmallenough(or theviewerfar enough}hatindividual cylinders,or in ourcase
barbsarenotdiscernible.Thus,theviewing andlighting directionscanbeassumedo beconstanbvereach

cylinder.

In theirmodelthey controltheamountof anisotroy by the useof two parametersl andh asshavn
in Figure7.3. Theanisotropy is causedy thedifferencein thedistribution of suriacenormalsbetweerthe

cross-sectiownf the cylindersandalongthelengthof thecylinders. The parameted representthe distance
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betweertwo adjacenunit radiuscylinders. Sincetheintersectiorpoint on the cylinder de nesthe normal,
avalueof zeroresultsin simply usingthe surfacenormalanda valueof two meanghevariationin normals
is ¥4 Any valuesgreatertthantwo resultin a oor beingformedbetweerthetwo cylinders,whichin ourcase
contributesnothingto there ectancemodel,becausehis would representhe spacebetweenthetwo barbs
or barhules. The parameteh 2 [0::1) controlsthe heightof the oor andthusthe heightof the cylinders.
While this canbe variedin our implementationa value of zerowas generallyassumed.As Poulin and
Fourniernote, dueto the parametersl andh the normalson the cylinder canonly vary within a certain

anglepy fromthesurfacenormal:
8

o ) . 2 sini Y(d=2) ifd< 2

v = min (Ag; An) where A, = cos “(h) Ag= S

7 otherwise:

Dependingon the orientationof the light vectorL , somepartsof the cylinder will belit andothers
unlit. If LP is the light vectorprojectedinto the N B planeof the cylinder thenA_» is the anglebetween
the surfacenormalandLP. The self-shadwing anglecorrespondso the anglefrom the surfacenormalat
whichthecylinder blockslight from itself. Theshadaev angleis theanglefrom the surfacenormalat which
the neighbouringeylinder blockslight. For ary oor, somelengthof it is lit andtherestis in shadav. We
referthereadetto theoriginal paperfor computatiorof the shadev andself-shada anglesaswell asthelit
andunlit oor lengths.The samelogic canbe usedto obtainthe self-hidingangleandhiding angleaswell
asthelengthof thehidden oor andthelengthof thevisible oor. Wherethe self-hidingangleis theangle
at which a cylinder hidesitself from the viewer andthe hiding angleis the angleat which a neighbouring
cylinder hidesthecylinder from theviewer. Theportionof cylinderand oor contritutingto there ectance
is theportionthatis bothlit andvisible.

To computethe re ection, the lighting andviewing directionsare projectedinto the N B -planeof
the cylinder, which in our caserepresenthe bartules. A diffuse and a speculartermis computedfrom
theseprojectedighting andviewing directions.If LP is the projectedight directionandV P is the projected
viewing directionin the coordinateframe N;B; T then both have componentdP = (LB;Lp;LP) and

VP = (VP VP VP). Thenasin mary re ectancemodelswe cancomputethediffusetermasN ¢L as:

Z 4,
~ (N ¢L) cogAyr i A)dA (7.1)
A.

wherecos@yr i A) is acorrectiorfactordueto theviewing positionandA, to As is therangeof thecylinder

thatis bothlit andnotin shadev asshavn in Figure7.3. Thenusing(sin A;cosA;0) for N equation7.1
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equatego:

0 1
ﬁ%) cosAyr(sin?As i sinfA) + ¢ 4
2 sinAon(Asi A i sinAscosAs + sinA cosA) L
LP sinAye(sin®Asj sin?A) +

cosAvr(Asi A i sinAscosAs + sinA cosA))
which, dueto the viewer correctionfactot is normalizedoy:
Z A,
cosAve | A)dA= cosAye(sinAsi sinA) + sinAys(cosAsj cosA)
The speculatermwascomputedusingan a Gaussiarapproximatiorto the falloff aroundthe high-
light with B astheangleto half intensity:

log
B

2
waT_/“ where K =

Once,thediffuseandspeculare ectanceis ableto be calculatedfor the rangeof projectedangles
A_» andAy» for eachcylinderthere ectancemodelis complete In ourimplementationwe generatec 2D
texture mapwhich containghe BRDF valuesof this modelfor all possiblecombinationof anglesbetween
binormalB, andprojectedlight directionLP, A_» 2 [0::¥], aswell asbinormalB andprojectedviewing
directionVP, Ayp 2 [0::¥]. This approachs similar in spirit to the work by Heidrich and Seidel[HS99
aswell asKautzand Seidel[KS0(Q basedn spirit from [SZH97. For eachvertex in thefeathergeometry
the projectedlight LP andviewing VP vectorsandtheir correspondinginglesfrom the binormalB were
calculatecandusedastheu andv parametersf thetexture map.

Figure 7.4 shaws two featherswith our methodof multi-texturing using threetextures: a colour
patterntexture, an alphatexture, and a BRDF texture for the barhules. The featheron the top hasfull
geometryand the one on the bottom has 60% geometry Comparethe alphablendingresultswith the
featherin Figure7.2(a). The dark regionson the vaneswhencomparedvith Figure 7.2(a) area resultof
there ectancemodel. In both Figures7.4 and7.2 the feathershave beenalphablendedusingwhite asthe
backgroundolour. As shovn in Figure7.4thelight is directional.

Therenderingof eachfeatheiwasdoneusingthreetextureswith four texturelook-upsandhardware
multi-texturing. The rst texture wasthe actualfeathercolour The secondwasthe alphatexture to be
appliedto the barbsandthe third texture wasthe anisotropicre ection texture. Two texture lookupswere

usedwith the third texture, onefor the bartulesattachedo the right side of the barbandthe otherfor the
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Figure 7.4: Feathersusingour re ectancemodelwith multi-texturing. Top: Full geometryBottom: 60% of the
geometry Comparethe barbalpharesultswith thoseof Figure 7.2(a). The darker portionson the barbs/aneof the
featherareasaresultof the Poulin/Fournier[PF9(Q re ection model.

barhules attachedo the left side of the barb Two texture look-upswere requiredsincethe N B -planes
of the barlulesare orienteddifferently andhencehave differentlocal projectionsof the light andviewing

directions.

7.1.4 Other Levelsof Detail

At closerlevels of detailwherethe barbsarelargerthanpolylines,geometrymay be neededor the barbs,
anda more sophisticatedenderingmodelwould be desirable.A renderingmodelthat could accountfor
pigmentplacementindinternalstructuredo corvey moreof theillumination effectswould be desirableat
this scale.Currentwork atthis level of detailis beingdoneto renderhair[MJC0J. Thisinvolvesprocesses
suchas subsurécere ectanceand scattering. While both of theseare importantin feathers,a complete

renderingmodelfor featherds outsidethe scopeof this thesis.
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7.2 Rendering Feather Coats

Once,we have arenderingmodelfor individual feathersye canthenapplyit to renderafeathercoat. Due
to the model design,not much alterationis neededor renderingfeathercollections. The only detail we
mustaccountfor is therenderingorderof thefeathersdueto thealphablending.However, becaus¢hereis
alreadyaninherentorderingto thefeatherdrom thelayeringarrangementye simply renderthefeathersn
theorderthey arearrangedEachfeatheris still dravn in view dependentrderasde nedin Section7.1.2

The othercomplicationis orderof renderinghe modelandfeathersIf themodel(skin)is rendered

rst, feathersthatshouldbe occludedby the skin may be alphablendedwith the feathercoatin the fore-
ground. And, if the modelis drawvn lastthe feathersn the foregroundwith not be blendedwith the skin.
To overcomethis, a smallz-buffer subtletywasused.The modelis dravn rst, writing to the depthbuffer.
While the feathersaredravn we allow the modelto occludethe feathersby enablingthe depthtest, while

disablingwriting to thedepthbuffer sothatthe feathersareblendedoroperly

7.3 Alter native Rendering Styles

We alsocreatedhnalternaterenderingof featherghatillustratestheir structure A methodusingthelocation
of the feathersubstructuresvas usedto placescratcheson a 2D carvasto simulatea scratchboardike
medium. Thetechniquenvolved alteringthe densityandthicknessof the scratchusedto presere relative
tonein theresultingimage.A resultof thistechniquas shovn in Figure7.5. Sincethistechniquas slightly

tangentiako the goalof this thesisthe detailshave beenomitted.

7.4 Summary

This chapterpresentedur methodologyfor renderingour structuralmodel of feathersandfeatherscoats
previously presentedn Chapterss and6. While renderingis not the main contritution of this thesis,a
renderingnodelwasneverthelesmecessarfor assessmemf results.Sincesynthesizingeathempatternds
anentireareaof researcton its own, our approachnvolved usingacquiredor synthesizedeatherpatterns
astexturesappliedto the feathergeometry An alphablendingstepallowed for simulationof the presence
of barhulesand particulartechniquesvere usedto presere this effect acrossmultiple levels of geometric

detail. To furtherenhancehe renderedesults,are ection modelwasaddedto the geometrythatnot only
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Figure 7.5: An alternatve methodfor renderingthe structuralattributesof the feathers.

simulatedthe presencef barbsandbarhules,but alsomimickedthere ectancepropertieghata simpli ed
versionof thesetype of structuresvould possess.The simpli ed structure(cylinders)andthe alignment

betweerbarbsandbartuleswereusedto simplify therequiredrenderingcalculations.
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Simulating Feather Alteration

The featheralterationcomponenis composedf threeelementdeathergrowth featherreplacemenand
featherrearrangement Thesethreeelementgogetherde ne bothhow thefeathercoataltersits appearance
(structure)over time and how it respondgo movementsof the skin and the underlying skeletal model.
The developmentof the feathercoatover time is the basisof feathercoatmorphogenesisEnsuringthe
feathercoatrespondsorrectlyto mavementsof the skin allows our feathercoatmethodologyto be usedon
animatednodels.Sincethesealterationsareintegratednto themethodologythis chaptedoesnotaddto the

methodologyratherit providesasaninitial validationof the robustnessandobjectvesof the methodology

8.1 Feather Growth

The rst elementf thefeatheralterationcomponents feathergrowth. Simulatingthe growth of thefeather
from thefeathemprimordia,to pin featherto nal openfeather(its death)andtheeventuallossof thefeather
is strongly boundto the parameterizatiomsedto specifythe generalfeatherstructure. Sincethe feather
grows encompasseith a sheaththe canonicakhapeof the featheris thatof a coneor tapereccylinder. As

statedin Section5.2.5thefeathergrowth is simulatedby staggeringhe interpolationof the feathermodel
parametersThe feathergrows encasedn a sheathuntil all substructurearenearlydeveloped.The sheath
is shedfrom the tip to the base. As the sheathshedsgrowth ceasesn that region andthe featherstarts
to opento its nal form. From this information[LS723 p.364-384]the interpolationschedulefound in

Figure8.1 wasconstructed The lengthandwidth of the shaftincreasesluringthe rst 30% of the feather
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development.Next, the barbslengthento the midpoint of development.Whenthe barbsstartlengthening
threeextra key barbsareaddedto the feather Two of theseare straightbarbswith anangleof 180*—one
atthebaseof rachisandoneatthetip. They helpto maintainthe canonicalconeor taperedcylinder shape
until the pin featheropens Thethird is a straightkey barbwith anangleof 180* thatstartsoutlocatedatthe
tip of therachisandmigratesto the base jnterpolatingits anglebetweenthetip andbaseangles.This key

barbsenesto interpolatebetweerthe pin feathershapeandthe nal shape.Finally in the last20% of the

developmentthe extra barbsat the tip andbaseareremoved andthe rachiscurvatureandactualkey barb

angleandcunatureincreaseTo summarizethekey partsof feathergrowth in orderare:

2 shaftlengthensaandwidensto its nal length

2 barbslengthenwhile parallelto the shaft(they pointtowardthetip of thefeather)

2 bparbspacingstartsout with the nal spacingasthis re ects the attachmenof the barbsto the rachis
ataparticularlocation

2 thebarbanglebeaginsinterpolationbetweenl 80" andthe nal angle

2 Simultaneouslyn thelast20%of growth theactualkey barbsstartto be usedfor shapeandtherachis

obtainsits curvature

Interpolant, t=
Param

0.5 1.0

Rachis )
length & width
curvature |

Barb
length I
spacing 1.0
angle fixed(180 degree SN

Key barbs
fake (tip&base Added
fake (growth) —Translatee—
actual

0.0
CRUARHS:, width| n——
E—

~

Bl -=Linear transition from 0.0 to 1.0 t=0.25 t=051t=0.75 t=0.9 t=1.0

Figure 8.1: Sequencin@f paramete'mterpo]ationfor Figure 8.2: SimulatedfeathergrONth from interpolation
growth. sequencen Figure 8.1 Time stepsat 25%, 50%, 75%,

90%and100%of development.

This methodof simulatinggrowth generalizeshe growth of ary featherto rst lengtherninto a quill
shapedormationof the requiredlengthandthenasthe straight,fake, 180* key barbsare migrateddown

the shaft of the feather the feathergraduallyopensup from tip to baseaddingcurvatureto the rachis.
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This meanghat packingnon-openedeatherds approximatelyequivalentto packingonly the shaftsof the
feathers.More will bediscusseaboutpackingof underdeelopedfeatheran Section8.3. An exampleof
someof thesefeathergrownth stagesareshavn in Figure8.2 Comparetheseresultswith Figures2.10and
Figure2.11

The datausedfor growth wasroughly approximatedrom Lucasand Stettenhein]LS723 p.364-
384]. Theauthoris unawareof variationsin growth ratebetweendifferentfeathertypesor the variationthat
may exist in the variousparameter®f feathergrowth, however, Lucasand Stettenheinstatethat at least
in the Single Comb White Leghorn Chicken that the feathersmoult at seeminglyconstantrates,however
larger featherstake longerto regron. Regardless,this information falls beyond the scopeof this thesis.
Whatis importantis that our growth modelis basedon the substructuresf the featherand by providing
theright interpolationfunctionandsequencin@f thesesubstructuresary rateof growth canbe simulated.
Computingthe texture coordinatesiuring growth is not anissuesince,aswith realfeathersthe pigments
aredepositedn the barbsandshaftduringgrowth. So, by thetime thefeatherstartsto openthe pigmentis
alreadylocatedin the barbs.Thus,we assignthe texture coordinatesn a nal openposition,suchthatthe
textureis attachedo eachbarbandgetstransformedvith the barbtransformationsluringthe simulationof

growth.

8.2 FeatherReplacement

The secondelementto the featheralterationcomponenis featherreplacement.This elementmodelsthe
moultingproces®f feathereplacementtor eachfeatherractthefeathelossis speci edascentre-outvard
or boundary-invard, exceptfor the Alar tractwhich may be speci ed separatelyfor the primariesandsec-
ondariesWith realfeathercoatsthefeatherdendto moultin wavesoverthe coat,wherea patchof feathers
moult at once,thusthey may not be perfectly sequentialik e the primary and secondarymoult patterns.
Giventhefeatherossorderingthis elementcooperatesvith thefeathergrowth procesgo renev thefeather
coat.
Our methodof featherreplacemenallows the userto specifyareplacemensequencéor eachtract.

Within eachtractthe featherscanbereplacedcentre-outboundary-incentre-ouu, boundary-inu, centre-
out v, boundary-inv, increasingor decreasingi, increasingor decreasing/, or random. Thenaccording

to the parametridocationof eachfeatherandthe type of moult sequencehosera distanced, from moult
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1) (6)
) (7)
©) (8)
(4) 9)
(5) (10)

Figure 8.3: Moulting of featherssequentially Ten sequentialnon-consecutie framesfrom a feathermoulting ani-
mation. Note how feathergrowth andlossof adjacenfeathershegins beforeeachfeatheris completelyopen. This
sequentiamoultis similar to the sequentiamoulting of the primaryandsecondaryight feathers.
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startingpositionin parametricspaceas computedwhered 2 [0::1]. Thisin turn providesanorderingfor the
moulting, which may or may not be perfectlysequentiaependingon the moulting patternchosen.Then
an overlappingwindow of width w is moved over the featherin moult sequencesimulatingthe wave of
moult. Thewindow width w determinesow long the feathertakesto grow. The numberof featherdound
within the window determineshow mary feathersdevelop simultaneously The width of the window can
beafunctionof parametricspace(i.e. featherdake longerto grow nearthe boundarie®f feathertracts)or
relative sizeof thefeather(i.e. largerfeatherdevelopmoreslowly) or any otherinformation.
Figure8.3shavstenframesof amoultingsequenceThe parameterizatiois speci edin increasing
v, wherev is the horizontalaxisincreasingo theright. In the rst framethe featherthird from the left is
startingto openandthe featherto theright of it is still developingits pin featherstate.In frametwo, both
of thesefeathersdevelop further andthe featherto the right of themhasjust beenlost. In framethreethe
featherthird from right is now morefully open,but the shaftremainsstraight.It is notuntil framefour that

this featherobtainsits nal curvature.Thetwo adjacenfeatherdo theright continuein a similar manner

Figure 8.4: Moulting featherarrangementsLeft: All feathersaremature. Right: Randomfeathersare at various
stagef development Notethe differencein featherpattern.

Figure 8.4 shavs a featherarrangementvith andwithout randommoulting. While this sequencé
rare,it doesoccurandshows how the patternandoverall appearancef the feathercoatcanbe altereddue
to moultingevenwith randommoult. As shavn ontheright, thereare“patches”wherethe underdgeloped

feathersdo not cover the feathersunderneattasmuchasthey would if they werefully developedasshavn
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ontheleft. Therefore the patternatthe proximalendof thefeatherbecomesnorevisible. In thisexample,
the gray plumulaceousaseof the featheris revealedcausingpatchesof gray to be presentamongthe

red/black/whitgfeatherpatternwhich arenotvisible in thefully developedfeathersontheleft.

Figure 8.5: Two featherarrangementshoth shaving radial moulting sequence.Left: No randomnesén feather
choserfor moulting. Right: Randomnesaddedo featherchoicewith alargermoultwindow size.

Figure8.5 shawvs a snapshobf anexampleof a radialmoulting sequenceyherethe wave of moult
proceedssimultaneouslyn all directions. This is commonlyfoundin the Capitaland Femoraltracts. On
theleft thereis no randomnesaddedto the feathersequenceThe featherchoserandits agearestrictly a
functionof thedistancefrom thefollicle tractcentrein theu,v parametespaceof the featherinterpolation,
andthus, strictly sequential.On the right somerandomnesss addedin the featherselectedor develop-
ment,however, developmentof eachfeatheris consistent.This simulateshe wave of moult without strict
sequencingAgain notehow in bothcasesthe moultingvisibly altersthefeathercoatpattern.

To the authorsknowledge,no similar previous computergraphicsliteratureexists for comparison
of this technique.Fur and hair regeneratiorhave not beenaddressedh the computergraphicsliterature.
Thereis someprevious literatureon the modellingandrenderingof plantecosystems]DHL™ 98], which
addresseshe simulationof ecosystemandthe consequenteathand regrowth of plants. They usethe
principle of self-thinningin combinationwith size anddensityfor determiningwhen plantsdie or where
new plantsto grow. For inter-specieecosystemsulesdeterminewhich of two competingplantslive based

onasetof parameterglentifyingthe speciesSimilarly, with feathersrulesdetermindooselythe sequence
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of development.However, thelocationfor developmentis x edaccordingto thefollicle locationsandthe

type of developingfeatheris alsopredeterminedby a setof parameters.

8.3 FeatherRearrangement

Thethird and nal elemenbf thefeatheralterationcomponents therearrangemeruf feathersThefeather
rearrangemerttastwo aspectsautomaticandinteractive control. The automaticaspects responsibldor

adjustingthedirectionandorientationof thefeathersduringchangesn theagesof feathersor theunderlying
skin andtheinteractize aspecis responsibldor computingchangesn featherdirectionandorientationdue
to externalinformation, suchasimposedfeatheranglesor surfacedirections. Both of theseaspectsare

handledquite seamlesslyy our packingalgorithm.

During feathercoatmorphogenesifeatherscanbe found in variousstagesof development. This
meanghata pin featheror partially openedieatherhasno curvatureeitherinto the surfaceor laterally. As
aresult,thefeatherghatarelayeredon top of this partially developedfeathercannotpackary closerto the
surface thanthis featherin its straightenedtate.Hence a feathercoatwith pin featheramay appeato be
pacled lesstightly thana feathercoatwith fully developedfeathers.If the featheris not fully developed
it is assumedo be stiff enoughthatno barbelevation shouldoccur thereforeonly the straightshaftof the

featheris consideredndis pacledin the samemannerasdetailedin Section6.3.

During animationof the skeletalmodeland consequenskin deformationsthe follicles alter their
densityand thus, the layering, direction and orientationof the associatedeathersmay also change. In
this examplethe skin movementis generatedisinga very basictechniqueof vertex blendingin an areaof
in uence aroundthejoints. Figure8.6 shaws four framesfrom ananimationof a bendingwing. In thetop
left (a) is the original wing pose. To the right (b) shavs the wing slightly bentdownward, and(c) and(d)
shav thewind bentupward at varying degrees.On thetop is the skeletalmovementwith theresultingskin
deformation.In the middle the follicles with their changesn densityare shovn andon the bottomis the
resultingfeatherarrangementThe modelwasfeatheredusingtwo tracts: onefor covertsandthe otherfor
ight feathersdenotedasgrayandwhite in thefollicle diagram.At eachframethe feathersarerepacled.
The consequencesf this methodarediscussedn Section9.1.3 Note how the changesn follicle density
arere ected in the resultingfeatherarrangemenand the featherorientationis maintainedrelative to the

changesn bonedirection.
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(b)
(@)

()

(d)

Figure 8.6: Bendingof wing, movementof follicles andrearrangemerndf feathers(a) Initial position.(b) Wing bent
downward. (c) & (d) Wing bentupward variousamounts.Top: Wireframeof modelwith skeleton(bones)in black.
Middle: Follicles of two feathertracts: covertsin gray, ight feathersn white. Bottom: Featheredving. Note how
thedensityof thefollicles hasincreasedroundthejoints andhow thefeathersespondandarepacled appropriately
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Figure 8.7: Using x edfeatheranglesto stylethe feathercoat. Left: Original featherarrangementRight: Feather
arrangementith arow of constantx edfeatherangles.Note how the otherfeathershave beenpacled appropriately

Interactve control over the featherss fairly limited sincethe feathersare x ed at oneendin their
follicle. However, ameanf controllingor “styling” eventhelimited movementof thefeathersanbeuse-
ful in achieving speci c featherarrangementsr resultingappearancedn a similar contet to hair styling,
it is too cumbersoméo style eachandevery feather Commontoolsusedin hair styling includeparameter
sets(i.e. clumpsor strands)RCT91, DTKT93], uid ow streamlineseld [HMTOQ] andcharacteristic
hairs[WS92 Bru98 KHO00, IKVZ00]. We have choserto allow for interactive featherarrangemenrough
two means: xed anglesandmodi cation of surfacedirectionvectors.The rst interactionmethodallows
for thede nition of a xed anglefor a featheror setof feathers.In ourimplementatiorthis is doneby the
userchoosingfeathersandde ning a x edangle,but a variety of tools which actascombscould alsobe
usedto lift thefeatherdo theirdesiredx edangle. Thesecondnteractionmethodallowstheuserto modify
thesurfacedirectionvectorsto obtainthe nal feathercoveragearrangementThe surfacedirectionvectors
aremodi ed directly on the surfaceof the object. In both of thesecasesthe feathersarethenpacled as

beforeto form theresultingfeatherarrangement.

Figure 8.7 shavs an exampleof how creating x ed featheranglescan be usedto createdifferent
styles. In this examplethe unstyledfeatherarrangemenits found on the left andthe styledarrangemenon
theright. In thefeathercoaton theright a straighttool wasusedto lift arow of feathergo a constantx ed
angle. Thenthe otherfeatherswere paclked againstthese x ed-anglefeathers. The interactve tools that
have beendevelopedarevery limited. However, any typeof interactioncanbe usedto setfeatheranglesand
studyingthe usability of varioustoolsis outsidethe scopeof this thesis.Tools mayincludeusingary shape

objectasa attractorfor lifting thefeathersjncludingspheresarcs,jaggedcombsetc. Regardlessof thetool
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Figure 8.8: Theuseof styling vectorscanbe usedto alterfeathersurfacedirectionsto cover adjacentapteria.Left:
Original con guration. Right: After coatdesignalterationof surfacedirectionvectorsto cover adjacentpteria.

used,or the setor amountof x ed-angldfeathersspeci ed, the restof thefeathercoatwill rearrangetself

appropriatelfthroughpacking.

Figure 8.8 shawvs how the alterationof the surfacedirectionvectorscanbe usednot only to alter
the feathercoatpattern,but alsoto changethe featherarrangemento cover adjacentapteria. On the left
thefeathercoatis rst designedvith only a singlebiasingvectormakingall surfacedirectionvectorspoint
straightdownward. However, afterdesigningthe coat,theremaybe a needto cover regionsadjacento this
tract(possiblyapteria)andthis canbe doneby modifying the surfacedirectionvectorsto the con guration
shavn on the right, without re-modellingthe entirecoat. If the changen directionvectorsis extreme,an

automatiaepackingof the nal con gurationmaybeneeded.
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8.4 Summary

This chaptempresentedhe alterationcomponenbf our feathercoatmorphogenesisodel. This component
containedhreeelements:feathergrowth, featherreplacemenandfeatherrearrangement Togetherthese
elementgle ne bothhow thefeathercoatrespondso skinmovementsandhow it changesvertime - feather
coatmorphogenesisAlthough this componentand chapterdo not addtechnicallyto the methodology it
exempli es the methodologiesobustnesdy shaving that both the featherstructureparameterizatioand

feathempackingalgorithmcanrespondappropriatelyin changingervironments.
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Resultsand Analysis

This chapterdiscusseshe contritution andrelevanceof our feathercoatmorphogenesimethodologyde-
scribedin Chapters — 8 in the context of the thesisobjective. This chapterbeginswith a furtheranalysis
of theresultsfrom eachof the threecomponentsfeatherstructue, featherarrangementandfeatheralter-
ation aswell asdiscusseshe capabilitiesandboundsof eachcomponent.Furtheranalysisof the method,
includingdetailsof integrationis presentedgoncludingwith the constraintsandlimitationsof our method.
Recallthatourthesisis thatmodellingfeathercoatmorph@enesisusinga multi-resolutionmethod-
ology that is featherparameterspeci ¢ will bestfacilitate the creationof “r ealisticlooking” feathercoat
for the purposesof animatingthefollicle surfaceor "skin”. With thisin mind it is importantto shav that
our methodologyrstly, is capableof modellingfeathersandfeathercoatsin a changingervironmentand
secondlythatthe multi-resolution,parametespeci c approachwe have choseris bestfor this task. In the
rst partof this chaptera discussiorof the boundsandanalysisof the resultsof eachcomponenin com-
parisonwith real feathersand otherrelatedwork will be given. The secondpart of this chapter discusses

integrationissuesandcompareghe nal resultswith bothrealfeathersandotherrelatedwork.

9.1 Componentsof the Model

Dueto the natureof thework, it is dif cult to analyzethe nal results. The productof the methodologyis
arealistic-lookingmodelor imageof afeathercoatat a certainstageof development.Thus,an analysisof

the resultswould include eitherimageor modelcomparisorwith imagesor othermodelsof real feathers.
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Measuresloexistfor comparingsynthesize@ndrealor acquiredmagesaswell assynthesize@éndacquired
textures.However, thesemeasuregrenotadequatén thecontet of thismodel.A directimagecomparison
is not adequatebecausehe renderingmethodis not exact (i.e. doesnot take into accountall lighting and
optical effects), theindividual featherpatternsarenot synthesizedndno biologically exact methodexists
for creatingthese. As well, this work is focusedon the structureof the feather which can be obscured
by lighting andtexturesin resultingimages. Sincethereare no measuregor determiningthe “lik eness”
of a feathercoat, a visual comparisonof the resultsmustbe sufcient. Thougha visual comparisonof
synthesizedeatherscoatswith real feathercoatsis necessaryit is not sufcient for similar reasonglack
of optical effects,andbiologically accuratepatterngeneration).Thus,visual comparisorof the individual
componentesultsaswell asa speci cationof the componentapabilitiesis madein this section.Thetwo

aspect®f our methodologywe focuson for assessmeratre:

2 evaluatingthe capabilities,bounds, e xibility, performanceandlimitations of the methodologyand
comparingtheseto otherrelatedwork
2 comparisorof theresultsbothwith realfeathersandfeathercoatsandwith resultsof othermodelsof

feathersandfeathercoats

9.1.1 Feather Structure Component

As statedin Chapters4 and5, the parameterizatioior de ning the featherstructuremustbe capableof
creatinga wide variety of feathertypesandages. To facilitate this, a biologically basedparameterization
waschosen(seeChapter5), meaningthatthe parametersisedin the modelarebasedon the substructures
of thebiologicaldescriptionor taxonomyof thefeathersasoutlinedin Chapter2.

In Chapter5 it wasshaown thata variety of featherscould be createdandthatthe parameterization
facilitatedblendingbetweendifferenttypes. Figure 9.1 shavs someexamplesof both contourand non-
contourfeathersas comparedwith atbed scansof real feathersand shaws feathersfrom the continuum
from down to semiplumeto plume (contour)commonlyobsenedin nature. Thetop left (a & b) represent
featherdrom the continuumfrom down to semiplumewith realfeathersshavn on theleft andsynthesized
feathersshovn ontheright. Continuingfrom semiplumen (a) & (b) to plumein (e) & (f) with realfeathers
ontheleft (a,c,e)andsynthesizednesontheright (b,d,f). Thethreekey feathersusedfor thisinterpolation
arethe down (b top), semi-plume(b bottom)and plume (f bottom)feathers. The latter two key feathers

have threesetsof key barbs:onenearthe base andtwo nearthetip. Thetexture usedfor the feathersvas
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@)

(b)

(e)

(©) (d) (f)

Figure 9.1: Down to Semiplumeo Contourcontinuum.(a) & (b) Down to Semiplumecontinuum.(a) RealBudgie
feathers.(b) Threesynthesizedeathersrom key featherson top andbottom. (a)-(f) Semiplumeto Contourcontin-
uum. (c) & (e) Realbudgiefeathers(d) & (f) Threesynthesizedeatherdrom key featherqb) bottomand(f) bottom.

Thesynthesizedexture usedis shav (e) top.
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Figure 9.2: Semiplumgblack)with afterfeathe(blue/gray)Left: Poly- Figure 9.3: The synthesizedudgie
line version. Centre and Right: Triangle strips version. The centre feather from Figure 9.1(b) bottom
featherhaslessbarbsfor illustration. with anafterfeatheadded.

(b)

(@)

Figure 9.4: (a) Hawk feather_eft: SynthesizedRight: Flatbedscarrealfeather Synthesizedeatherusesharblength
from thescan.(b) BudgiefeatherLeft: SynthesizedRight: Flatbedscanof realfeather Synthesizedeatherusesharb
lengthfrom shapedatashavn at centre.Both feathertexturesareacquiredfrom the atbed scans.
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synthesizeandis shavn at thetop of (e). Eachfeathercanbe easilymadein under60 secondspncethe

textureis synthesized.

As mentionedin Section5.2 the afterfeathelis modelledas a secondaryfeatherattachedto the
main featherwith the sameparameteset. Figure 9.2 showvs a generatedemiplumewith an afterfeather
Generatedhapedatawasusedfor barblength. Onestraightkey barbwaspositionedat therachistip. The
right two feathers'barbsaredravn with trianglestrips;themainfeatherin blueandtheafterfeathein black
for illustration. Thoughthe addition of the afterfeathelis subtle,it doesmale a differenceas shovn in
Figure9.3. Figure9.3shavsthe synthesized@udgiefeatherfrom Figure9.1(b) bottomwith anafterfeather
added.Comparethis with therealfeatherin Figure9.1(a) bottomthatalsohasanafterfeatherAll feathers

in Figure9.1(a,c,e)have afterfeathersf varyingdegree.

Figure9.4 shovs the comparisorof our generatedeathersvith atbed scansof therealfeathersin
eachpairthesynthesizedeatheris shovn ontheleft andthe atbed scanis shovn ontheright. The atbed
scancan not only be usedfor validations,but also asa sourceof data. The texture, the shaftcurvature
and silhouetteor shapedatacan be extractedfrom the scan. In our implementationthe scannedmage
is displayedfor the userto interactvely specify the location of the rachis. A basicimageseymentation
techniqug GW92 wasthenusedto segmentthe featherimagefrom the backgrouncandcomputeboththe
shaftcunatureandthe silhouetteor shapedatawhichin turn speci esthe barblength. The featheron the
left usesharblengthandrachiscurnvaturefrom thescannedeather Thefeatherontheright usesharblength
computedfrom the silhouetteshownn in the centre. Both feathersusetexturesfrom the scans. The only

adjustmenmadeto thetexturewasto therachisplacementandto re-samplghetexture.

Figures9.5 and 9.6 shav morefeathers.Figure 9.5 shavs a generategeacockfeather usingthe
texture shavn andthreesetsof key barbs:onestraightsetat thetip of therachis,anotherbelon theeyeand
athird curved setat the baseof theeye A atbed scanof anactualpeacockeatheris shavn on theright.
Figure9.6 shawvs a synthesizeghheasanteatheron theright anda atbed scanof a pheasanteatheron the
left. Both the shapedataandthe texture aretakenfrom the scan.Only two setsof key barbsarespeci ed

here,oneatthetip andoneslightly belov thetip to atten thepatternedbennaceouportion.

In additionto modellingmary typesof featherst is alsoimportantto modeldifferentagesof feath-
ers.Figure9.7shavstherenderedyronth sequencsimilarto Figure8.2 Figure9.8shavsanotherexample
of growth with the samegrowth data. Note how duringthe pin featherstatethe rachisstaysstraightdueto

it' s stiffnessandonly oncethefeatheris completelyopen,doesit obtainits cunvature.

121



9.1. COMPONENTSOF THE MODEL

Figure 9.5: PeacocKeathersLeft: Synthesized
from textureontop Right: Flatbedscanof areal Figure 9.6: Pheasanteathers.Left: Synthesizedeatherusing
peacockeather scannediata.Right: Flatbedscanof actualpheasanteather

Finally, aspreviously detailedin Chapterss and7, our methodologyinvolvesthe ability to create
modelsat multiple resolutions.Figure 9.9 shavs a featherat full geometrywith andwithout splitsin the
vaneontheleft andthenathalf anda quarterthe geometryto theright. Theuseof thealphatexturemapand
multi-texturing asoutlinedin Chapter7 wasusedto preventthe lossof detailin lower resolutionmodels.
The bottomof Figure 9.9 shavs a zoomof the feathervaneat full (left), half (centre)and quarter(right)

geometry

Structural ComponentAnalysisand Scope

As detailedabove, the structuralcomponents capableof creatinga wide rangeof feathertypesandagesof
feathersaswell asenableghe useof multiple resolutiondor ef ciency. Therearehowever, boundsto the
typesof structureghis modelis capableof creatingmainly dueto the useof linearinterpolation.

Linear interpolationis the aspectof the methodologythat automatesyeneratinghe feathercoat,
reducingtheamountof manualmodellingandthus,is alsooneareathatis lesscontrollable. Linearinterpo-
lation is usedin threeareasof the structuralparameterizationbarbspacingspp; spt, barblengthl andvane

anglev)_; Vi, Vi Via - This meansghatnon-linearinterpolatedesultsanddiscontinuitiesaremoredif cult
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Figure 9.7: Growth sequencef feathersimilarto Figure8.2

Figure 9.8: Growth sequenceisingsamegrowth dataasin Figure9.7, but differentfeathemrmodel.
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Figure 9.9: Left to Right: Feathemwith no splitsandfull geometry(key barbsshowvn in dark blue). Featherwith
randomvanesplitsatfull geometry(highestLOD — approx.1660triangles).Feathewith half geometry Feathemith
one-quartegeometry Bottom (I-r): Magni cation of feathervane,with full, half andquartergeometry

to obtain. To overcomethis restraintthe interpolationfunction in the model could easily be replacedby
someotherinterpolationfunction. In addition,if discontinuitiesn thebarblengtharedesiredeitherthiscan
beaccomplisheavith adjacenkey barbsasdescribedn Section5.2.2or with theuseof optionalsilhouette
data.Achieving discontinuitiesn barbspacingor anglearenot possiblewithout addinganothemparameter
to the model. However, again this doesnot occurin realcontourfeathersandis very atypicaleven of other
typesof realfeathersandthusis not anissuefor our model. Linearinterpolationis alsousedto compute
thecontrolverticesfor thebarbs but onceagain discontinuitiesn thebarbshapecanbeachievedusingthe
adjacenkey barbtechniqudrom Section5.2.2 However, if mary discontinuitiesn barbshapearedesired,
this canbecomequitetedious.Fortunatelythisis atypicalof naturalfeathersandthus,is notanissuegiven

the scopeof our problem.

The useof Béziercunesis anothercoreaspecof our model. Béziercurvesareusedfor the shape
of the key barbs(and hencebarbs)aswell asfor specifyingthe curvatureof the rachis. Sincevirtually
anunlimited numberof control verticescanbe used,the degreeof the curve is unrestricted.Thus, highly

comple curvescanbeconstructedf neededTheBézierformulationwaschoserbecausef its intuitiveness
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of the controlverticesto the curves. A moregeneralB-Splinecould alsohave beenusedinsteadof Bézier
cunes,thoughthey allow morelocal controlthanBéziercurves (especiallyhigherorder),they tendto be
lessintuitive for interactize usespeci c to feathermodellingbecauséhe shapeof the shaftandrachisare
moreeasilyspeci edasglobalcurves,ratherthanapieceavisecollectionof local curves. For generafeather
cunatureshapesa Béziercurve is morethanadequatebut therearesomespecialcaseswheremorelocal

controlover the curve maybe useful.

The useof ary curve presentgroblemswhende ning length. A stylistic choicemustbe made
whetherto maintainlengthasa Euclideandistancebetweerthe endpointsof the curve or asthe arc-length
alongthe curve. This choicewasneededn computingthe lengthof the curve (barb)from the shapeor
silhouettedata.If arc-lengthis usedthenit is assumedhattheshapeor silhouettedataspeci edrepresenta
attenedview of thefeatherandthusastheinternalcunaturesof thefeatherareedited thearc-lengthmust
be maintained.This meansnotonly will the resultingun attenedsilhouetteshapenot matchthe attened
shapebut thedesiredcurve atthedesiredscalemaybeimpossibleo achieve giventhearc-lengttrestriction
andthus,thecurve mustbescaled.f Euclideanengthbetweerendpointss usedt is assumedhattheshape
datarepresentshe 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 more physically plausible
scenarioit highly restrictsthedesignof thefeather Withoutanaccuratenitial arc-lengthspeci cationthere
may belimitations on the scaleor degreeof curve created As well, the shapeor silhouetteof the featheris
usuallydescribedndependentlifrom the barbshapeandthususing Euclideaniengthis moreintuitive. As
such,Euclideandistancevasusedin computingthe barblengthduringthe designof thefeatherbut during

packingarc-lengthwasusedto simulatea plausiblycorrectbendingof the feather

In comparisorio otherindividual feathemrmodels,our modelis muchmorecontrollableand e xible
than both the modelsof Dai et al. [DSC9 and Chenet al. [CXGS03. Both of theseprevious works
generatahe barbsby growing or propagting a segmentof the barbor rachisat a time, with the direction
of the next segmentde ned by eithera setof anglesand polynomials(Dai et al.) or a parametriccurve
(Chenet al.). While the functional setof anglesproposedby Dai et al. interpolatenicely, they areless
e xible andratherdif cult to control. Theonly barbcurvatureshatcanbe constructedrethosede ned by
a quadratigpolynomial. Our methodis similarto Chenetal. in their useof a parametriccune to de ne the
barbcurvature howeverthey only allow thede nition of asingleleft barbcurve andsingleright barbcurve.

Thus,their modelcannotconstrucfeatherawith eye-spotssuchaspeacockKeathersandmary otherfeather
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curvatures Also with theirmodelthereis no variationin barbangleor barbspacing/densityithin asingle
feather Soagnin, ary feathersavith asymmetriocvanescannotbe constructedndthe shapeof the featheris
completelyde ned by theusersuppliedoutlinecurwe.

Comparingour feathermodel with what is known aboutthe model from Sory Picturesimage-
works[EAB™ 02], our modelis bothmore e xible andsimplistic. They state] EAB™ 02] they have hundreds
of parameterso controltheir NURB patchbasedeathers.While it is assumedhatmary of theseparam-
eterscontrol the lighting effects, this is still an orderof magnitudemore parametershanare usedin our
modelwhich is approximatelyl5, plus key barbsandshapedatafor individual feathersan additionto the
biasingvectors,parameterizatioandsurfacevectorsfor creatingthe coat. Also, usingNURB patchedor

the surfaceof thefeathemalkeshaving plumulaceougortionsor dovn featherdmpossible.

9.1.2 Feather Arrangement

The secondcomponenbf our modelis the featherarrangementomponentdescribedn Chapter6. The
key attributesof this componentareagain e xibility without lossof control, aswell asautomationof the
process.Placementind orientationof eachindividual featheris too tedious. As well, the useof multiple
resolutionds critical especiallywhencreatingdensefeathercoats. This secondcomponentontainedwo
main elementsfollicle distribution andfeatherorientation. Threestepswereusedto constructthe feather
arrangementfollicle distribution, feathergeneratiorandfeatherdirectionandorientation(i.e. packing).

The rst step,follicle distribution, usesa userde ned densityvalueto randomlydistribute follicles
over a subsebf polygons representing feathertract. Thefollicles aretheniteratively relaxedto obtaina
regularhexagonalor “stretchedhexagonal”distribution usinga setof userde ned biasingvectors.Adding
the ability to placebiasingvectors,adds e xibility to createnon-lineardistributions aswell asability to
morecloselyapproximateactualfollicle distributions. Figure9.10shav anartistsillustration of the Dorsal
tractof a SingleCombWhite LeghornChicken[LS72h p.425]ontheleft andour follicle distributionona
setof polygonsrepresentinghe Dorsaltracton theright. Note the similarity in the hexagonalarrangement
of follicles. Theimageon theright alsoillustratesthe “rows of follicles” similar to thoseon theleft.

The needto approximatethis “stretchedhexagonaldistribution” is basedon the hypothesisthat
the densityvariation actually affectsthe resultingfeathercoat patternand thus, the follicle distribution is
important.Figure9.11exempli es thisimportance This gure shovsthreeexampledistributionsusingthe

sametype of feathersthe sameindividual feathematternsandthe samesurfacedirectionsfor thefeathers.
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Figure 9.10: Simulatingthehexagonalfollicle distribution. Left: An illustrationfrom LucasandStettenheinfiLS72h
p.425]with aninsetthatshows the roughly hexagonaldistribution of thefollicles of the dorsaltractof a SingleComb
White Leghorn Chicken. The connectinglines betweenthe follicles represenfollicular muscles. Right: Follicles
generatedisingour technique Notethe similaritiesin the hexagonaldistribution aswell asthe alignmentof follicles
into rows.

Theonly differences thefollicle distribution. Theimageonthefarright has60 follicles, andthe othertwo
have 57. Thefollicles nearthe edgeshave beenslightly perturbedo de ne the corvex hull for the feather
interpolation.However, if we focuson the centreof eachsquarewherethe distributionsaremostdifferent
andyet the type of feathersandfeatherdirectionsarethe same thereis a noticeabledifferencein feather
coatpatterncausedsolely by thefollicle distribution. Thefollicle distributionsareshovn atthetop andthe
two key feathergositionedatthe cornersareshavn onthebottomleft andright. Therestof thefeatherson

thebottomshav snapshotsf thefeatherinterpolation.

The processingime requiredto computethe nal follicle distribution is dependenbn the desired
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Figure 9.11: How differencesn follicle distribution affect the overall feathercoatpattern.Left: Follicles alignedin
“grid-lik e” pattern.Middle: Follicles with regularhexagonaldistribution. Right: Follicles with stretchechexagonal
distribution. Top: Follicle distribution. Bottom: Two feathertypesusedaskey feathersshovn on left andright. The
restof thefeathersatthebottomareinterpolated.
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nal distribution dueto the iterative natureof the algorithm. Eachiteration of the distribution algorithm
traverseseachfollicle once,andthusis also dependenbn the numberof follicles. At eachfollicle the
follicles arere-triangulated Delaunaytriangulation)to computethe new Voronoi regions and then each
follicle is moved to the centreof its Voronoi region. To computethe Delaunaytriangulationeachedge
is traversedand for eachedgean undeterminechumberof edgesmay be affected. Thus, the Delaunay
triangulationis O(m?) wherem is the numberof edges If n is the numberof follicles aniterationto relax
thefollicles is O((n + 2)? + n). However, sincethefollicle distribution is producedof ine, independent
of the featherarrangementthis doesnot restrictthe interactve modelling of the coat. Eachcollection of
featherdn Figure9.11hasapproximately60 feathers.The feathergeometryis computedn realtime with
eachscenecontainingapproximatelyl00,000polygonsusing full feathergeometry The packingof the
featherdook approximately2 secondsWith alphablendingthis scends renderedat approximately3-5fps

onaPlll 800GeForce2 PC.

The secondstepof the featherarrangementomponeninvolved parameterizinghe follicles and
placingkey featherssothatthe in-betweenfeatherscould be interpolatedasdescribedn Chapter5. This
involvedprojectinga screerspacegrid/parameterizatioontoeachtract,sothateachfollicle hadau,vinter
polantcoordinate Oncethisis de ned, it is x ed,sincethis ultimatelyde nesthetypeof featherassociated
with this follicle. We will discusstheimplicationsof this parameterizatiotelov andin Section9.1.1we

shavedthequality of theinterpolatedeathers.

The third stepwasto de ne the actual orientationand direction of the feathers. This involved
the userde ning surfacedirectionvectors,which ultimately de ned a coordinatesystemfor eachfollicle,
within whichapackingalgorithmis usedto packthefeathersn ashingle-like fashion.Theorderingof these
layeredfeathersis de ned by the sameparameterizatiomsedfor the featherinterpolation. Alternately a
secondaryparameterizatiogould be imposedto de ne the orderingof the feathersjn a similar fashionas

thefollicle parameterizatiom steptwo.

Oncean orderingand coordinateframe are de ned at eachfollicle location,the featherscanthen
be pacled. The objective in packingthe featherswasto prevent the feathersfrom interpenetratinghe
surfaceand eachother sincethis generallydoesnot occurin nature. The methodfor packingusedthe
informationthat the featherswere constructedrom interpolationsof Bézier curves andthat not only did
the key barbsform a boundingvolumefor the feather but the control verticesof the key barbsde ned an

absoluteboundingregion. Informationaboutthe inherentstiffnessof the featherwas also built into the
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algorithm. This allowed the stiff shaftsof the feathersto be pacled without deformationand the more
pliable barbsdeform slightly to preventinterpenetration.Thus, eachfeatherwas traversedin bottomto
top order(painterly) rst maximallyrotatingthe shaftin thefollicle coordinateframeusinga subsebf the

surroundingeathercontrolverticesandthenoptionally elevatingthe barbs.

Figure 9.12: Featheredspherecomparingpackingresultswith varying feathersizeto follicle densityand feather
sizeto surfacefeaturesizeratio. All threefeatheredsphereshave the samefeathers surfacedirectionvectorsand
approximatenumberof follicles. They vary in featherscale- smalleston the left to largeston the right. Bottom:

Magni cations of variousregionsof thethreespheresNote sizevariationof feathers.

In Chapter6, Figure6.12we shaved animageof featherspacled andunpacled. Not only did the
unpacledfeatherdnterpenetratéhe models surface but they alsointerpenetratedachother In thepacled
version,all of theseinterpenetrationsvere eliminated. In the caseof the a planarsurface,the packingis
niceandtight asshavn in the sideview. With curved surfacesthetightnesss dependentn the densityof

thefollicles, the size of the feathersn comparisorto this densityandthe curvatureandtessellatiorof the
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Figure 9.13: High resolutionspherg(1600polgonsv.s. Figure9.12with 250). Left: SmallfeathersRight: Larger
feathers Notethe smoothuniform contourandhow thelargerfeathersarestartingto bulk atthe bottom.

Figure 9.14: Featheredpherawith multi-texturing. Left: Full geometryRight: Half-geometry Magni ed portions
of eachfeatherarrangemenghawn to their right.

Figure 9.15: Comparisorbetweena featherpatternon a real budgie (left) anda synthesizedeatherpattern(centre)
usingthefeatheron theright, aregularhexagonaldistribution of follicles andour feathercoatmethodology
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surfaceitself. Figure9.12shaows a portion of a spherewith a setof follicles andthe correspondingurface
directionvectorsandthe samespherdeatheredvith the samefeatherssimply atthreedifferentscalesThe
directionvectorsare purposelydravn long to demonstrateéhe low tessellatiorof the underlyingsurface.
The rightmostfeatheredspherehasfeatherstwice the length of the leftmost. The spherein the middle is
midway in length. Note how smallerfeathersfollow the surfacemoretightly. Hencethereis a disjoint
contoursimilar to the directionvectors- dueto the low surfacetessellation.Thelargerfeathershidethese
surfacedetails,but alsocreatemorebulk, especiallynearthe baseof the spherewherethe feathersarethe
largest. Below theseimagesare magni cationsof eachscene.In Figure 9.13we shav the sametype of
featherswith similar densityon a highertessellategpherg(1600polygonsv.s. 250 polygons).On the left
the feathersaresmallerandto the right arelarger feathers.Note how both setsof feathersnow follow the

smootheisurfaceandsimilar bulking behaiour is startingat the baseof largerfeathersphere.

In Figure9.12thereare 426 feathergnot all shavn) comprisingapproximately643,000polygons
at full geometry With normalalphablending(not multi-texturing) we areableto obtainapprox. 1-2 fps
on Pl 800with a GeForce 3 graphicscard. With theimageon the left (smallerfeatherspackingrequired
approximately20 seconds. The image on the right haslarger feathersand requiredapproximatelyl51
seconddor packing. The imagein the middle had featherswhoselengthwas mid-way betweenthe left
andright images.Packingfor this middleimagerequiredapproximately66 secondsThefeatherstructures
usedarethe sameasthosein Figure9.11 Theincreasdan packingtime is proportionalto the increasdn
the surfaceareaof the feather With anincreasen feathersurfacearea,the feathercoversmoreunderlying
feathers.eachwith more candidatecontrol verticesthat mustbe consideredn the packingprocess.This

explainsthenon-linearincreasen computatiortime.

Figure9.14shavstheuseof multi-texturingonthesamefeatheredsphereat multiple levelsof detail.
On theleft is the sphereat full geometricdetail (approx. 643,000polygons),renderedat approximately
0.9fps. on a Plll 800with a GeForce 3 graphicscard. On theright is animagewith approx45% of the
polygons(299,000)andis renderedat approximatelyl.5 fps on the samemachine. To the right of each
imageis a magni cation for analysisof the multi-texturing. As is shavn muchof the detail is maintained

evenwith lessthanhalf the geometriccomplexity.

Figure9.15compareshepatternof arealBudgiefeathercoatwith onesynthesizedisingourfeather

coatmethodology On the left is aimageof a portion of the left wing of a budgie. In the centreis our
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synthesizedeatherarrangemenandon theright is the featherusedto constructhe arrangementA dense

hexagonaldistribution of follicles wasused.Note the similaritiesin featherpattern.

Arrangement ComponentAnalysis and Scope

Themainrestrictionof this components thefollicle parameterizationProjectinga grid from screerspace
to objectspace canpossiblycreatedistortionsin the parameterizationgdependingon the topology of the
surface.As well, for somesurfaceregions,parameterizingn this way is impossiblewithout subdvision of
theregion. Theprojectionmustbeuniqueandcloseto planarto minimizedistortionin the parametespace.
Devising the parameterizatioin screenspacedoeshowever, allows the userto constructary uniform or
non-uniformparameterizatiospacedesired.For instancef non-uniforminterpolationof the featherswas
desiredin certainregionsa local adjustmento the grid densitywould sufce to constructsuchnon-linear
interpolationsThis manualgrid adjustmentcanalsobe usedto absorkthe projectiondistortions however,
would requiresomeskill andtime to construct

Of courseif the surfacealreadycontainsa parameterizatioandthe parameterizatiors appropriate
for the desiredfeatherinterpolation,this stepcanbe avoided. As well, thereis currentresearchon auto-
matically devising non-distortecharameterizationr polygonalmeshesespeciallyfor genus-0 GGS03
meshesThus,a moresophisticatedechniquecould easilybe usedin placeof our rathersimplisticmethod.
All otheruserde ned data,suchasbiasingvectors,surfacedirectionvectorsetc. aremanipulateddirectly
onthesurface,andthusaredevoid of ary distortionproblems.

As alreadymentionedn Section6.1theresultsof thefollicle distribution processaredependenbn
follicle densityin comparisortio surfacefeaturesize. Thefollicle distributionis howeverindependenof the
surfacetopology sincethealgorithmworksdirectly on the polygonalmesh.

One compleity of our modelis the pipeline design. The follicles are placed rst and then the
parameterizatiors overlayedandthe key feathersaddedto completethe feathercoatdesign.This is done,
becausehefeathercoatcannotbe constructedvithout eachfollicle having a setof parametriccoordinates.
However, oncethe featherswerein place,if therewas a desireto move a follicle, there could be two
outcomes:the new follicle canobtainboth a new positionanda nev parametriclocationor just a nev
position.In theformercasethis meangheinterpolantausedto constructhefeatherandconsequentiallyhe
type of feathermay change.In the latter caseit meanssimply a locationchange.Eitherway thisis morea

developmenianddesignissuethanonedirectly associateavith the methodologyfor creatingfeathercoats.
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While our featherpackingalgorithmusesthe controlverticesof the key barbsandef ciently packs
thefeathersjt doesnot handlefeatherghatdo not have key barbs(i.e. down). If the entirefeathercoatis
composeaf dowvn, thefeatherawill simply pointin thedirectionof the surfacenormalandno packingwill
occur Thisis representatie of the nataldown of babybirds. However, if the feathercoathassomedown
andsomecontourfeathersthereis no currentmethodfor packingagainstthe down feathers.The postnatal
down thatis commonlyfound on sometypesof birds often actsasan insulationlayer andis not visible
on thesurface. This layer caneasilybe simulatedby an offset from the original mesh,but is unaccounted
for in our model. Sincethe focusof our modelwas on the visible feathersthis is not a limitation. The
oneproblematiccaseoccurswith contourfeathershaving large plumulaceouportions. This plumulaceous
portion is not adjustedwith the key barb elevation in the packingalgorithmandin somecasesnay fall
outsidethe boundingbox formed by the key barbs. In this caseeitherthe plumulaceougportionscanbe
pacledonebarbat atime aswith mary hair systemsgpr eitherignoredandnotdrawn if notvisible (feather

presenbntop) or left to its naturalstateotherwise(no feathempresenontop).

feathers
Our Algorithm Alternate Result l
. skin
surface
Other body skin fold
parts/objects

Figure 9.16: Cross-sectionf pacledfeathers.Left: Resultsfrom

our algorithm.Right: An alternateplausibleresult. Figure 9.17: Exampleswhere the packing
algorithm resultsin interpenetrations. Left:

Otherbody partsor objects.Right: Skinfolds.

As shawn, our packingalgorithmresultsin a plausiblefeatherarrangemenin which thefeathersdo
notinterpenetrateachotheror thesurface.However, therearetwo reasonsvhy it maybelessthanoptimal:
vanescannotgain cunatureor twist andthe control verticesarean upperboundon the boundingvolume.
First, oncethe shaftis maximally rotated,the barbscanbe elevated,but never depressedT his meansthat
thefeathervanecan atten or eventake onaslightly reversecunature but cannever gain curvatureor twist.

This is to preventthe featherfrom loosingits shapecompletely asthereis somestiffnessto the barbsand
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collectively thevanein realfeathers.Thusin the situationshavn in Figure9.16 extra spacebeneattsome
feathersmayoccur wherearotationof thefeathercoordinatdramein thesesituationamay x this problem.
While twisting alongthe lengthof the shaftseemshysically improbable a twist of the featherwithin the
follicle is more probablethoughphysically restricted. This is alsonot part of our currentmodel, but we
have foundit to be a rareoccurrence.Secondasthe control verticesarethe upperlimit on the bounding
volumeof thefeatherit is notanprecisdimit. Thus,theremaybesomeextra“space’betweerthefeathers.
However, the only methodthatwould x this problemis to do completecollision detectionusingcomplete
geometryandwhile this is computationallyintensve, it maywork at high levels of detail. However, either
spaceor interpenetrationsvould occurat lower levels of detail, asthe approximatedeathergeometrymay

not t tightly together

Finally, the packingalgorithmdoesnot handlepackingagainstotherobjectsor body partsincluding
skin folds. It canhandlecorvex aswell asconcae model surfacesby checkingneighbouringpolygons
normalsin additionto the surfacedirectionvector but it is highly inefcient to checkevery polygonor
polygonsof othermodels. Thus,currentlythereis no way to handleinterpenetrationsvith polygons,that
arenotin asmallregion (feathersize)of the original follicle, with otherobjectsor with feathersattached
to thesesurfaces.For example,if alarge skin fold occurred,suchthatthe skin folded over the region the
feathercovers, but doesnot overlap the follicle thenthe resultof the packingalgorithmmay be that the
featherinterpenetratethe fold of the skin. This is becauseo checksaredoneagainstpolygonsfar avay

(beyondtheareaof thefeather)from thetrianglethefollicle is attachedo asshovn in Figure9.17.

Comparindhow we arrangdeathersvith othercurrentwork yieldssomesimilaritiesanddifferences.
Previouswork hasdistributedfollicles usingaforce-repulsiorbasedcapproachefiCXGS02 Tur97. Chenet
al. [CXGS03 tailoredthis methodto increasdollicle densityin regionsof highercurvature thoughdid not
attemptto producestretchechexagonalpatterns.The force-repulsiormethodproducescomparableaesults
to our own, thoughit canbe unstableandis slightly harderto control. Only one previous work, Chenet
al. [CXGS03 hasattemptedo detectandpreventcollisionsamongfeathersautomatically Pixarin For the
Birds[Rob0] alsodid collision detectiorbetweerfeatherson adjacenbbjects but it wasdoneby manually
placingboundingvolumes. Collisions betweenfeatherswere not mentioned and seemedo be irrelevant
dueto the surfaceshape feathersizeandangle. Chenet al. [CXGS03 userecursve collision detection
schemédor off-line collisiondetectiorandresponseTheiralgorithmworkedonsimpli ed feathergeometry

therefordt is presumedhatthereis alsoextraspacen their nal arrangementThey quotetaking30minutes
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Figure 9.18: Top: Photosof moultingmaleEclectusParrotfrom [Mos03. Fully developedfeathercoatshavn onfar
right. Bottom: Simulatedmoulting of similar coatusingour feathercoatmorphogenesismethodology

to computecollisionsandorientationof 3500feathersonaPlll 864MHzmachinewith aGeForce3 graphics
card. Comparingthis with our mediumsizefeatherto follicle arrangemenin Figure 9.12 3500feathers
wouldtake approximatel\®@ minuteswith ouralgorithmonasimilarmachine With smallerfeatherst would

take aslittle as2.8 minutesandstill have thefeatherscoverthe surfacein anoverlappingmanner

9.1.3 Alteration Component

Thealterationcomponenbf our methodologynot only providesa meansof simulatingmorphogenesigut
also validatesthe useof our methodologyin a changingenvironmentas shavn in Chapter8. We have
alreadyshavn that our methodologyis capableof both simulatingfeathercoatmorphogenesiaswell as
creatingproperfeatherarrangementen moving surfaces(skin movement)in Chapter8. In this sectionwe
will compareour morphogenesisesultswith thoseof real birds, aswell asanalyzethe techniqueaused.
Figure 9.18 shawvs photosof a male EclectusParrot moulting [Mos03, aswell asa simulatedmoulting
feathercoatcreatedwith our methodology On the top arethreephotosof the male Eclectusduring moult
anda fourth photowith fully developedfeathercoat. Onthebottom,aretwo examplesof simulatedmoult.
Thebottomleft shawvs aregion,andamagni cationof themoultregion usingincreasingu parametemoult.
Thebottomright shavs aregion anda magni cation of thatregion with randommoult. Comparingthetop
andbottomimagemoult regionsbearssomelikenesgo eachother The maindifferencein theseimagesis

therenderingof the feathers.
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Alteration ComponentAnalysisand Scope

Thereare only two minor complicationswith how we achieve feathercoatmorphogenesig a dynamic
environment:frame-to-framepackingandrenderingof feathergrowth.

During animationof the skeletonandskin, the follicles move, the coordinateframe of the feather
changesandthe feathersarerepacled. The feathersare repacled at eachframe of the animation,to en-
sureno invalid featherarrangementsgi.e. interpenetrations)However, not only is this time-consuming,
but dependingon the implementatiorof featherparameterizatiolanleadto lack of coherenceén feather
arrangemenacrossrames. With our currentimplementationthe follicles arenot re-parametrizedsthey
move. Therefore large skin deformationsn relationto thefollicle densityandfeathersizecanleadto in-
terpenetrationef featherdecaus¢heparameterizatiomaynolongeraccuratelyre ect the orderingof the
feathers.But, in mostrealistic movements the skin doesnot undego extremedeformationandtherefore
this doesnottendto be a problem.Also, this ensuregrame-to-framecoherenc®f the featherarrangement
becausé¢heorderingis consistentlf extremeskin deformations necessaryare-parametrizatioof thefol-
licle locationwould alsobe necessaryo preventinterpenetrationgyut thenthis leadsto lack of coherence
betweerframes.

As renderingis not the focus of this thesis,renderingof the featherduring gronvth hasnot been
completelyaddressedThetexture coordinatesreassignedo thefeatherasif it wasfully developed,only
the substructurearearrangedifferently during gronth. For someof the featherdevelopmentthe feather
substructureare containedwithin the feathershaft. Thereforethe texturesof the featherare not visible.
Oncethefeathersopenthetextureis immediatelyvisible aswith realfeathers.However, in the pin feather
statethe featheris coveredby a sheath which is more opaqueand obscureghe texture of the shaftand
feathers It alsosometimesaddsa blue or gray colourationto the shaft. This hasnot beenaddresseéh our
model.

No otherwork currently exists on feathercoatmorphogenesisNo oneto the authorsknowledge
hasattemptedo modelfeathergrowth or feathercoatmoult, eventhoughit greatlyimpactsthe look of the
resultingfeathercoat. As well, therehasbeenlittle work on addressingnodellingof feathercoatsduring
animation. Detailsof how the feathercoatresponddo animationhave not beenaddressethy [ CXGS03.
Sory Picturesimagavorks [EAB™ 02] addressemary of thesecomplicationsintroducedby movementof
theskinmodelthroughtheuseof manualintervention. Finally, while styling hasbecomeanareaof research

with regardsto hair, it is unexploredin thedomainof feathers.
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9.2 Discussionand Analysis

Integratingthe threecomponentgor usein creatinga feathercoatis neithertheoreticallycomplicatednor
developmentallytrivial. The designof the componentfiasmadeintegrationrelatively simple,thoughthere
are somesubtletiesto implementingthe integration. The focus of this thesisis on the functionality of
the methodologyfor creatingfeathercoatsandfeathercoatmorphogenesigatherthanthe usability of the
particulardevelopmentramavork in whichthemethodologyhasbeenmplementedThus,themethodology
itself is the contrikution of this researchand the functionality forms the basisfor the validation of the

contritkution.

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 samelLOD. The bottommiddle andright aretwo magni cationsof 60% and 20% of the
geometryrespectiely. A framerate of 4.8/7.8/13fps for 100/60/20percentdetail were obtainedon a GeForce 3
graphicscard.

Theimagesof thewing shavn in Figure9.19wereconstructedisingtwo feathertractsasshavn in
Figure8.6, onefor the primary andsecondary(large bottomfeathers- comparablédo the Alar tractin real

birds), anda secondslightly overlappingtract for the coverts (uppersmallerfeathers- comparabldo the
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Figure 9.20: Top: A fully featheredbird with 3148feathersat 60% of the geometrywith 830,000feathertriangles
and3732modeltriangles.On a GeForce3 we obtained).69fps. In thetop corneris a close-upof the styledheadand
ainsetof thefollicle distribution on the body, Bottom: a close-upof the body/wingareaat 20%, 60% and 100% of

thegeometry
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Humeraltract). Six key feathersvereplacedon the boundaryof the uppertractandthreekey feathersvere
placedalongthelowertract. Thefeathersarein a pacledstate.We obtaineda framerateof 4.8fpsat 100%
geometry 7.8 fps at 60% geometryand 13 fps at 20% geometryon PlIl 1 GHz with a GeForce3 graphics

card.

Figure9.20shaws a fully featheredbird with 3148feathersat 60% of the full geometry(830,000
triangles).Theunderlyingmodelhas3732triangles.An insetof the bird with only the shaftsof the feather
aredrawn to shav the densityanddirectionof feathersused.Thefeathercoatwaspacledin 35.1seconds.
With hardwaremulti-texturing we obtainedaframerateof 0.69fpsonal GHz Pentiumlll with aGeForce3
graphicscard. An insetof a magni cation of the headis shawvn in thetop left corner Thefeatherson the
backandsideof the headhave beenstyledby specifyingunnaturadirectionvectorsandthusdo not follow
the normalcontourof the head. The modelwas constructedising 18 tractsand 80 key feathers.The 18
tractsconsistedf 5 for thehead 3 for theneck,3 for eachwing and4 for thebody Thefeathersonthehead
werede ned usingfour key featherdor eachof thetop, bottomanduppernecktractsand ve key feathers
wereusedto de ned the featherson eachof the side headtracts. The featherson the neckwerespeci 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 thefeathercoatcreated?76,000feather
trianglesandranat 1.35fps onthesamemachine At 100%of thefull geometry2.2million feathertriangles
werecreatedandranat0.31fps. Below theimageof thefull bird arethreemagni cationsof theareawhere
the wing joins the body at varying levels of detail. Left to right arethe sameareaat 20%,60% and100%
of thegeometry Note the maintenancef detail, feathershapeandre ectance.In certainregionsthereare
bald patchesvhereno feathers/folliclesxist. In theseareasa denseifollicle distribution mayberequired.
In natureareadik e the one underthe wing have lessdensecontourfeathergsimilar to our tract density),
however often down feathersare presentin theseareasto hide the skin. Also we mustnote how smaller
moredensefeathersnaturallypackmorecloselyasthoseshavn onthe neck. In someregionson the body
stiff at featherscanbeseenprotrudingslightly from the feathercoat. We mustnotethatsincethey arenot
singlefeatherghatthe packingis correctandthatthis protrusionis causedy the extremecoarsenessf the
underlyingmodel(i.e. sharpedge)anda large feathersizerelative to the sharpfeatureedgeof the model.

This affectis similar to theresultsshavn in Figure9.12

Unifying thethreecomponentinto a singlemethodologyinvolvesspecifyingonly onemoredetail;
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how to handleinteractionbetweertracts.Sincefeathertractscanbedisjointor overlap,thereareafew ways
of handlingthis issue. Therearetwo possiblecomplicationsto addressacrosdracts: follicle distribution
andfollicle parameterizationGenerallyin real birds, thereis an apteriaregion of no contourfeathersin-
betweenthe feathertracts. This meansin generalthe contourfeathertractsare disjoint and acrosstract
follicle distributionis nolongera problem.If however, thetractsarenotdisjoint, the polygonsthatcontain
follicles from multiple tractsmay have clustersor clumpsof follicles. This canbe desirablef the different
tractsrepresentifferenttypesof feathers.However, if the tractsarethe samefeathertype a moreuniform
distribution is typically desired.This canbe accomplishedy runningthefollicle distribution algorithma
secondime, on only polygonsof multiple tracts. This wasnot neededor our examplesaswe maintained
apteriaregion representatioandhadtwo setsof tracts:onefor down feathersandonefor contourfeathers.
Parameterizinghe follicles acrosdractsis slightly more challenging. This is requirednot only to
computetheinterpolatedeatherdrom thekey feathersput alsoto de ne thepackingfor theorderingacross
tracts.We have choserto handlethe featherinterpolationby maintainingthatthetractdivisionsareformed
to de ne regionsof differing feathertypesandthusthe boundaryof the featherntractswill alwayshave key
feathers.If anoverlappingtractexiststhe samekey featherswill alsobe locatedon this tract. Acrosstract
packingis handledby de ning a global ordering, either by orderingthe tractsor the individual follicles
usingprojectionto abodyaxisvector Thisis requiredfor determiningwhich feathergo packagainstatthe

tractboundaries.

9.2.2 Renderingand LOD Challenges

Ourlevel of detail(LOD) or renderingalgorithmmaintainghe shapeandlook of thefeathersmoothlywhile
reducinggeometriadetailasshavnin Chapter7. However, therearetwo specialcasesvheretheresultscan
belesssmooththandesired:plumulaceougeathersanddramaticallycurvedbarbs.While combininggeom-
etry of adjacenbarbslookssatishctoryfor higherlevels of detail,at very low levelsof detailthe combined
triangle stripscancause‘popping” asthe levels of detail aretransitionedfor plumulaceoudeatherssince
they arede ned asrandomness thebarbcurvatures.Thisis dueto thelack of coherencéetweeradjacent
barbs.Also, atlower levels of detailan alphatexture is repeatedo simulatethe transparengc betweerthe
individual barbs.As long asthe barbis representetty a sufcient numberof vertices,dramaticallycurved
barbscanbe maintainedput oncecurvesarecoarselyapproximatedthe simulatedbarbstraightensandso

too doesthe alphamap. This resultsin straighteningof dramaticallycurved barbsat low levels of detail.
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Figure 9.21: Two imagesfrom Chenet al's [CXGS04 work on modelling and renderingfeathers. Left: Some
examplefeathers. Right: A featheredEagle. Theseimageswere obtainedfrom the authorsand usedwith their
permission.

However, sincebothof thesespecialcase®ccuratverylow levelsof detail,usuallythevieweris sufciently
far away not to be ableto discernthesedetails. The silhouetteandtexture which are discernibleat these

levelsof detailaremaintained.Thereforewe do notdeemthis to beaninadequag of the methodology

9.2.3 Comparisonwith Other Models

Comparingthe integratedfeathermorphogenesimethodologywith othermodelsof feathercoatmorpho-
genesiss impossiblebecaus¢herearenone.We cancompareour modelof feathercoatswith theconcurrent
researchof Chenet al. [CXGS0J and Sory Picturesimagevorks [EAB* 02] on modellingfeathercoats.
As alreadystatedin Section9.1.1our modelis more e xible thanboth of thesemodels. Not only canwe
modelfeathertypesotherthancontourfeathersput we canalsomodelfeathersof variousages.Controlling
thefeatherstructureis alsomoreintuitive with our modelbiologically parameterizedhodel. Sory's model
contains‘hundredsof parameters{EAB* 02, p. 59] and Chenet al's modelis basedon the less-intuitve
L-systems.

Ourmodelis morepreciseandef cient. Ourmodelpositionsthefollicles morepreciselythaneither
of theabove modelswhich we have shawvn to have a signi cant impacton thefeathercoatpattern.Not only
doesit allow for the creationof follicle distributionssimilarto Chenetal!sandSory'swork, but it is more

controllableallowing for the creationof the stretchedchexagonaldistributions. While thereis little known
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abouthow Sory's modelhandlesfeatherto-feathercollisions,the ef ciency of our modelexceedsthat of
Chenetal!s. SinceChenetal. usesraw collision detection thereis the potentialfor their modelto result
in moreprecisepackingsof feathersput they do statea simpli ed geometryis usedwhich meanshereis
someimprecisioninvolved. They alsodo nottry to accountor bendingor attening of thefeathersasthey
arepacledunlike with the barbadjustmentn our model. The built-in multiple-level-of-detailaspecto our
methodologyis alsoanef ciency advantage Again Chenetal. mentiona simpli ed geometryfor collision
detectionput theirrenderingnodeldoesnot seento scaleto lower resolutions.

However, therenderingmethodusedn bothof thesemodelss superiolin somewaysto ours.Sory's
modelusessomeof their“hundredsof parametersto accountfor moreaccuratdéransparenyg transluceny,
back-lightingandvariousotheroptical and lighting effectswhich are not presentn our model. Chenet
al. [CXGS03 usea precomputedidirectional Texture Functionor BTF to achiaze more detailin closer
views of the feathersasshawn in Figure9.21 However, eitherbecaus®f this or the lack of level of detalil

thecomputatiorrequiredfor renderings muchgreaterthanours.

9.2.4 Contribution and Validation

The main contritution of this researchs the feathercoat morphogenesimethodology Currently there
are no other methodsfor simulatingfeathercoat morphogenesis.Sincethis researchbegan, two other
methodshave developedfor modellingfeathercoats bothwith comparableesults.However, aspreviously
stated,our methodis more e xible, controllableandin mary aspectsnoreef cient, aswell asincludesthe
morphogenesiaspect.

We have shavn that our methodologyis capableof modellinga rangeof feathertypesandages,
semi-automaticallgeneratingeathercollectionsandplausiblearrangementsf feathersaswell asprovid-
ing abasisfor modellingchangedn thefeathercoatovertime (feathercoatmorphogenesis)Ve have shovn
thatour methodologyis e xible andfairly ef cient in comparisorto otherconcurrentlyproducedmethods
for feathermodelling. We have shavn that our “parameterspeci ¢’ modelis more e xible and control-
lable andthatthe useof our LOD approactaddsef ciency. As well, we have shavn thatthe methodology
respondsappropriatelyin a changingervironment(animationof the skin surface). Thereforeour thesis
statemenhasbeeneffectively supported:modellingfeathercoat morphaenesisusinga multi-resolution
methodolgythatis feathermparameterspeci cwill bestfacilitatethecreationof“a realisticlooking” feather

coatfor the purposesof animatingthefollicle surfaceor "skin”.
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9.3 Summary

This chaptereviewedthe appropriatenessf feathercoatmorphogenesimethodologypresentedn Chap-
ters5—8. It discussedh detailthecontributions,capabilities, e xibilities andconstraint®f eachof thethree
componentsfeatherstructure featherarrangemenandfeatheralterationaswell asthe methodologyasa
whole. Theresultsof eachcomponentveredetailedandcomparedvith realfeathersandfeathercoatsand
othercurrentwork. Any scopeandrestrictionsof themethodologywereclearlyoutlined. Themethodology

wasvalidatedin termsof thethesisstatemenandthe contrikutionsof this researchwvereclearly outlined.
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Conclusionsand Futur e Work

Modelling of feathersand feathercoatswas until very recentlya largely unexplored topic in computer
graphics. With this thesisnot only hasa strongjusti cation for exploring the intricaciesof modelling
feathersand feathercoatsbeenprovided, as also shavn by otherrecentresearchput that a basisfor a
solutionto this problemhasbeenprovided. Modelling feathersfeathercoatsandmostimportantlyfeather
coatmorphogenesiss asdemonstratedh this thesis,a very involvedproblem.

Thisthesispresente@ methodologyfor modellingfeathercoatmorphogenesisn particularfor cre-
ating “realistic-looking” feathercoatsfor the purposesf animatingthe skin. The methodologyproposed
andpresentedvasa multi-resolutionparameterizatiorgpeci c to feathersandfeathercoats.This method-
ology wasthenvalidatedto both handleanimationof the skin andchangesn the feathercoatto produce
resultscomparabldo realfeathersandfeathercoats.This thesisde ned a particularmethodologyin terms
of asetof proceduresisedio modelfeathercoatmorphogenesisT hefocusof thisthesisis themethodology
or procesgor modellingthe feathercoatandits morphogenesigatherthanthe systemimplementatiorof
the methodology Validatingthe methodologyincludesevaluatingthe capabilities scopeandresultsof the
methodologyratherthanthe usability of a particularimplementatiorof the methodology Therefore the
main contritution of this thesisis the methodologyandthe validation of the methodologyfor feathercoat
morphogenesis.

To evaluatethe methodologyin the context of modellingnaturalphenomenafour basicprinciples
(seeChapterl) wereidenti ed: tailorability, level of detail, stochasticelementsand dynamics. As the

intentwasto modela vastly compl&, non-repetitve, changingsurface,a balancebetweerautomatiorand
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controlwas needed.With too muchcontrol, a large setof parameterdecomeoverwhelmingcausingthe
designof everyfeatherdetailto befartootedious.With too muchautomationthedesiredesultmaybecome
unattainabler unpredictablgiventheinputparametersSecondlyincorporatindevel-of-detailaspectinto
the model, offereda naturalway of reducingcompleity whenunneededn orderto improve performance
of theresults. Thirdly, usingstochastieelementsallowed for the simulationof outsidein uences, suchas
splitsin thefeathervaneandplumulaceous$eatherbarbs.However, carewastakennotto overusestochastic
behaiour, especiallywherepredictableresultswereexpected.Finally, designingthe modelto incorporate
developmentof thefeathersallowedfor naturalmodellingof the structuraldevelopmentof the feathercoat

known asmorph@enesis

In modellingarealisticfeathercoat,decisionsveremadeaboutwhataspect®f the highly comple
real feathercoathadthe largestimpact on the resultingappearance.The decisionto modelfeathercoat
morphogenesisteadof static feathercoatswas basedon the hypothesisthat structuralchangesof the
feathercoathave a signi cant affect onthe appearancef thefeathercoat. In this thesis threemoreaspects
thatwerehypothesizedo have a signi cant affect onthe appearancefeatherstructurefollicle distribution
andfeatherorientation.Eachaspectvasshovn notonly to createresultscomparablevith realfeathercoats,

but alsoto have a signi cant impactonthe nal appearancef thefeathercoatandfeathercoatpattern.

First,aparameterizatiofor individualfeathergseeChapters), basednthebiologicalsubstructures
of realfeathersvaspresentedAs aresult,this parameterizationontainedparameterspeci ¢ to modelling
feathersandfeathercoats. The parameterizatiowonsistecbf a small manageabl@umberof parameters,
thatallowedfor the creationof a wide-variety of featherstructuretypeswith smoothinterpolationbetween
thedifferenttypes.It alsoaccommodatethodellingfeathersat variousstageof developmentandsmoothly
interpolatingbetweerthe differentages. The resultingfeatherstructuresverecomparedvith structureof
real feathersandthe interpolationbetweerthe structuresvere shavn to be consistentith the continuum
of feathertypesfoundin realbirds. As well, the sequencingf the parametersisedto simulategronth also

producedesultscomparablevith realfeathergrowth.

Secondaprocesdor distributingfollicles andautomaticallycomputingthe nal arrangemenf the
featherswasalsopresentedseeChapter6). Userde ned follicle density surfacedirectionvectorsanda
parameterizedolygonalmeshsubdvidedinto featheitracts wereusedo controlthethedensitydistribution
of thefollicles on the surface. The mesh-basedlgorithmautomaticallymaintainedhe pseudo-heagonal

distribution of follicles foundin realfeathercoats. Theresultingfollicle distributionswerecomparedwvith
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realfollicle distributionsandshawn to producesimilar results.Theimpactof thefollicle distribution onthe
patternof the resultingfeathercoatwasanalyzedandshowvn to be a signi cant aspecibf the feathercoat

appearance.

Third, a methodfor automaticallycomputingthe resultingfeathercoatarrangemenivaspresented.
Using the surfaceparameterizatiorthe userde ned surfacevectorsandthe normalto the surfaceat each
follicle a coordinateframe was de ned and usedto pad the feathersin a layeredfashion. The feathers
were padked using a subsetof the control verticesof previously pacled feathers. Using this subsetof
pointsas a height eld an initial position of the featherwas determined. From this initial positionthe
barbsof the nenly pacled featherwere adjustedto prevent interpenetrations.By restrictingpackingor
featheranglesand modifying surface direction vectorsthe userwas able to style the feathercoat. The
resultingfeatherarrangementwerecomparedvith real featherarrangementandwereshavn to produce
plausiblerealisticfeathercoatresults.Again, it wasshavn how changesn thefeatherarrangementotonly
changedheoverallfeathempattern put changedoththeareacoveredandthesilhouetteshapeof thefeather

arrangement.

Finally, in additionto shaving thatthe proposednethodologywascapableof modellingthesethree
attributes, it wasalsoimportantto shav it could both producechangesn the feathercoatover time, and
respondappropriatelyto changesn theskin surface.Usingthe parameterizatioto specifyvariousstage of
featherdevelopmentanda userde ned moultingsequencethe developmentandreplacemenof thefeather
coatwassimulated. The moulting resultswere shavn not only to be similar to realfeathercoats,but also
to have alarge impacton the resultingappearancef the feathercoat. Being ableto animatethe resulting
modelis oftendesirableén computemgraphics.Thus,shaving thatthe methodologyrespondsppropriately
underskeletalanimationvalidateshe methodologys e xibility andapplicability Using skeletalmovement
andthecorrespondingkin movementt wasshowvn thatboththefollicle densityrespondedppropriatelyto
stretchingandcompressiomf the skin, andthatthe associatefeathersnoved plausiblyover eachother A
basicmodelfor renderingthe feathersandfeathercoatwasalsoprovided. This modelusedananisotropic
re ection model, alphablendingand multi-texturing to both simulatethe presencef barlulesandincor
porateacquiredandsimulatedfeathertextures. The renderingmethodalsoaddeddetail to lower geometric

levels of featherepresentations.
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10.1 Main Contrib ution

The computergraphicsproblemaddresseth this thesisis a methodologyfor de ning andmanaging(i.e.
creationsgditingandcontrol) of anintricate,geometricallycomple, diverse changingsurfacein the con-
text of feathercoatmodelling. The solution presentedvas a featherparametespeci ¢, multi-resolution
feathercoatmorphogenesimethodologyfor creating“realistic looking” feathercoatsfor the purposesf
animatingthefollicle surfaceor “skin”.

As mentionedpreviously, the main contrikution of this work is the methodologyfor feathercoat
morphogenesisWhile no other suchmethodologiesexist and only a very recentfew for non-changing
feathercoatsthesigni cant aspect®f this entirelynovel methodologyare rst thefeathemparameterization
including its incorporationof growth and secondthe packingalgorithm. Incorporatinggrowth into the
parameterizatiomf the feathersand ensuringa smoothinterpolationbetweentypesand agesof feathers
mademodellingthe restof the feathercoatandits morphogenesisimpler Secondlythe parameterization
for the feathersprovided animplicit boundingvolumethatwasusedto reducethe compleity of collision
detectionandcollision resolution(packing)of the feathercoatin anef cient mannemovel to the graphics
community

The particularimplementationof the methodologyboth allowed for testingand validation of the
methodology and producedresultsfor visual comparisorwith real feathersand feathercoats,but itself
washot partof the thesiscontrikution. In orderfor this methodologyto be usedasatool for the public to
createfeathercoatsandfeathercoatmorphogenesigroperimplementatiorof the methodologywould be
required. This would include studyinghow peopleusewhich parameterandin what combinationghey
may wantto changethemto createvariousresults.While designinga parameterizatioandsetof controls
is neverindependenof their use this thesisshavedthatthebiological-basegarameterizatiois capableof
creatingawide rangeof feathersaandfeathercoatdesignsandthereforeshouldnotbealimiting factorin the

developmenif animplementatiorfor this purpose.

10.2 FutureWork

While it wasshawn thatfeatherstructurefollicle distribution, featherorientationandfeathercoatmorpho-
genesiall have asigni cantimpactontheresultingappearancef thefeathercoat thereareotheraspect®f

thefeathercoatthatalsoaffect its appearanceThe mostsigni cant of theseis therenderingof thefeathers
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andtheincorporationof variousopticaleffects. This is oneareafor futurework. Not only would building a
re ectancemodelbasedn feathersubsurécepropertiee useful,but alsoincorporatingfeatherto-feather
andfeatherto-surfaceshadaving aswell assubtletiessuchasshaftshadaving onthe barbscouldalsoaffect

theappearancef theresultingcoat. Otherareasof futurework mayinclude:

2 usinganautomatigparameterizatiomethodfor parameterizinghe model's surface

2 investigating anddevelopinga patternsynthesisalgorithmbasedon the substructuresf the feather
modelandthetransporiandconcentrationsf pigmentsde ned by ornithologists.

2 designinga setof interactve toolsfor styling thefeathercoat

2 incorporatingpost-desigrediting detailssuchasmovementof follicles

2 incorporatingpackingof down/plumulaceou$eathersor useof adown layer

2 useof non-linearinterpolationfor featherinterpolationandgeneration

2 allowing feathertwist or follicle rotation and enhancedhysical simulation(i.e. friction between
feathers,attening of feathersunderweightor computedorce).

2 collision detectiorwith otherbody partparts,objectsandskin folds

2 incorporatingareducedyeometriaepresentatiofor plumulaceouseathersatverylow levelsof detail

2 moreautomaticnodellingfrom images

10.3 Conclusions

This particularmethodologywasdesignedo createrealistic-lookingfeathersandfeathercoats,including

the changeghatafeathercoatundegoesdueto moulting. It is hopedthatthis methodologymay be useful

to animatorsandcharactedesignersor Im productionteachersndinstructorsof ornithologyandpaleon-
tology, with advancesn graphicshardware- gamedevelopersandwith precisedataandinclusionof pattern
synthesigossiblyornithologicalresearcherdt' s alsohopefulthatthe graphicscommunitycanuseaspects
of this methodologyasa basisfor the designof othersubject-speci cmethodologiesvith similar aspects
suchascomplex scenesandlarge amountof changing,geometricdetail. Finally, asthe rst methodology

for feathercoatmorphogenesighis researclprovidesa basisfor othermethodologiedn thisarea.

10.3.1 SupplementalMaterial

Note: Pleaseseehttp://www.cs.ubc.caf streit/Thesis.htmior supplementainaterial.
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afterfeather

anterior
apteria

attenuate

barbicels

blastema

BRDF

BTF

caudal
cephalad
distal

dorsal
epithelial
feather coat

feather sheath

Glossary

Thefeathetlik e structurethatbranchegrom the superiorumbilicus. Oftenresembles,
but is smallerthanthe mainfeather althoughin somecasest is nearlythe samesize.
Also calledhypopennaehyporachisaftershatft.

Situatedor locatednearthefront. Onananimalrelatingto or situatedhearthehead.
A featherlessegion or aregion devoid of ary contourfeathers Seealsopterylae.

Describingshapenheretheobjectis morenarrav thanlongandonly tapergo oneend
(distally).

The structuresthat branchoutwardly from the barkules. Thesestructuresare typi-
cally only presenbn largercontouror ight feathers.Also calledhooks hookletsor
hamuli.

A smallmassof living substanceapableof growth.

BidirectionalRe ection Distribution Function.Usedto describegheresultingillumina-
tion atasurfacelocationgiventheincomingandoutgoinglight andviewing directions.

Bidirectional Texture Function. Usedto increasaenderingperformanceandresults-
assuminga limited setof light andviewing directions.

seeposterior.

seeanterior.

Directionaway from the midline of the body or body segment.

Locatedon the uppersurface.On ananimalrelatingto or situatednearthe back.

An animalcellulartissuecoveringthe externalandinternalsurfacesof the body
Thecollectionof featherson abird's bodyata particulartime.

The outermostlayer of the featherduring growth. A thin opaqueayerwith a blue,

grey or whitetinge.
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feather tract

frontal

hamuli
hooklets

inferior umbilicus

keratin

lanceolate

medial

midline

monopodial

morphogenesis

morphology
moult

NPR

obovate
ovate

pennaceous

peripheral

pitch

Seepterylae.

The planewhich dividesthe body thatis perpendiculato the trans\erseandsaggital
planes.

Seebarbicels.
Seebarbicels.

Openingin the calamughroughwhich blood supplyentersthe featherduringgrowth.

A brous proteinthatis foundin the outerregion of skin andin feathershair, nails,
hoovesetc. It is resistanto bacterialdecayandevenoncegrowth is complete.

Describingshapewnherethe objectis morenarrav thanlong andtapperdo bothends.

Describinga comparatre relationshipof locationswithin the frontal planethat are
closerto themidline.

A line orientedalongthe main axis of the body suchthat a saggitalplaneplacedon
thisline would divide the bodyinto two equalbi-lateralhalves.

Having or involving the formationof off-shootsfrom a mainaxis.

The evolutionarydevelopmentof the form of an organism. The developmentof form
in anorganismduringgrowth. Seealsomorphology.

A branchof biology concernedvith form andstructureof organisms.
Thecyclical or periodiclossandreplacemenof the plumage.

Non-photorealisticendering. Renderingin a style that producesnon-photorealistic
looking images. This style is often usedto corvey an artist-like or impressionistic
effect.

Describingshape upside-davn egg-shaped.
Describingshape egg-shaped.

Stiff, at portionof featheror barh Barbicelsarepresentausinghebarbsor barlules
to interlock.

Describinga comparatie relationshipof locationsoutsidethe frontal planethat are
furtherfrom themidline.

Directionalchangeor rotationalongan axis (within the trans\erseplane)connecting
thewing tips whenthe bird or aircraftis in ight position.
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pith

plumage

plumulaceous

posterior

proximal
pterlography

pterylae

pterylosis

Spongytissue(air- lled cells) formedfrom the keratinizationof long epithelialcells.

Thesetof feathersacquiredaftera particularmoult. Seealsofeather coat

Loose,“fuzzy” portion of thefeatheror barb Barbsor barlulesarenon-interlocking.
Usuallyno barbicelsarepresent.

Situatedbehindor neartherear Onananimalrelatingto or situatednearthe buttocks.

Directiontowardthe midline of thebodyor body segment.
Thestudyof Pterylosis.Also namedpterylograply, pterlology ptilology.

Regionsof contourfeathersusually having a well-de ned ordering. The eight main
pterylaeregions are capital, spinal or dorsal,humeral,ventral, caudal,alar, femoral
andcrural. Seealsoapteria, pterylosis.

Thearrangementf contourfeathersn orderlygroupingsof feather tract or pterylae.
Also calledptilosis.

rectrices(sing. rectrix) Large ight featherdoundonthetails of birds.

remiges(sing. remex) Large ight featherdoundonthewingsof birds.

roll

feather rudiment

saggital

spatulate

superior umbilicus

transverse

tropism

ventral

yaw

Directionalchangeor rotationalonganaxis (within the saggitalplane)connectinghe
headandtail whenthebird is ight position.

Thestartof featherdevelopment.

A planeorientedalongthe main axis of the body dividing it bi-laterallyinto right and
left parts.

Describingshape shortbroadtip.

Openingwherethe rachisan calamusmeeton the shaft,from which the afterfeather
grows.

A planeorientedperpendiculato the main axis of the body dividing it into posterior
or anteriorparts.

Theinvoluntaryresponsef anorganismeithertowardor avay from externalstimulus.

Locatedon thelower surface.On ananimal- oppositethe back.

Directional changeor rotation along an axis perpendiculatto both the saggitaland
trans\erseplaneor pitch androll axes.
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