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Abstract

Wepresentechniquesor realisticmodelingandrenderingf feath-
ersandbirds. Our approachis motivatedby the obsenation that
a featheris a branchingstructurethat can be describedby an L-

system. The parametricL-systemwe derived allows the userto
easily createfeathersof differenttypesandshapedy changinga
few parameters.The randomnessn feathergeometryis alsoin-

corporatednto this L-system.To rendera featherrealistically we
have derved an efficient form of the bidirectionaltexture function
(BTF), which describeghe small but visible geometrydetailson
the featherblade. A renderingalgorithmcombiningthe L-system
andthe BTF displaysfeathersphotorealisticallywhile capitalizing
on graphicshardware for efficiengy. Basedon this framework of

feathermodelingand rendering,we developeda systemthat can
automaticallygenerateappropriatdeathergo cover differentparts
of abird’s bodyfrom afew “key feathers"suppliedby theuser and
producerealisticrenderingof the bird.

CR Categories. 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism;F.4.2[Mathematicalogic andFormalLan-
guages]GrammarandOtherRewriting Systems|.3.3[Computer
Graphics]: Picture/lmageGeneration.J.3 [Life and Medical Sci-
ences]:Biology;

Keywords: L-system,bidirectionaltexture function, naturalphe-
nomenarenderingfeather bird

1 Introduction

Sincetheearliestimes,thenaturalbeautyof featherdasfascinated
humans- from Hawaiian chiefsadornedn brightly coloredrobes
of featherso Native Americanswearingexquisitely craftedhead-
dressesFeathersareeverydaywearfor birds, who usefeatherso
fly, to keepwarm,andto attractmates.Despitetheir ubiquitousna-
ture,we do not have a systematiavay to modelandrenderfeathers
in computergraphics.Thiswork is anattemptto fill thatgap.
Thereare two main tasksin feathermodeling and rendering.
Thefirst is the modelingandrenderingof individual feathers. At
the macroscopidevel, featherscomein differenttypesandshapes:
bristles, contourfeathers,down, flight feathers,semiplumesand
filoplumes[11]. At the microscopiclevel, feathershave a special
appearancevhich is attributableto their barbsand barkhules[11]
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Figurel: An eaglemodeledandrenderedisingour system.

shawn in Fig. 3. Thesefine-level visible geometrydetailsconsti-
tute the mesostructuref the featherblade[6, 3]. The main chal-
lengesin modelingandrenderingfeathersareto allow the userto
easilygeneratenary featherof differentshapesndto capturethe
specialappearancef feathers.

The secondtask is growing featherson birds. Looking at a
bird you can seethat varioustypesof feathersare arrangedover
the bird’s body in an extremely orderedfashion. Feathersoverlap
eachother usually covering mostof a bird’s skin andthuscreat-
ing a streamlinedshapethatis perfectfor flight. Achieving this
featherarrangemenrtty manuallyplacingthousandsf feathersonto
abird’s bodyis clearlyvery tediousandtime-consuming.

In this paper we presentwo techniquespnefor eachtaskde-
scribedabore. For modeling and renderingof individual feath-
ers, our techniqueusesa bidirectionaltexture function (BTF) [3]
controlledby a parametrid_-system[14]. Consistenwith feather
anatomy[18], this L-systemallows the userto generatdeathersof
differentshapedy adjustinga few parametersAnotherimportant
featureof our L-systemis thatit simulateshe randomgapsin the
vanesof featherswhich areimportantfor visualrealism.

Thespeciafeatherappearancarisesdrom bothspatially-\ariant
surfacereflectanceand local surface height variationsdue to the
barb-barhle mesostructureThe mesostructurefor example,cre-
atesfine-scaleshadavs, occlusionsandspecularitieghatareinte-
gral partsof the featherappearancés, 3]. To capturethis level of
compleity, we developeda featherrenderingalgorithm basedon
the L-systemanda realisticBTF [3] that modelsthe barb-barhle
mesostructurandthe directionalradiancedistribution at eachsur
facepoint. This BTF is pre-computedso that graphicshardware
canbeusedto renderfeathersefficiently.

Our techniquefor feathergrowing allows the userto provide a
3D model of a bird and a numberof “key feathers”at different
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Figure2: Theuserinterfaceof our feathermodelingsystem.The sketchon theleft illustratesthe rachiscurve, theleft andright barbcurves,
andtheleft andright outline curves. The usercaninteractiely changehesecurvesto controlthe overall shapeof thefeather Window (1) is
for controllingthe rachiscurve, window (2) for theleft andright barbcurves,andwindow (4) for theleft andright outline curves. Window

(3) is ausersuppliedtexture.

locationson the model. The feathergrowing algorithmthenauto-
matically generatesll featherson the model,guidedby the shape
and orientationhints from the user The feathergrowing process
includescreatinga featherfor the currentlocationbasedon nearby
“key feathers"andplacingall feathersocreatedn anorderlyfash-
ion. The main challengein growing feathersis determiningthe
orientationof featherssuchthatneighboringfeathersdo notinter-
penetrateWe addresshis problemwith arecursve collision detec-
tion technique.

Fig. 1 providesan exampleof bird renderinggeneratedy our
system Applicationsof realisticfeathemodelingandrenderingn-
cludedisplayof birdsandfeatherobjects(Native Americanshead-
dressesfeatherornamentsetc.) in motion picturesandgamesgs-
peciallythoseincluding birds or featherobjectsasmain characters
or objectsof importance.Realisticrenderingof birds andfeather
objectsarealsodesirabldor web-base@ducatior(e.g.,virtual bird
walk) or productdisplay

The restof the paperis organizedasfollows. In Section2, we
review somerelatedwork. Section3 discusseshe modelingand
renderingof individual feathers Sectiond4 describe®ur systenfor
placingfeatheronabird’'sbody In sections, we shav examplesof
feathemodelingandrendering We concludewith somediscussion
aboutfuturework in Section6.

2 Related Work

A numberof researcherbave mentionedfeathersin their papers.
Dai et al. developeda methodfor synthesizingfeathertextures
of a specialclassof feathersj.e., Galliformesfeatherq1]. Using
chaoticstructuresthey modeledthe "eye-like spot” and’ri ver-like
strip” for feathersn the Galliformesfamily. They alsocraftedan
ad-hocbranchingstructureto model featherskeleton. Schramm
et al. appliedsubsuréce modelingtechniqueto the study of the
surfacereflectanceropertieof aniridescenhummingbirdfeather
[19]. FrancoandWalter presentech parametricnodelfor feather
modelingbasednBeziercurves[4]. Two niceexamplesareshavn
in [4], but no algorithmdetailsaregiven.

L-systemshave beenusedby Prusinkievicz etal. extensvely to
capturethe naturalbeautyof plants[13, 14, 15]. A plantis mod-
eledasa linear or branchingstructurecomposedf repeatedinits
called modules. An L-systemrepresentshe developmentof this
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structureby productionsln the original L-system[7], themodeled
structures afinite collectionof modulesandeachmoduleis in one
of the finite numberof states. ParametricL-systemsincreasethe
expressienesf L-systemsby addinga statevectorof numerical
parameter$s, 15]. The meaningf the parameterslependon the
semanticof the moduledefinition. For example,the parameters
may describethe shapeof a plant beingmodeled. ParametricL-
systemsareimportantfor feathermodelingbecauseét allows the
userto easilycreatea large numberof feathersby varying the pa-
rameters L-systemshave alsobeenusedby ParishandMilller for
modelingurbanervironmentg10]. We arenot awareof L-systems
usedfor feathersor birds.

TheBTF wasintroducedby Danaetal. for describingeal-world
textures[3]. A 2D textureis a poordescriptionfor real-world tex-
turesbecausdat completelyignoressurface mesostructures.The
BTF, ontheotherhand,capturesurfacemesostructurevell. Sum-
mariesof recentwork on the BTF canbe foundin [2, 8, 20]. A
conceptelatedto the BTF is the polynomialtexture mapproposed
by Malzbenderet al. [9]. The polynomialtexture mapcanmodel
the appearancehangef real-world texturesdueto changeof il-
lumination,but the viewing directionmustbefixed.

3 Individual Feathers

3.1 Feather Geometry

Fig. 2 illustratesthe userinterfacefor modelingfeathergeometry
We know from Fig. 3 thatthe geometryof a featheris definedby
its rachisand the barbsdistributed along both sidesof the rachis.
In our system,the shapesf the rachisand the barbsare mainly
controlledby therachiscurner(t), left barbcurve b, (t), right barb
cune b, (t), left outline curve o;(t), andright outline curve o, (t)
asshavnin Fig. 2. With thesecurves,theuserhasfine controlover
feathergeometrywhich is necessaryor modelingvarioustypesof
feathers.For example,a flight featherhasa narrav leadingedge
thatthe wind hits first and a wider trailing edge. Flightlessbirds,
ontheotherhand,have almostsymmetricakideson corresponding
feathers. This differencein feathergeometrycan be capturedby
adjustingthe outline curveso; (t) ando, (t).

For simplicity, we assumehatthe shapeof all barbcurveson
the sameside of the rachisare identical exceptfor their lengths.
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Figure3: Feathermnatomy Therachisor shaftof theflight feather
supportghevanes(i.e., the blades)of the feather Within thevane
of the feather therearetwo lateral setsof barbs,interlockingthe
feathertogether On bothsidesof abarbaremary barhules.

Underthis assumptiorthe barb curves at the positionr(¢;) along
therachisareb;(u) andb, (v) with lengthsdeterminedy o, (¢;)
ando, (t;) respectiely.

We canregard a featheras a branchingstructurecomposedf
repeatedunits calledmodules. An L-systemrepresentshe devel-
opmentof abranchingstructureby productiong14]. A production
replacesa predecessomoduleby several successomodules. A
productioncaneitherbecontet-freeanddepend®nly onthemod-
ule replacedpr be contet-sensitie, in which casethe production
depend®nthereplacednodulesaswell asits immediateneighbor
modules.We usecontext-free productionof theform

id : pred : cond — succ

whereid is theproductionlabel,wherea®red, cond, andsucc are
thepredecessopcondition,andsuccessorespectiely. Theproduc-
tion is carriedoutonly if the conditionis met.
Giventherachis,barb,andoutline curves,we canmodelfeather
geometryusinga parametrid_-system[14, 13] asfollows:

w : R(0)
P R) i <N = [BulOBaGORGHD o
p2: Br(i,j):j < Mr — Br(i,j+1)

p3: Br(4,j) : j < Mr — Bgr(i,j + 1)

where N definesthe length of the featheraswell asthe density
of the barbsat eachside of the rachiswhile M and Mz define
the lengthsof the left andright barbsrespectiely. We follow the
notationof [14, 13]. Theaxiom R(0) generates featherbasedon
therachisandbarbcurves.Productiorp; producesasmallsggment
of the rachisaccordingto the rachiscurve r(¢) andgrows a barb
on eachside of the rachisusing recursion. Productionp, creates
a small segmentof the left barb accordingto the left barb curve
b; (w) while productionps proceedsimilarly ontherightbarb The
leftmostimagein Fig. 4 shavs afeathercreatedusingequation(1).
A problemwith equation(1) is thatit ignoresthe interactionbe-
tweenneighboringbarbs. A feathergeometrygeneratedy equa-
tion (1) looks plausiblebut too regular For a realfeather the two
lateral setsof barbswithin the vane of the featherinterlock the
feathertogether The interlockingis importantfor flight, keeping
theair from rushingright throughthe feather Whenthe interlock-
ing systenof afeatheris disturbed aswhenatwig brusheghrough
afeather randomgapsform betweerthe barbson the samesideof
therachis. This is a phenomenonhatwe wantto capturequalita-
tively. On the onehand,neighboringbarbscling to eachotherby
thelittle hookscalledcilium on the endsof the bartulesshawvn in
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Figure 4: The leftmostfeatheris generatedvithout randomgaps
in the featherblade. The otherfour feathersdemonstratelifferent
kinds of featherghat canbe generatedy changinga few parame-
tersin thefeathemodelingsystem.

Fig. 3[11]. Ontheotherhand,externalforcescanbreaktheinter-
locking if the total externalforce exceedsthat exertedby the little
hooks.To simulatethis effect, we introduceexternalforcesinto our
parametrid_-systemasfollows

w : R(0,0,0)

p1: R(i,FL,FR) 1< N&& Fr < Fy && Fr < Fy
S [BL G, 0)][Br(i, O)R( + 1, Fy + F., Fr + F.)

P2 R(i,FL,FR) 1< N&&Fr > Fy && Fr < Fy
00 B1 G, O)][Br (i, O)JRG + 1,0, Fr + F2)

p3 R(i,FL,FR) 1< N&& Fr < Fy && Fr > Fy
- [BL(7’7 0)][ORBR(%0)]R(’L + 1aFL + FE,O)

P4 R(i,FL,FR) i< N&&Fr, > Fy && Fr > Fy
— [0 BL(i,0)][Or Br(i, 0)|R(i + 1,0,0)

ps: Br(i,j) :j < Mp — Br(i,j +1)

pe : Br(i,j) : j < Mr — Br(i,j +1)

whereF, andFr arethetotal externalforceson theleft andright
barbsrespectiely. O, andOr aredirectionalrotationsof the left
and right barbsin responsdo F;, and Fr. The productionsp,
throughp4 basicallysaythatfor eachstepwe move alongtherachis
curve, weincrementF, and Fr by arandomexternalforce Fe. If
atsomepoint F;, (Fr) exceedgheforce Fy exertedby thecilium,
the left (right) barbis rotatedby a randomangleé in a direction
determinedy Fi. (Fr). Therotationof abarbB is assumedo be
within thetangenplanedefinedby thetangentectorsof therachis
andbarb B atthe pointwheretherachisandbarb B intersect.The
randomrotationangleis computedasf = Arg(s), wherer(s) is
the k-th randomnumbergeneratedavith therandomseeds and\ is
auserdefinedconstant After therotation, F;, (Fr) startsto accu-
mulateagainfrom zero. The randomseedof eachfeatheris saved
sothatits shaperemainsthe sameevery time it is rendered Fig. 4
containsa numberof featherscreatedwith randomgapsbetween
thebarbs.Fig. 4 alsoexhibits featherof differenttypesandshapes
by changingparametersf the L-system.

3.2 Feather Appearance

We usea BTF to capturethe mesostructur@andthe directionalra-
diancedistribution at eachpoint on the feathersurface. A BTF is
a6D functionT (z,y, 0y, v, 01, ¢1), where(8,, ¢, ) is theviewing
directionv and (6;, ¢;) is thelighting directionl at surfacepoint
(z,y) [3]. To calculatethe BTF, we built ageometrymodelfor the
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Figure5: Samplingthe BTF on the barb-barliles mesostructure.

Thesamplingis donealongthe horizontalline highlightedin red.

barbsandbarhulesasshavn in Fig. 5 andrenderthis structurefor
all viewing andlighting settings. Sincethe renderingis doneoff-
line, we canafford complicatedgeometryand sophisticatedight-
ing models.Thegeometryshavn in Fig. 5 is built accordingto the
anatomyof the barb-barhle structure.This modelis opaquewith
bothdiffuseandspeculareflections.

As Fig. 5 indicateswe only samplethe BTF alongthe z-axisto
obtaina5D BTF

Tbb($79v7¢v,91;¢l) = T(Cﬂ,yo,ev,(bvﬁz,d)z)

for someconstanty,. As we shall see,this 5D BTF T3, sufiices
for renderingthe actual6D BTF of afeatherbecausef the spatial

arrangemenbf barbsandbarhules. We renderthe mesostructure

of barbsandbarhulessuchthatfine-scaleshadavs, occlusionsand
specularitiesare well-capturedn Ty,. Therenderingis doneoff-
line by aray-tracer

The abore modelof feathermesostructuréasa numberof ad-
vantagesFirst, the off-line BTF calculationsallow usto capturea
very complicatedmesostructureand directionalradiancedistribu-
tion at eachsurfacepoint. Secondthe BTF canmodeladditional
effectssuchasoil-film interferenceandiridescencewhich is im-
portantfor aclassof familiar birdssuchashummingbirdsandducks
[19]. Finally, we caneasilysupportlevel-of-detailrenderingwith a
BTF. In close-upviews, a BTF shavs the mesostructureasFig. 7
demonstratesAs theviewing distantincreasesywe canmipmapthe
BTF, which eventuallybecomes BRDF atadistance.

3.3 Feather Rendering

Whenrenderinga feather we call our parametrid_-systemto gen-
eratethe featherat run-time. The storagerequirements modest
for eachfeatherbecaus®nly its L-systemparameterandtheran-
dom seedsare stored;detailssuchas barb curves (polylines) and
the randomgapson the vane (the featherblade). As illustratedin
Fig. 3, afeatheris composef a seriesof barbsonbothsideof the
rachisandeachbarbhasits barhiles. We usethe pre-computedD
BTF Ty, to efficiently draw thebarb-barhle mesostructurandthus
achieve realisticrenderingfor a wide rangeof viewing distances.
Fig. 6 illustratestherenderingof afeather ThefeatherL-system
describesa barb B by a polyline Lg with vertices{xq, ..., X, }.
Whenwe rendera barb, we wantto renderthe barb B aswell as
thebarhulesattachedo B. For thisreasonwe build aquadrilateral
strip alongthe polyline Lg asshowvn in Fig. 6. The local light-
ing direction1(x;) andviewing directionv(x;) are calculatedat
every vertex x; of Lg usingthelocal coordinateframeat x;. On
eachshortedge E acrossthe barb polyline Lg, a 1D texture is
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Figure6: Featherendering.Eachbarbcurwe is dravn asa quadri-
lateralstrip usingthe pre-computed&dD BTF.

Figure 7: Left: A featherrenderedwithout the BTF. Right: A
featherrenderedwith the BTF.

createdby looking up color valuesfrom T, usingthe directions
v(x;) andl(x;). Thuswe obtain(n + 1) 1D texturesof resolu-
tion n, wheren, is the spatialresolutionof the BTF Ty,. These
texturesare combinedwith the RGBA texture of the feather(see
window (3) of Fig. 2) to renderthe barb B by multi-texturing and
alpha-blendingusing graphicshardware. Fig. 7 comparedeather
renderingwith andwithoutthe BTF.

Fig. 8 illustratesdifferenteffects that can be achieved with the
BTF. Whensamplingthe BTF with aray tracer we canadjustpa-
rametersothatthe BTF givesa “hard” or “soft” appearanceo the
feather Fig. 8 (¢) and(d) demonstrat®cclusionsandspecularities
causedy barbmesostructure.

4 Feathering a Bird

4.1 Wings and Tail

We first constructfeatherson the wings and the tail using skele-
tons. The featherson a wing include the primaries,secondaries,
humerals, primary coverts, and secondarycoverts (thesefeathers



Figure8: (a) A featherwith a“hard” appearancgb) A feathemwith
a“soft” appearance(c) Local occlusionon the featherblade. (d)
Local specularitie®nthefeatherblade.

arerootedon the scapulaulna/radiusmetacarpusindphalanxre-
spectvely) [18]. As shavn in Fig. 9, we usea polyline consisting
of four line segmentsto representhe wing skeleton. Similarly a
quadrilaterais usedasthe skeletonfor the tail. Generallyspeak-
ing, abird hasabout9 to 11 primaries6 to 24 secondariegand8 to
24 tail featherd11, 18]. In our systemthe userspecifieghe num-
bersof feathersof eachtype andedits8 key featherson the wing
and4 key feathersonthetail. The systemgeneratestherfeathers
by interpolation.Fig. 9 illustratesthe feathemplacemenbn awing.

4.2 Contour Feathers

Contour feathersare the feathersthat cover the body of a bird.

Given a polygonalmodeldescribinga bird’s body (without feath-
ers),we wantto placefeathersof differentsizesandshape®nthe
model. The hugenumberof featherson a bird makesit impossible
to manuallyplaceandedit individual feathers.In our systemwe

let the userspecifya numberof key feathersandtheir growing di-

rections;the systemautomaticallygenerates full coverageof the
bird basednthekey feathersThisfull coverages createdn three
steps:

a) re-tile the polygonalmodelto generatdeathergrow-
ing positions,

b) interpolatethe key feathergrowing directionsto all
feathergrowing pointsto getaninitial growing di-
rectionateachpoint,and

c) recursvely determinghefinal feathergrowing direc-
tion at every feathergrowing point, with collisions
betweerfeathersletectedandrectified.

The outputis a featherplacemenmapindicating feathergrowing
positionsand directions. The feathershapeparametersare inter-
polatedfrom that of nearbykey feathers.Theseshapeparameters
areusedto generatea simplified geometryfor eachfeather This
simplified geometryis usedfor collision detectionin step(c).

For aninterpolatedeathertherandomgapson thefeatherblade
is generatedby giving thefeatheranenv randomseed.
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Figure9: Featheplacemenbnawing. Left: Theskeletonis dravn
in red over the geometrymodelof the wing. Theblacklinesshav
the positionand orientationof flight feathers.Middle: Rendering
of flight feathers. Right: Renderingof flight feathersalongwith
othersmallwing feathers.

Feather Growing Positions: The verticesof the given polygonal
modelusuallycannotbe useddirectly asfeathergrowing positions.
The feathersat different partsof a bird have different sizes,and
small feathersneedto grow denselyin orderto cover the bird’s
skin. In addition, featherstendto distribute evenly in a region of
constantfeatherdensity Verticesof a polygonalmodel often do
not have theseproperties.

To addresghis problem, we retile the polygonalmodel using
Turk’s algorithm [21]. This retiling createsa polygonal model
whoseverticesareevenly distributedover aregion of constantlen-
sity. Turk alsointroduceda simpletechniquefor adjustingvertex
densitybasedon curvature. We adaptthis techniqueto controlling
vertex densitybasedn thesizesof featherswhich areinterpolated
from that of the key feathersusingGaussiamadialbasisfunctions,
whereradiusis definedasdistanceover the mesh,ascomputedus-
ing Dijkstra’s shortespathalgorithm. Theuserhascontroloverthe
spatialextentandweightof eachbasisfunction. This interpolation
schemes similar to that usedby Praunet al. for creatingvector
fieldson apolygonalsurface[12].

After retiling, the verticesof the nev polygonalmodelarethe
feathergrowing positions.

Feather Growing Directions: Fromthe growing directionsof key
featherswe calculateinitial growing directionsat all verticesus-
ing Gaussiamadialbasisfunctionsasdescribedefore. Theinitial
growing directionstendto causeinter-penetrationof feathersbe-
causethesedirectionsarederived without ary consideratiorto the
shapeof the feathers.To determinethe final growing directions,
we needto perform collision detectionon the feathersbasedon
their simplified geometryandto adjustthe feathergrowing direc-
tionsaccordingly Becausef the large numberof feathersandthe
complex shapeof a bird’s body a collision detectionbetweenev-
ery pair of feathersis likely to be very expensve. To addresghis
problemwe adopttwo strateies. First, we grow feathersn anor-
derly fashionaccordingto the initial growing directions. Second,
we only considetocal collisionsbhetweemeighboringieatherse-
causecollisionsrarelyhapperbetweerfeatherdar avay from each
other(two feathersareneighboringfeathersf their groving posi-
tionsareconnectedy anedge).Weimplementhesewo strategjies
usingarecursve collision detectionalgorithm.

As Fig. 10 illustrates,we first classifythe verticesaroundeach
vertex v into two groupsaccordingto the initial growing direc-
tion o, atv. Thefirst groupconsistsof vertices{v' | v < v},
wherev’ < v means(v' — v) - o, > 0. The secondgroupis



Figure10: Recursie collision for eliminatingthe inter-penetration
of neighboringfeathers.

{v' | v > v}, with v/ > v meaning(v’ — v) -0, < 0. Af-
tertheverticesaroundevery vertex areso classified we invoke the
following recursve collision detectionalgorithmat every vertex.

FindGravingDirection{)

If thegrowing directionatv hasalreadybeenfound
return;

For each vertex v/ < v
FindGravingDirectiong’);

While featherg) collideswith feather¢’) for somev’ < v

adjustthegrowing directionatv;

For each vertex v’ > v

FindGravingDirectiong');

Herefeather¢) andfeatherg’) arethefeathersatverticesv andv’
respectrely.

To seehow this algorithm works, considera vertex v on the
retiled model with initial growing direction o, asis shavn in
Fig 10. Theverticesaroundv areverticesv, throughvs. Among
these,vi < vandvs < v, whereasvg > v, vy > v, vy > Vv
andvs = v. Thealgorithmwill first determinethe final growing
directionsatv; andv, by recursion Basednthefinal growing di-
rectionsatv; andvs aswell astheshape®f feathersatv, v1, and
va, we candetectthe collision betweenthesefeathersand adjust
thefeathergrowing directionat v by rotatingit towardthe surface
normalat v. We rotatein smallincrements stoppingas soonas
no morecollisionsaredetectedThegrowing directionat v is nov
consideredinal and we can processvy, vs, v4, andvs through
recursions. For fast collision detection,a simplified geometryis
usedfor eachfeather Fig. 11 shavs theresultsof thefinal growing
directions.

635

Figurell: Theeffectof recursve collisiondetection.Top: Feathers
renderedaccordingto theinitial growing directions.We seemary
inter-penetratingdeathers.Marny feathersalsogrow into insidethe
bird’s skin (renderedasa yellow surface). Bottom: Feathergen-
deredaccordingto their final growing directions.

5 Results

We have implementedour feathermodelingandrenderingsystem
onaPCwith a864MHz Pentiumlll processqr256M RAM andan
NVIDIA GeForce3displayadaptor

Fig. 12shavstwo images.Onthetopis arealimageof afeather
while a renderingfrom a similar viewing distanceis shavn on the
bottom.Comparisorof thetwo imagesdemonstratethe similarity
of our modelingandrenderingresultto an actualfeather Notice
the mesostructureand randomgapson the featherblade arereal-
istically portrayedin the syntheticfeather Theseeffectswould be
very difficult to captureusing textured polygons. It usually takes
theuserafew minutesto modela feather

Fig.13shavsanAmericanindianHeaddressThefeathersn the
imageare modeledandrenderedusing our system. The feathers
were manuallyplacedby a graphicsartist. The white plume-like
effectis notrenderedby our systembut addedby postprocessing.

Fig. 1 shawvs an eaglemodeledandrenderedusingour system.
About 3500feathersvereplacedonthebird. It took theuserabout
30 minutesto specifythe 50 key feathers.Determiningthe feather
growing positionsandtheinitial growing directionstookafew min-
utes. The mosttime-consumingstepis the calculationof the final
growing directions which took about30 minutes.Renderingspeed
is aboutoneminuteperframe.

6 Conclusions

We have presentedechniquesor modelingandrenderingfeathers.
Our mainideais to represent featherasa branchingstructurede-
scribedby a parametrid_-system.This approactallows the userto



Figure12: Top: Photograplof arealfeather Bottom: A synthetic
feathermodeledandrenderedisingour system.

generatdeathersof differenttypesandshapesy adjustinga few
parametersTherandomnes feathergeometryis alsosimulated
in the parametric_-systemwe derived. We describeda rendering
algorithmbasedon this L-systemandan efficient form of the BTF
representinghe mesostructuref a featherblade. This algorithm
canefficiently generategphoto-realisticenderingsf feathers.We
alsodevelopeda systenthatallows the userto easilycreatealarge
numberof featheronabird’sbodyandrenderthebird realistically

It is our hopethat this work will stimulateotherresearchero
explore the beautifulworld of birds. Our work is only afirst step
towardsrealisticandefficientrenderingof feathersandbirds. Many
aspectof this topic needfurtherresearchA limitation of our cur
rentsystemis thatit doesnot supportdown featherrendering.An-
otherlimitation is that we do not handleoil-film interferenceand
iridescenceg19], which is importantfor a classof familiar birds
suchasducksandhummingbirds.We planto addresgheseissues
in thenearfuture. Anotherinterestingareaof futurework is bird an-
imation[16]. Theflocking of birdshasbeenexploredby Reynolds
[17]. More work is neededo understandhow individual birdsfly.
Finally, we are interestedin applying L-systemsto other natural
phenomena.
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