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Abstract

Wepresenttechniquesfor realisticmodelingandrenderingof feath-
ersandbirds. Our approachis motivatedby the observation that
a featheris a branchingstructurethat can be describedby an L-
system. The parametricL-systemwe derived allows the userto
easilycreatefeathersof different typesandshapesby changinga
few parameters.The randomnessin feathergeometryis also in-
corporatedinto this L-system.To rendera featherrealistically, we
have derivedanefficient form of thebidirectionaltexture function
(BTF), which describesthe small but visible geometrydetailson
the featherblade. A renderingalgorithmcombiningtheL-system
andtheBTF displaysfeathersphotorealisticallywhile capitalizing
on graphicshardware for efficiency. Basedon this framework of
feathermodelingand rendering,we developeda systemthat can
automaticallygenerateappropriatefeathersto cover differentparts
of abird’sbodyfrom afew “key feathers”suppliedby theuser, and
producerealisticrenderingsof thebird.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism;F.4.2[MathematicalLogic andFormalLan-
guages]:GrammarsandOtherRewriting Systems;I.3.3 [Computer
Graphics]: Picture/ImageGeneration.J.3 [Life andMedical Sci-
ences]:Biology;

Keywords: L-system,bidirectionaltexture function,naturalphe-
nomena,rendering,feather, bird

1 Introduction

Sincetheearliesttimes,thenaturalbeautyof feathershasfascinated
humans– from Hawaiianchiefsadornedin brightly coloredrobes
of feathersto Native Americanswearingexquisitely craftedhead-
dresses.Feathersareeverydaywearfor birds,who usefeathersto
fly, to keepwarm,andto attractmates.Despitetheirubiquitousna-
ture,wedonothaveasystematicway to modelandrenderfeathers
in computergraphics.Thiswork is anattemptto fill thatgap.

Thereare two main tasksin feathermodelingand rendering.
The first is the modelingandrenderingof individual feathers.At
themacroscopiclevel, featherscomein differenttypesandshapes:
bristles,contourfeathers,down, flight feathers,semiplumes,and
filoplumes[11]. At the microscopiclevel, feathershave a special
appearancewhich is attributableto their barbsand barbules [11]
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Figure1: An eaglemodeledandrenderedusingour system.

shown in Fig. 3. Thesefine-level visible geometrydetailsconsti-
tute the mesostructureof the featherblade[6, 3]. The main chal-
lengesin modelingandrenderingfeathersareto allow the userto
easilygeneratemany feathersof differentshapesandto capturethe
specialappearanceof feathers.

The secondtask is growing featherson birds. Looking at a
bird you can seethat varioustypesof feathersare arrangedover
thebird’s body in an extremelyorderedfashion.Feathersoverlap
eachother, usuallycovering mostof a bird’s skin andthuscreat-
ing a streamlinedshapethat is perfectfor flight. Achieving this
featherarrangementbymanuallyplacingthousandsof feathersonto
abird’s bodyis clearlyvery tediousandtime-consuming.

In this paper, we presenttwo techniques,onefor eachtaskde-
scribedabove. For modelingand renderingof individual feath-
ers,our techniqueusesa bidirectionaltexture function (BTF) [3]
controlledby a parametricL-system[14]. Consistentwith feather
anatomy[18], this L-systemallows theuserto generatefeathersof
differentshapesby adjustinga few parameters.Anotherimportant
featureof our L-systemis that it simulatestherandomgapsin the
vanesof feathers,which areimportantfor visualrealism.

Thespecialfeatherappearancearisesfrom bothspatially-variant
surfacereflectanceand local surfaceheight variationsdue to the
barb-barbule mesostructure.The mesostructure,for example,cre-
atesfine-scaleshadows, occlusions,andspecularitiesthatareinte-
gral partsof the featherappearance[6, 3]. To capturethis level of
complexity, we developeda featherrenderingalgorithmbasedon
theL-systemanda realisticBTF [3] thatmodelsthe barb-barbule
mesostructureandthedirectionalradiancedistribution 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.Thesketchon theleft illustratestherachiscurve, theleft andright barbcurves,
andtheleft andright outlinecurves.Theusercaninteractively changethesecurvesto controltheoverall shapeof thefeather. Window (1) is
for controllingtherachiscurve, window (2) for the left andright barbcurves,andwindow (4) for theleft andright outlinecurves. Window
(3) is a user-suppliedtexture.

locationson themodel. The feathergrowing algorithmthenauto-
maticallygeneratesall featherson themodel,guidedby theshape
andorientationhints from the user. The feathergrowing process
includescreatinga featherfor thecurrentlocationbasedon nearby
“key feathers”andplacingall featherssocreatedin anorderlyfash-
ion. The main challengein growing feathersis determiningthe
orientationsof featherssuchthatneighboringfeathersdonot inter-
penetrate.Weaddressthisproblemwith arecursivecollisiondetec-
tion technique.

Fig. 1 providesan exampleof bird renderinggeneratedby our
system.Applicationsof realisticfeathermodelingandrenderingin-
cludedisplayof birdsandfeatherobjects(Native Americanshead-
dresses,featherornaments,etc.) in motionpicturesandgames,es-
peciallythoseincludingbirdsor featherobjectsasmaincharacters
or objectsof importance.Realisticrenderingof birds andfeather
objectsarealsodesirablefor web-basededucation(e.g.,virtual bird
walk) or productdisplay.

The restof the paperis organizedasfollows. In Section2, we
review somerelatedwork. Section3 discussesthe modelingand
renderingof individual feathers.Section4 describesoursystemfor
placingfeathersonabird’sbody. In section5,weshow examplesof
feathermodelingandrendering.Weconcludewith somediscussion
aboutfuturework in Section6.

2 Related Work

A numberof researchershave mentionedfeathersin their papers.
Dai et al. developeda methodfor synthesizingfeathertextures
of a specialclassof feathers,i.e., Galliformesfeathers[1]. Using
chaoticstructures,they modeledthe”eye-like spot” and”ri ver-like
strip” for feathersin theGalliformesfamily. They alsocraftedan
ad-hocbranchingstructureto model featherskeleton. Schramm
et al. appliedsubsurfacemodelingtechniqueto the study of the
surfacereflectancepropertiesof aniridescenthummingbirdfeather
[19]. FrancoandWalterpresenteda parametricmodelfor feather
modelingbasedonBeziercurves[4]. Two niceexamplesareshown
in [4], but noalgorithmdetailsaregiven.

L-systemshave beenusedby Prusinkiewicz et al. extensively to
capturethe naturalbeautyof plants[13, 14, 15]. A plant is mod-
eledasa linearor branchingstructurecomposedof repeatedunits
calledmodules. An L-systemrepresentsthe developmentof this

structureby productions.In theoriginalL-system[7], themodeled
structureis afinite collectionof modulesandeachmoduleis in one
of the finite numberof states.ParametricL-systemsincreasethe
expressivenessof L-systemsby addinga statevectorof numerical
parameters[5, 15]. Themeaningsof theparametersdependon the
semanticsof the moduledefinition. For example,the parameters
may describethe shapeof a plant beingmodeled. ParametricL-
systemsare importantfor feathermodelingbecauseit allows the
userto easilycreatea largenumberof feathersby varying thepa-
rameters.L-systemshave alsobeenusedby ParishandMüller for
modelingurbanenvironments[10]. We arenotawareof L-systems
usedfor feathersor birds.

TheBTF wasintroducedby Danaetal. for describingreal-world
textures[3]. A 2D texture is a poordescriptionfor real-world tex-
turesbecauseit completelyignoressurfacemesostructures.The
BTF, on theotherhand,capturessurfacemesostructurewell. Sum-
mariesof recentwork on the BTF canbe found in [2, 8, 20]. A
conceptrelatedto theBTF is thepolynomialtexturemapproposed
by Malzbenderet al. [9]. Thepolynomialtexturemapcanmodel
theappearancechangesof real-world texturesdueto changeof il-
lumination,but theviewing directionmustbefixed.

3 Individual Feathers

3.1 Feather Geometry

Fig. 2 illustratestheuserinterfacefor modelingfeathergeometry.
We know from Fig. 3 that the geometryof a featheris definedby
its rachisandthe barbsdistributedalongboth sidesof the rachis.
In our system,the shapesof the rachisand the barbsaremainly
controlledby therachiscurve ������� , left barbcurve 	�
 ����� , right barb
curve 	�� ����� , left outlinecurve 
�
 ����� , andright outlinecurve 
�� �����
asshown in Fig. 2. With thesecurves,theuserhasfinecontrolover
feathergeometry, which is necessaryfor modelingvarioustypesof
feathers.For example,a flight featherhasa narrow leadingedge
that the wind hits first anda wider trailing edge. Flightlessbirds,
on theotherhand,havealmostsymmetricalsidesoncorresponding
feathers.This differencein feathergeometrycanbe capturedby
adjustingtheoutlinecurves 
 
 ����� and 
�� ����� .

For simplicity, we assumethat the shapesof all barbcurveson
the sameside of the rachisare identical except for their lengths.
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Figure3: Featheranatomy. Therachisor shaftof theflight feather
supportsthevanes(i.e., theblades)of thefeather. Within thevane
of the feather, thereare two lateralsetsof barbs,interlockingthe
feathertogether. Onbothsidesof a barbaremany barbules.

Underthis assumptionthe barbcurvesat the position ��������� along
the rachisare 	�
 ����� and 	�� ����� with lengthsdeterminedby 
�
 �������
and 
�� ������� respectively.

We canregarda featherasa branchingstructurecomposedof
repeatedunits calledmodules.An L-systemrepresentsthe devel-
opmentof abranchingstructureby productions[14]. A production
replacesa predecessormoduleby several successormodules. A
productioncaneitherbecontext-freeanddependsonly onthemod-
ule replaced,or becontext-sensitive, in which casetheproduction
dependsonthereplacedmodulesaswell asits immediateneighbor
modules.Weusecontext-freeproductionsof theform

��� � �"!$#%� �'&)(+*�� , - � &.&
where

���
is theproductionlabel,whereas

�/!$#0�
,
&.(1*��

, and
- � &)& are

thepredecessor, condition,andsuccessorrespectively. Theproduc-
tion is carriedoutonly if theconditionis met.

Giventherachis,barb,andoutlinecurves,we canmodelfeather
geometryusinga parametricL-system[14, 13] asfollows:

2 �43 �657��98:�43 � � � �;�=< > , ?A@CB � ��D 5E��F ?A@CG � ��D 57��F 3 � �IH J ��IKL�4@ B � ��D�M � �NM < O B , @ B � ��DPMQH J ���RS�4@ G � ��D�M � �TM < O G , @ G � ��D�MUH J �
(1)

where
>

definesthe length of the featheras well as the density
of the barbsat eachsideof the rachiswhile

O B
and

O G
define

the lengthsof the left andright barbsrespectively. We follow the
notationof [14, 13]. Theaxiom

3 �65E� generatesa featherbasedon
therachisandbarbcurves.Production

� 8
producesasmallsegment

of the rachisaccordingto the rachiscurve �V����� andgrows a barb
on eachsideof the rachisusingrecursion. Production

��K
creates

a small segmentof the left barb accordingto the left barb curve	�
 ����� while production
��R

proceedssimilarly ontheright barb. The
leftmostimagein Fig. 4 showsa feathercreatedusingequation(1).

A problemwith equation(1) is thatit ignorestheinteractionbe-
tweenneighboringbarbs. A feathergeometrygeneratedby equa-
tion (1) looksplausiblebut too regular. For a real feather, the two
lateral setsof barbswithin the vaneof the featherinterlock the
feathertogether. The interlockingis importantfor flight, keeping
theair from rushingright throughthefeather. Whentheinterlock-
ing systemof afeatheris disturbed,aswhenatwig brushesthrough
a feather, randomgapsform betweenthebarbson thesamesideof
the rachis. This is a phenomenonthatwe want to capturequalita-
tively. On the onehand,neighboringbarbscling to eachotherby
the little hookscalledcilium on theendsof thebarbulesshown in

Figure4: The leftmost featheris generatedwithout randomgaps
in the featherblade. Theotherfour feathersdemonstratedifferent
kindsof feathersthatcanbegeneratedby changinga few parame-
tersin thefeathermodelingsystem.

Fig. 3 [11]. On theotherhand,externalforcescanbreaktheinter-
locking if the total externalforceexceedsthatexertedby the little
hooks.To simulatethiseffect,weintroduceexternalforcesinto our
parametricL-systemasfollows

2 �43 �65 D 5 D 57�� 8 �73 � ��D�W B D�W G � �E�X< >
&&

W B Y W[Z
&&

W G Y W\Z, ?]@ B � ��D 5E��F ?]@ G � ��D 5E��F 3 � �IH J;D�W B H W\^1D�W G H W\^ ���KU�73 � ��D�W B D�W G � �E�X< >
&&

W B _ W[Z
&&

W G Y W\Z, ?]`CB�@CB � ��D 5E��F ?A@CG � ��D 5E��F 3 � ��H J;D 5 D�WaG H W ^ ���RC�73 � ��D�W B D�W G � �E�X< >
&&

W B Y W[Z
&&

W G _ W\Z, ?]@ B � ��D 5E��F ?]` G @ G � ��D 5E��F 3 � ��H J$DbW B H W[^TD 5E���cC�73 � ��D�W B D�W G � �E�X< >
&&

W B _ W[Z
&&

W G _ W\Z, ?]` B @ B � ��D 5E��F ?A` G @ G � ��D 5E��F 3 � ��H J$D 5 D 57���dU�7@CB � ��D�M � �TM < O B , @CB � ��D�MUH J ���eC�7@ G � ��D�M � �NM < O G , @ G � ��D�MUH J �
where

W B
and

W G
arethetotal externalforceson theleft andright

barbsrespectively.
` B

and
` G

aredirectionalrotationsof the left
and right barbsin responseto

W B
and

W G
. The productions

� 8
through

��c
basicallysaythatfor eachstepwemovealongtherachis

curve, we increment
WfB

and
WfG

by a randomexternalforce
W ^

. If
at somepoint

W B
(
W G

) exceedstheforce
W[Z

exertedby thecilium,
the left (right) barb is rotatedby a randomangle g in a direction
determinedby

W B
(
W G

). Therotationof a barb
@

is assumedto be
within thetangentplanedefinedby thetangentvectorsof therachis
andbarb

@
at thepoint wheretherachisandbarb

@
intersect.The

randomrotationangleis computedas g h i !1j � - � , where
!1j � - � is

the k -th randomnumbergeneratedwith therandomseed
-

and i is
a user-definedconstant.After therotation,

W B
(
W G

) startsto accu-
mulateagainfrom zero. Therandomseedof eachfeatheris saved
sothat its shaperemainsthesameevery time it is rendered.Fig. 4
containsa numberof featherscreatedwith randomgapsbetween
thebarbs.Fig. 4 alsoexhibits feathersof differenttypesandshapes
by changingparametersof theL-system.

3.2 Feather Appearance

We usea BTF to capturethemesostructureandthedirectionalra-
diancedistribution at eachpoint on the feathersurface. A BTF is
a6D function l ��m Don�D gNp D�q p D gT
 Dbq 
 � , where � gNp D�q p � is theviewing
direction r and � gT
 D�q 
 � is the lighting direction s at surfacepoint��m Dtn � [3]. To calculatetheBTF, we built a geometrymodelfor the

632



uNv+wyx z�{b|~}��t� �P�

� {b���t����������������
�

Figure5: Samplingthe BTF on the barb-barbules mesostructure.
Thesamplingis donealongthehorizontalline highlightedin red.

barbsandbarbulesasshown in Fig. 5 andrenderthis structurefor
all viewing andlighting settings.Sincethe renderingis doneoff-
line, we canafford complicatedgeometryandsophisticatedlight-
ing models.Thegeometryshown in Fig. 5 is built accordingto the
anatomyof thebarb-barbule structure.This modelis opaquewith
bothdiffuseandspecularreflections.

As Fig. 5 indicates,we only sampletheBTF alongthe m -axisto
obtaina 5D BTF

l���� ��m D gTp D�q p D g 
 D�q 
 � h l ��m Dtn7Z;D gTp D�q p D g 
 D�q 
 �
for someconstant

n Z
. As we shall see,this 5D BTF l���� suffices

for renderingtheactual6D BTF of a featherbecauseof thespatial
arrangementof barbsandbarbules. We renderthe mesostructure
of barbsandbarbulessuchthatfine-scaleshadows,occlusions,and
specularitiesarewell-capturedin l���� . The renderingis doneoff-
line by a ray-tracer.

Theabove modelof feathermesostructurehasa numberof ad-
vantages.First, theoff-line BTF calculationsallow usto capturea
very complicatedmesostructureanddirectionalradiancedistribu-
tion at eachsurfacepoint. Second,the BTF canmodeladditional
effectssuchasoil-film interferenceandiridescence,which is im-
portantfor aclassof familiarbirdssuchashummingbirdsandducks
[19]. Finally, we caneasilysupportlevel-of-detailrenderingwith a
BTF. In close-upviews, a BTF shows themesostructure,asFig. 7
demonstrates.As theviewing distantincreases,wecanmipmapthe
BTF, which eventuallybecomesa BRDF ata distance.

3.3 Feather Rendering

Whenrenderinga feather, we call our parametricL-systemto gen-
eratethe featherat run-time. The storagerequirementis modest
for eachfeatherbecauseonly its L-systemparametersandtheran-
dom seedsarestored;detailssuchasbarbcurves(polylines)and
the randomgapson the vane(the featherblade). As illustratedin
Fig. 3, a featheris composedof aseriesof barbsonbothsideof the
rachisandeachbarbhasits barbules.Weusethepre-computed5D
BTF l���� to efficientlydraw thebarb-barbulemesostructureandthus
achieve realisticrenderingfor a wide rangeof viewing distances.

Fig. 6 illustratestherenderingof afeather. ThefeatherL-system
describesa barb

@
by a polyline ��� with vertices �%� Z;D ������D �9�"� .

Whenwe rendera barb,we want to renderthe barb
@

aswell as
thebarbulesattachedto

@
. For this reason,webuild aquadrilateral

strip along the polyline � � as shown in Fig. 6. The local light-
ing direction s � � ��� andviewing direction r � � ��� arecalculatedat
every vertex � � of ��� usingthe local coordinateframeat � � . On
eachshort edge � acrossthe barb polyline ��� , a 1D texture is
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Figure6: Featherrendering.Eachbarbcurve is drawn asa quadri-
lateralstrip usingthepre-computed5D BTF.

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

createdby looking up color valuesfrom ³�´�´ using the directionsµ�¶ �¸·�¹ and º ¶ �¸·»¹ . Thuswe obtain ¶ * ¼ ½ ¹ 1D texturesof resolu-
tion

* ´ where
* ´ is the spatialresolutionof the BTF ³ ´�´ . These

texturesarecombinedwith the RGBA texture of the feather(see
window (3) of Fig. 2) to renderthebarb ¾ by multi-texturing and
alpha-blendingusinggraphicshardware. Fig. 7 comparesfeather
renderingwith andwithout theBTF.

Fig. 8 illustratesdifferenteffects that canbe achieved with the
BTF. WhensamplingtheBTF with a ray tracer, we canadjustpa-
rameterssothattheBTF givesa “hard” or “soft” appearanceto the
feather. Fig. 8 (c) and(d) demonstrateocclusionsandspecularities
causedby barbmesostructure.

4 Feathering a Bird

4.1 Wings and Tail

We first constructfeatherson the wings and the tail usingskele-
tons. The featherson a wing include the primaries,secondaries,
humerals,primary coverts, and secondarycoverts (thesefeathers
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Figure8: (a)A featherwith a“hard” appearance.(b) A featherwith
a “soft” appearance.(c) Local occlusionon the featherblade. (d)
Local specularitieson thefeatherblade.

arerootedon thescapula,ulna/radius,metacarpusandphalanxre-
spectively) [18]. As shown in Fig. 9, we usea polyline consisting
of four line segmentsto representthe wing skeleton. Similarly a
quadrilateralis usedasthe skeletonfor the tail. Generallyspeak-
ing, abird hasabout9 to 11primaries,6 to 24secondaries,and8 to
24 tail feathers[11, 18]. In our system,theuserspecifiesthenum-
bersof feathersof eachtype andedits8 key featherson the wing
and4 key featherson thetail. Thesystemgeneratesotherfeathers
by interpolation.Fig. 9 illustratesthefeatherplacementon a wing.

4.2 Contour Feathers

Contour feathersare the feathersthat cover the body of a bird.
Given a polygonalmodeldescribinga bird’s body (without feath-
ers),we want to placefeathersof differentsizesandshapeson the
model.Thehugenumberof featherson a bird makesit impossible
to manuallyplaceandedit individual feathers.In our system,we
let theuserspecifya numberof key feathersandtheir growing di-
rections;thesystemautomaticallygeneratesa full coverageof the
bird basedonthekey feathers.This full coverageis createdin three
steps:

a) re-tile thepolygonalmodelto generatefeathergrow-
ing positions,

b) interpolatethe key feathergrowing directionsto all
feathergrowing pointsto get an initial growing di-
rectionat eachpoint,and

c) recursively determinethefinal feathergrowing direc-
tion at every feathergrowing point, with collisions
betweenfeathersdetectedandrectified.

The output is a featherplacementmapindicatingfeathergrowing
positionsanddirections. The feathershapeparametersare inter-
polatedfrom thatof nearbykey feathers.Theseshapeparameters
areusedto generatea simplified geometryfor eachfeather. This
simplifiedgeometryis usedfor collision detectionin step(c).

For aninterpolatedfeather, therandomgapsonthefeatherblade
is generatedby giving thefeathera new randomseed.

Figure9: Featherplacementonawing. Left: Theskeletonis drawn
in redover thegeometrymodelof thewing. Theblack linesshow
the positionandorientationof flight feathers.Middle: Rendering
of flight feathers. Right: Renderingof flight feathersalongwith
othersmallwing feathers.

Feather Growing Positions: The verticesof the given polygonal
modelusuallycannotbeuseddirectlyasfeathergrowing positions.
The feathersat different partsof a bird have different sizes,and
small feathersneedto grow denselyin order to cover the bird’s
skin. In addition, featherstendto distribute evenly in a region of
constantfeatherdensity. Verticesof a polygonalmodel often do
nothave theseproperties.

To addressthis problem,we retile the polygonalmodel using
Turk’s algorithm [21]. This retiling createsa polygonal model
whoseverticesareevenlydistributedovera regionof constantden-
sity. Turk alsointroduceda simpletechniquefor adjustingvertex
densitybasedon curvature.We adaptthis techniqueto controlling
vertex densitybasedonthesizesof feathers,whichareinterpolated
from thatof thekey feathersusingGaussianradialbasisfunctions,
whereradiusis definedasdistanceover themesh,ascomputedus-
ing Dijkstra’sshortestpathalgorithm.Theuserhascontrolover the
spatialextentandweightof eachbasisfunction. This interpolation
schemeis similar to that usedby Praunet al. for creatingvector
fieldson apolygonalsurface[12].

After retiling, the verticesof the new polygonalmodelare the
feathergrowing positions.
Feather Growing Directions: Fromthegrowing directionsof key
feathers,we calculateinitial growing directionsat all verticesus-
ing Gaussianradialbasisfunctionsasdescribedbefore.Theinitial
growing directionstend to causeinter-penetrationof feathersbe-
causethesedirectionsarederivedwithout any considerationto the
shapesof the feathers.To determinethe final growing directions,
we needto perform collision detectionon the feathersbasedon
their simplified geometryandto adjustthe feathergrowing direc-
tionsaccordingly. Becauseof thelargenumberof feathersandthe
complex shapeof a bird’s body, a collision detectionbetweenev-
ery pair of feathersis likely to bevery expensive. To addressthis
problemwe adopttwo strategies. First, we grow feathersin anor-
derly fashionaccordingto the initial growing directions. Second,
we only considerlocal collisionsbetweenneighboringfeathersbe-
causecollisionsrarelyhappenbetweenfeathersfarawayfrom each
other(two feathersareneighboringfeathersif their growing posi-
tionsareconnectedby anedge).Weimplementthesetwo strategies
usinga recursive collisiondetectionalgorithm.

As Fig. 10 illustrates,we first classifythe verticesaroundeach
vertex µ into two groupsaccordingto the initial growing direc-
tion ¿�À at µ . The first groupconsistsof vertices � µ9ÁÃÂ4µ9ÁSÄ µÆÅ ,
where µ9ÁÇÄ µ means¶�µ9Á�È µ ¹ÊÉ�¿�À Ë Ì . The secondgroup is
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Figure10: Recursive collision for eliminatingtheinter-penetration
of neighboringfeathers.

� µ9Á Â�µ9Á"! µÆÅ , with µ9Á#! µ meaning ¶�µ9Á[È µ ¹ÃÉ4¿�À $ Ì . Af-
ter theverticesaroundevery vertex aresoclassified,we invoke the
following recursive collisiondetectionalgorithmat everyvertex.

FindGrowingDirection(µ )�
If thegrowing directionat µ hasalreadybeenfound

return;
For each vertex µ¸Á9Ä µ

FindGrowingDirection(µ9Á );
While feather(µ ) collideswith feather(µ Á ) for someµ Á Ä µ

adjustthegrowing directionat µ ;
For each vertex µ Á ! µ

FindGrowingDirection(µ9Á );Å

Herefeather(µ ) andfeather(µ9Á ) arethefeathersatverticesµ and µ9Á
respectively.

To seehow this algorithm works, considera vertex µ on the
retiled model with initial growing direction ¿ À , as is shown in
Fig 10. Theverticesaroundµ areverticesµ&% through µ(' . Among
these,µ*) Ä µ and µ(+ Ä µ , whereasµ,% ! µ , µ&- ! µ , µ&. ! µ
and µ(' ! µ . Thealgorithmwill first determinethefinal growing
directionsat µ*) and µ(+ by recursion.Basedonthefinal growing di-
rectionsat µ ) and µ + aswell astheshapesof feathersat µ , µ ) , andµ(+ , we candetectthe collision betweenthesefeathersandadjust
thefeathergrowing directionat µ by rotatingit towardthesurface
normalat µ . We rotatein small increments,stoppingassoonas
no morecollisionsaredetected.Thegrowing directionat µ is now
consideredfinal andwe can processµ % , µ - , µ . , and µ ' through
recursions. For fast collision detection,a simplified geometryis
usedfor eachfeather. Fig. 11shows theresultsof thefinal growing
directions.

Figure11: Theeffectof recursivecollisiondetection.Top: Feathers
renderedaccordingto theinitial growing directions.We seemany
inter-penetratingfeathers.Many feathersalsogrow into insidethe
bird’s skin (renderedasa yellow surface). Bottom: Feathersren-
deredaccordingto their final growing directions.

5 Results

We have implementedour feathermodelingandrenderingsystem
onaPCwith a864MHz PentiumIII processor, 256MRAM andan
NVIDIA GeForce3displayadaptor.

Fig.12showstwo images.Onthetopis arealimageof afeather,
while a renderingfrom a similar viewing distanceis shown on the
bottom.Comparisonof thetwo imagesdemonstratesthesimilarity
of our modelingandrenderingresult to an actualfeather. Notice
the mesostructureandrandomgapson the featherbladearereal-
istically portrayedin thesyntheticfeather. Theseeffectswould be
very difficult to captureusing texturedpolygons. It usually takes
theusera few minutesto modela feather.

Fig.13showsanAmericanIndianHeaddress.Thefeathersin the
imagearemodeledandrenderedusingour system. The feathers
weremanuallyplacedby a graphicsartist. The white plume-like
effect is not renderedby oursystembut addedby postprocessing.

Fig. 1 shows aneaglemodeledandrenderedusingour system.
About3500featherswereplacedon thebird. It took theuserabout
30 minutesto specifythe50 key feathers.Determiningthefeather
growing positionsandtheinitial growing directionstookafew min-
utes. Themosttime-consumingstepis thecalculationof thefinal
growing directions,which tookabout30minutes.Renderingspeed
is aboutoneminuteperframe.

6 Conclusions

Wehavepresentedtechniquesfor modelingandrenderingfeathers.
Our mainideais to representa featherasa branchingstructurede-
scribedby a parametricL-system.Thisapproachallows theuserto
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Figure12: Top: Photographof a real feather. Bottom: A synthetic
feathermodeledandrenderedusingour system.

generatefeathersof differenttypesandshapesby adjustinga few
parameters.Therandomnessin feathergeometryis alsosimulated
in the parametricL-systemwe derived. We describeda rendering
algorithmbasedon this L-systemandanefficient form of theBTF
representingthe mesostructureof a featherblade. This algorithm
canefficiently generatephoto-realisticrenderingsof feathers.We
alsodevelopeda systemthatallows theuserto easilycreatea large
numberof feathersonabird’sbodyandrenderthebird realistically.

It is our hopethat this work will stimulateotherresearchersto
explore the beautifulworld of birds. Our work is only a first step
towardsrealisticandefficientrenderingof feathersandbirds.Many
aspectsof this topic needfurtherresearch.A limitation of our cur-
rentsystemis that it doesnot supportdown featherrendering.An-
other limitation is that we do not handleoil-film interferenceand
iridescence[19], which is important for a classof familiar birds
suchasducksandhummingbirds.We planto addresstheseissues
in thenearfuture.Anotherinterestingareaof futurework isbird an-
imation[16]. Theflocking of birdshasbeenexploredby Reynolds
[17]. More work is neededto understandhow individual birdsfly.
Finally, we are interestedin applying L-systemsto other natural
phenomena.
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