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Realistic Modeling of Bird Flight Animations
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Figurel: An animationsequencef araven's wingbeatmotionduringtakeof.

Abstract

In this paperwe describea physics-basedanethodfor synthesisof
bird ight animationsOurmethodcomputesrealisticsetof wing-
beatghatenablesbird to follow thespeci edtrajectory Wemodel
thebird asanarticulatedskeletonwith elasticallydeformabldeath-
ers. Thebird motionis createdoy applyingjoint torquesandaero-
dynamicforcesover time in a forward dynamicssimulation. We
solve for eachwingbeatmotion separatelyy optimizing for wing-
beatparametershat createthe mostnaturalmotion. The nal an-
imation is constructecby concatenating seriesof optimal wing-
beats. This detailedbird ight modelenablesusto produce ight
motionsof differentbirds performinga variety of maneuersin-
cludingtakingoff, cruising,rapidly descendingturning,andland-
ing.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional

Graphicsand Realism—Animation}.6.8 [Simulationand Model-
ing]: Typesof Simulation—Animation

Keywords: computeranimationbird ight, physically basedani-
mation,forward dynamicsaerodynamics

1 Introduction

Computeranimationresearchhas produceda numberof models
for the naturalmotion of animals. Most of this researcthasfo-
cusedon terrestrialanimals primarily humange.g.[Hodginsetal.
1995]). Otherstudieshave exploredthemotionof kangaroogRaib-
ert andHodgins1991], snales[Miller 1988], aquaticanimals[Tu
and Terzopoulos1994], and even extinct and imaginary animals
[Sims1994].

Perhap®qually if notmore,intriguing is the motion of animals
in ight. Birdsandinsectsarebothamongthemostfrequentlyseen
wildlife in oureverydaylife. The ight of birdsis amguablythemost
gracefulandexpressie of all naturalmotions.However, modeling

aerial motion is extremely challenging. First, ary locomotionin
air o ws or otherervironmentswith high ReynoldsnumbergAb-
bott andBasco1990] presentsa signi cant simulationand control
challenge. The interactionbetweena bird's wings and the air is
very complex. Theforcesgeneratedy this interactionarechaotic
andhardto control. The simulationsareoften unstablebecausef
high sensitvity: theslightestchangeof wing positionduringdown-
stroke canhave signi cant effectsin the resultandthe stability of
the bird's ight. Furthermorethe speci ¢ musculoskletal struc-
ture of thebird, andespeciallythe elasticpropertieof thefeathers,
seemto greatly affect not only a bird's wingbeatpatternbut also
whetherthebird cany atall.

This paperaddressesomeof thesechallenges. We focus on
the problemof bird ight synthesis.Speci cally, we describeal-
gorithmsfor dynamicsimulationof a bird following a given ight
trajectory Our framevork cangenerateight motionsfor differ-
entbirds performingvarious ight maneuersincludingtaking off,
cruising, rapidly descendingturning, andlanding. Thesemotions
could potentiallybe usedin animationor Im productionsaswell
asananalysigool for designingoptimal ight controllers.

Therestof the paperdescribeur approachin moredetail. In
Section2, we discusselatedwork. Section3 givesashortovervien
of our ight synthesisapproachSubsequergectionsdescribevar
ious aspectf our algorithmsin more detail. In Section7, we
describea collectionof exampleanimationsgeneratedy our sys-
tem. Section8 summarizesur contritutionsandoutlinespossible
futureresearcldirections.

2 Related work

In addition to a large body of researchconcernedwith model-
ing realistichumanmotion, a numberof researcherbave focused
on modeling other animals. Miller [1988] modeledlocomotion
of snales and worms using mass-springystems. Grzeszczuket
al. useda multi-level learningtechniqueto optimize and choose
appropriateactuatorsandcontrollersof locomotionfor snalesand
sh [TuandTerzopoulod994;GrzeszczulandTerzopoulod995].
Birds have receved someavhatlimited attentionwithin the com-
putergraphicscommunity Haumannand Hodgins[1992] useda
physics-basednodelto generatehe hovering ight of humming-
birds. Reynolds[1987] modeledthe group behaior of birds by
modeling ocks asparticlesystemsRamakrishnanandandWong
[1999] utilized simpli ed aerodynamic&nd manuallytunedcon-
trollersfor bird ight animation. They usedforwardkinematicsin
their simulation,omittedthe elbow joints, andsimpli ed the joint
movementdor thewrists. In orderto obtainmorerealistic ight be-
haviors, we useforward dynamicsandskeletalstructureghatfully
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re ect thestructureandmovementsof a bird's wings. In addition,
we usesimulationsand optimizationsto automaticallydetermine
controlparameters.

Full dynamicssimulationstogethemwith robotcontrollers have
beensuccessfullyusedfor synthesisof humanmotion [Hodgins
and Pollard 1997]. Recently Faloutsoset al. [2001] describea
controllerbasedapproachto humanmotion synthesiswherethey
assumehe availability of controllers. The transitionstratgy be-
tweenthe controllersis learnedfrom a numberof simulationtri-
als. Unfortunatelydesigningcontrollersfor ight presentagreater
challengebecausef instability andthe compleity of thedynamic
model. In this paperwe drav mary ideasfrom the controllersyn-
thesisresearch. However, we sidestepthe problemof controller
designby focusingon the of ine motion synthesigproblemwhere
we solve for eachoptimalwingbeatseparately

Ourwingbeatoptimizationapproachs motivatedby thework of
Grzeszczulkand Terzopoulog1995]. They parameterizedsh and
snale movementwith asmallsetof parameterandusedglobalop-
timizationmethoddo determingheoptimal parametershatwould
enablethe animalto move forwardandturnin differentdirections.
Controllersfor turning by an arbitrary amountare subsequently
constructeddy interpolationof the optimized parameters.Unfor-
tunately this approactdoesnotdirectly applyto bird ight, mainly
owing to an importantdistinction betweenbird ight andmarine
locomotion: the bird must constantlyseekto obtain the optimal
lift/drag ratio to counteracgravity. Thus,the speeds muchmore
importantin the caseof bird ight — the controllerstrateyy for the
same ight maneuer performedat differentspeedsanbe drasti-
cally different. Consequentlythe spaceof controllersor wingbeats
for bird ight is signi cantly largercomparedo systemswith lower
Reynoldsnumbersuchas sh swimmingin water Forthesameea-
sontheinterpolationof distinctively differentcontrollersalsodoes
notapplyto the highly nonlinearspaceof bird- ight controllers.

Accuratemodelingof the aerodynamicsvithin the ight simu-
lationis crucialfor obtainingnatural-lookinganimation.Computa-
tional uid dynamicqCFD)algorithmsarethebestchoicein terms
of accurag. Unfortunatelythe CFD computationsretoo compu-
tationally intensize for the controlleroptimizationframevork. As
a result, we turnedto simplerand commonlyusedaerodynamics
equationsWejchertetal. [1991] usedsimpli ed aerodynamicsor
the designandcontrol of animationof objectsin uid andair ow.
With wind tunnelexperimentsand o w visualizationsyesearchers
in biology andzoologyhave studiedmary complex aerodynamics
phenomenghatoccurduringthe apping ight of birdsandinsects
(e.g. [Norbeig 1990; Tobalsle and Dial 1996; Spedding1992]).
Our ight modeldraws greatlyfrom this large body of work.

3 Overview

The input to our systemconsistsof a dynamicbird modeland a
ight pathtrajectory The bird modelincludesthe skeletal struc-
ture,masdistribution, andwing featherspeci cationincludingthe
parameterglescribingthe feathers'aerodynamigroperties. We
have createch numberof suchmodelsfrom thedataavailablein the
biomechanicditerature. We groupall degreesof freedom(DOFs)
for thebirdinto avectorq. Thisvectorincludesthebird'sglobalro-
tationandtranslationaswell asall controllablejoints of the bird's
skeleton.We de ne thesimulationstateS to beq andits deriative,
i.e.

Thedesiredpathtrajectoryp(s) is representedsa 3D splinepa-
rameterizedy its arclengths with correspondinglesiredvelocity
v(s) alongthe path. By adjustingthe pathandthe velocities,the

animatorcangenerate large variety of aerialmaneuers. For ex-
ample,Figure 1 shavs a synthesizedvingbeatduring the takeoff
motionof araven.

Our ight synthesisalgorithmsplitsthe entiremotioninto a se-
guenceof wingbeats.During eachwingbeat,a bird aps its wings
from aneutralpositionupward,thendownward,andthenupwardto
theneutralpositionagain. Our algorithm nds valuesfor thewing-
beatparameters thatenablethe bird to follow the speci ed path
in amostnaturalway. Theseparametergdeterminghedesiredstate
patterngg (u;t) for thecontrollableDOFsduringthewingbeatcy-
cle. The bird's motionis controlledby a proportional-dexiative
(PD) controllerthatgenerategoint torquest (u) thatbring eachof
thecontrollableDOFsq towardsits desiredstateq . Thetorquefor
eachof theDOFsq, is determinedy

ti(u) =k gi(ut) o(t) +k g(ut) ot)

Thetwo constantsk,; andk, dependon the characteristicef indi-
vidual birdsandindividual joints. In additionto torquesthewing-
beatmotionis alsoaffectedby externalforcesF. Theseforcesin-
cludegravity andall the aerodynamic$orces. The entiredynamic
systemcanbe describedy anordinarydifferentialequation

4= f(a:q;F t(u)

Then,with theinitial stateq, andqg, we candescribehesimulation
stateattimet as

S(dg: do: Frt (u);t) = 38 @

Using several metrics, the wingbeat objective function
E(S(dg: 0o F: t(u);1); p(s); v(s)) evaluatesthe quality of the sim-
ulation sequenceThe wingbeatoptimization nds the optimal set
of wingbeatparameters thatminimizesthe objective functionE,
i.e.

u = arggninE(S(qo;qo;F;t(U);t);p(S)N(S))

Oncewe have foundthe optimal valuesfor u, we canusethe sim-

ulationfunction (in equation(1)) to determinethe positionandve-

locity of the bird until the end of the wingbeat. We continuethe

procesf ight synthesidy solvingfor the subsequenvingbeats
until we reachtheendof the pathtrajectory

4 Bird dynamics

We modelthe bird asa hierarcly of articulatedlinks. Eachbird
has11 articulatedlinks, 21 joint DOFs, and additional DOFs for
e xible feathers.The skeletalstructureandcontrollableDOFsare
describedn Figure2.

To modelafeatherede xible wing, eachof the ight featherds
attachedo thewing by a 2-DOFjoint whosejoint anglesarecom-
pletelydeterminedy theshoulderelbow, andwrist jointsin away
thatresembleghat of the ight feathersof real birds. We model
feathersusing nonlinearangularsprings. We divide the vanesof
eachfeatherinto several consecutie polygonal segments. Each
seggmenthasanangularspringatits root, andthe sgmentcanbend
aroundthe springaxis. Furthermoreprimary ight feathersotate
aroundtheir shaftsasthey move throughthe air becauseof their
vaneasymmetry(Figure3). Thisrotationor twist allowsairto o w
throughthe gapsbetweerthe primary feathersandhelpsto reduce
thedragduringupstrole [Norberg 1990]. Sincethenagligible mass
of a featherwould resultin stiff ODEs and consequenthhighly
unstablesimulations,we ignore the massof feathersand model
themascompletelydampedoscillatorsusinga rst orderdifferen-
tial equation,wherethe bendangleincreasesasymptoticallywith
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Figure2: Thebird skeleton.Notethatin orderto modelbothtwist
andbendmovement theforearmsandthetail areeachdividedinto
two links. The actuatedoints areshoulder 2, elbav bend 2,
forearmtwist 2, wrist bend 2, tail bend, tail twist, and tail
spread Theshouldeijoint has3 DOFsandtheotherjoints eachhas
1 DOF Thetrunk has6 DOFsrepresentingts global positionand
orientation.

twist spring

aerodynamic

bend springs forces

Figure 3: Left: Angular springson a feather Right: Because
of vaneasymmetry air pressuranay createdifferentamountsof
forceson both sidesof the shaft and causethe featherto rotate
aroundits shaft.

torque. To avoid the concentratiorof massat the front edgeof the
wing becausef the masslesgeathersinks with feathersare ex-

tendedin the directionof feathergrowth for a moreaccuratemass
distribution.

4.1 Wingbeat parameterization

In orderto representhe desiredDOF patternsq (t) for a wing-
beat,we usea setof wingbeatparametersi. Thesizeof u de nes
the dimensionalityof the searchspacefor the optimizationanddi-
rectly impactsthe performanceof the optimizationprocess.lt is,
therefore,importantthat we specify eachwingbeatusing as few
parameteraspossiblewhile still giving thebird enoughmaneuer
ability. The parametersreshavn in Tablel. The superscriptsi
andd indicateupstrole anddownstrole parametersMost of these
parametersirereplicatedfor the left andright wings. For simplic-
ity, we do not list them hereseparately The dihedraland sweep
anglesarede nedin Figure4.

Theseparametersare usedto determinethe compositefunc-
tionsg, whichin turndeterminey :

G 0= g+ @  8)GUG: U )

whereg; andg, arethemaximumandminimumallowedvaluesfor
DOFi (i.e.thejoint limits), andf isthephaseof thewingbeatcycle.

Parameter| Description

ug, uy armdihedralangles

ug, uy armsweepangle

U, uy armtwist angles

ué, uy forearmtwist angles

ug, us wing spreadextents

ug, ug tail bendangles

u, tail twist angle

Ug tail spreadangle

Ur durationof thewingbeat

Tablel: Wingbeatparameters.

front view top view

\é@@e

dihedra angle,

Figure4: Arm dihedralandsweepangles.

Eachwingbeatstartswith thedownstrole,i.e., f = 0is thebegin-
ning of thedownstrole,andf = 2p is theendof theupstrole. The
function n{i) determineshe mappingbetweerDOFsandwingbeat

parametersDOF i is determinedyy theparameters‘r’m) andu‘r‘m).

Thecompositefunctionsg, are

1+ cosf
qffiufif) = (i i) =g+
d
us 0 f<p
guduhf) =

J
(u']:J u?)les(zf)+ ud p f<2p

]
Figure5(a) shavs curvesgeneratedy thesetwo compositefunc-
tions.

Basedon obsenationsmadein the biomechanicditerature,we
useg, for upperarm dihedralandtail bend. We useg, for the
armsweep.armandforearmtwists, andwing spreadextends. We
provide therationalefor the speci ¢ choiceof compositedunctions
in AppendixA.

For DOFi with constantdesiredstatesuchastail twist andtail
spreadthedesiredstateis

G =9+ (@ 9)uy

The mappingnti) is straightforvard for most DOFs, with the
exceptionof thewrist bendandelbon bendDOFs. TheseDOFsare
both determinedby thewing spreadoarameterslg andug because
of abird'smusculoskletalconstraintsThewing linkageallowsthe
forearmandthe handto fold and unfold synchronoushjNorbeig
1990]. As the wing folds, it also causeghe forearmto rotateso
thatthe handis depressedownward [King andMcLelland 1985].
We linearly decreasehe boundsfor the arm twist dependingon
the wing spreadparameterdo achieve this. We could avoid this
ineleganceby modelingthe completelinkagesystem but doing so
would male the skeletalmodelunnecessarilgomplex andhinder
thesimulationperformance.

4.2 Phase transf ormation

As previously de ned, the functionsg, andg, generatavingbeats
with equaldownstrole andupstrole durations.To allow variability
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Figure5: (a) Two curves generatedy the compositefunctions.
(b) Shavs phasdransformatiorfunctionwith differentdowvnstrole
fractionug .

in thesedurations,we introducetwo more parametersi; andu,

that representhe fractionsof time that the downstrole takes up
the wingbeatdurationand a phasetransformationfunction h(f)
(Figure5(b)) which satis esthefollowing conditions:

h(0) = 0; h(2uy ,.,cP) = P; N(2P) = 2p; h(0) = h(2p) = 1

Wethenusef = h(f) insteadof f in g; andg,. We useu, andu,
in g, andg, respectiely, andthe resultingwingbeathasa down-
stroke/upstrole ratio of 1”—aua Usingu, in additionto u, produces

a wider variety of wingbeatsand also enableshe optimizationto

nd abettertiming betweerdifferentDOFs.In orderto keepDOFs
synchronizedye offsetthe phaseof ary q; generatedisingg, so
thatits midpointsof upstrole anddownstrole coincidewith those
thatbelongto DOFsgeneratedisingg; .

4.3 Wingbeat blending

Functionsg, andg, areintentionallydesignedo becyclic in order
to easilymodelrepetitve wingbeats Unfortunatelywhencompos-
ing two differentconsecutie wingbeatsthereareinvariablyC% and
¢! discontinuitiesat the time of transition. Thesediscontinuities
will resultin drastic uctuations of the torquesfrom the PD con-
troller. We dealwith thesediscontinuitiesby blendingthe desired
statepatternsiearthetransitionpoint. In orderto decouplehe ap-
ping amplitudeshetweeradjacentvingbeatswe have foundthatit
is betterif eachwingbeatstartsandendsat the middle of the up-
stroke becausehat is whenthe wings are usually at their neutral
dihedralangles.In otherwords,thewingbeatphasestartsandends
at2(uy + 12)p.

Let t; denotethe time at which the wingbeattransitionoccurs
(i.e.whenthe rst wingbeatendsandthe secondvingbeathegins).
We blendthe wingbeatsrom timets = t; t tote= ty +t,. As
seenn Figure6, we rst extendq (t) from bothwingbeatdnto the
neighboringregions by duplicatingthem, andthenblendthemas
in [Lee andKim 1995]. Note thatunlike in [Lee andKim 1995]
wherethey directly manipulatedthe nal animation,our blended
cunesrepresenthe desiredvaluesfor the DOFsandnot the sim-
ulation results. We feed the blendeddesiredstatepatternsto the
PD controllerto generatethe torquesusedin the nal simulation.
Becausdhe endof the rst wingbeatis changedoy the blending,
we backup andstartthe simulationfrom ts whenwe optimizethe
secondvingbeat.

4.4 Simplied aerodynamics

Currently the only external force modeledin our systembesides
gravity is theaerodynamics$orce. Thelift anddragmodelusedin
our systemis asfollows. Giventhe velocity of air v relative to a

1st wing beat

2nd wing beat

—

T 1l time

Figure6: Wingbeatblending.Thesolid bluecurvesaretheoriginal
curves. The dottedblue curves are the duplicateof the original
cunesto extendthethembeyondthetransitiontime t. Thethick
redcuneis theblendedresult.

Figure7: Wing areas:ay is thewing areaformedby the primaries,
andag is thewing areaformedby the secondaries.

surfacewith normaln, we decomposéhe velocity into the normal
and tangentialcomponents/, andv; with respectto the surface.
Theangleof attackq is

Vp N
=tant L _
q kvik

By de nition, thedirectiond of dragandthedirectionl of lift are

\% d n
d‘M"‘kd nk d

With lift anddrag coefcients ¢;(q) andcy(q) , we computelift
anddragfor every segmenton eachfeatherusingthe areaof the
segmentandthe angleof attackthe air hason the sggment. The
measuredaoefcients for bird wings areonly availablefor limited
rangeof angleof attack(see,for example,[Withers1981]). More
extremeanglesof attacksuchasthosethat would appearduring
takeoff areusuallyoutsideof this range.We usesynthesizedunc-
tions to producelift anddrag coefcients at ary particularangle
of attackwhile maintainingtheir characteristicsvithin the range
where measureddataare available. Simply summingup the lift
anddragforcesthusderived to obtainthe forcesfor the wing will
not give a goodapproximatiorbecausehe overlapof the feathers
is ignored. We thereforescalethe segmentareaby s, = ap=4a, 3
for eachprimary feathersegmenti and by S = as:éj g for each
secondanfeatherseggment j, wherea, andas arethe wing areas
formed by the primariesand the secondariesespectiely and a,
and a arethe unscaledsegmentareas.We approximatea, andas
by connectingherootsandtips of adjacenfeathersandsumming
up the polygonalarea(Figure7).
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¢i(a) or c4(a)
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— lift coefficient ¢,(q)
---- drag coefficient c,(q)
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Angle of Attack g

Figure8: Lift anddragcoefcients: Thelift anddragcoefcients
aredeterminedy thecharacteristipointsx; andy; respectiely.

Thelift anddragforcesfor eachvanesegmenti are
1
Sa(a)rsa kvk?l

; 1
fl, = Ecd(q)r sakvk?d

wherer is the air density Figure8 shaws the plot of thelift and
dragcoefcients usedin our system.For body link i, the external
forceandtorquedueto aerodynamidnteractionare

i+ fl
(fl +1)

afl+f,  and  @x
j i

for eachvanesegment;j of thefeathersattachedo link i, wherex
is thevectorfrom thei's centerof massto j's areacenter

jii

5 Wingbeat optimization

After we have obtaineda sequenc®f simulationstatesby apply-
ing the wingbeatde ned by the setu of wingbeatparameterswe
usethe objective function E to evaluatethe goodnesof motion.
E is the weightedsum of various ight metricsthatfall into two
groups. The rst group evaluateshow closethe bird follows the
pathwith the speci ed velocity without regard to the smoothness
of themotion or enegy consumption.Thesemetricsalonecannot
ensurethatthe motionlooks natural. The secondgroupof metrics
measurehe gracefulnessf the motion. Thesetwo groupsof met-
rics work togetherto ensurehatthe optimalwingbeatachiezesthe
goalgracefully

5.1 Objective function

Supposehe simulationfor the wingbeatis carriedout from time

t, to the endof the wingbeatt,. Let qp denotethe positionof the
gravity centerof the bird's trunk andthe quaterniong, denotethe
trunk’s orientation. Let p(s;) denotethe pointon p thatis closest
to qp(t). The rst groupof metricsevaluatehow well the bird is

following the pathby measuringhe deviation of the nal position,
velocity, andorientationwith respecto the path:

Ep = kap(ty) p(s)k?
E. = kap(t) V(s)k?
E = y2(Qr(t1);Qr(Sl))

wherey (da; q,,) is theabsolutevalueof therotationanglefrom ga
to q,,, andq, is the desiredorientation. SeeAppendixB for the
detailson how we determiney, .

The rst metric from the secondgroup penalizesnon-smooth
changeof orientationandlargerthannecessargngularvelocity at
ary instancein time. This term ensureghat the bird remainsas
stableaspossibleover the entiredurationof thewingbeat:

Z
E,= R g, kwkdt+ (1 Gu) Max(kwk)DX Dy

where w is the angular velocity of the trunk, Dt=1t; t,,
Dy = y (ar(ty);dy (s))), andRis therampfunctionde ned as

0 x< 0
R() = X otherwise @
The integration term measureghe overall changeof orientation
within thewingbeatduration.We alsomeasuréhemaximumangu-
lar velocity to discourageabruptchangesn orientation. The con-
stantg, controlstherelative importanceof theintegrationandthe
maximumvalueof theangularvelocity.

GrzeszczulandTerzopoulog1995]useda metricthatpenalizes
controlleractuationamplitudesandtheir variationfor synthesiof
sh swimmingcontrollers.We foundthis particularmetricinsuf-
cientfor bird ight. Althoughthis metricmaywork well for wing-
beats— suchasthosefor cruisingandsoaring— thatconsumdess
enegy, it ghts with the othermetrics(Ep andE, in particular)for
wingbeats- suchasthosefor takeoff — thatrequirea hugeamount
of enegy. In orderto devise a moregeneralmetric of enegy con-
sumptionwe turnto the ight biomechanicéiterature.

It hasbeenobsenredthatthe twist of the forearmwhich rotates
thehandandhencethe primaryfeathersundegoesarelaxed move-
mentduring the upstrole [Burton 1990]. Minimizing the torque
for the twist of the forearmsonly during the upstrole gives natu-
ral looking resultswithout overrestrictingthe overall torquefrom
the controller Intuitively, the enegy spentduring downstrole is
mainly governedby the bird's needto maintainaltitude. During
the upstrole the bird hassigni cantly more freedomto move in
differentways. Consequentlywe usethis metric to minimize the
excessve torqueusageduringupstrole:

1, z

==a
mzjzv

Eu tZu(t)dt+ (1 gu) mta>(tj2u(t))

4o

whereV is the setof the two elbow twist DOFs, m is the bird's
massandu(t) is 1 duringupstroke and0 otherwise We alsomea-
surethe maximumtorqueduringupstrole to suppressudderactu-
ationin ashortperiodtime, which will notbeaccountedor in the
integrationterm.

Duringthesimulation thebird canattimesmoveits wingsback-
wardsthroughthe air. Suchmotion would disturb, and possibly
damagethe ight feathersof arealbird. In orderto avoid “ uf f-
ing the feathers”during ight, we devise anadditionalmetric. Let
bj denotethe speedeatherj travelsbackward throughthe air. We
de ne “backward” for a featherto be the shaftdirectionof its end
vanesggment,and bj hasa positive valuewhenfeatherj is mov-
ing backward and 0 if not. The following metric penalizessuch

movement: 7

_ 1 2
E; = o ?;'e:v(b] (t))dt
whereF is the setof ight feathers. The objective function is
thereforethe weightedsum

E = wpEp+ WEy + W B + Wy By + WyBy + Wi E
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5.2 Optimization process

We usea standardsimulatedannealingprocesgKirkpatrick et al.
1983]to optimizethe wingbeatparameters At eachiteration,we
generatea new setof wingbeatparametersy randomly picking
a parametefrom u andthen offsettingit by a randomamountto
obtaina new setof parametersWe thenrun the simulationusing
thenew wingbeatanduseE to evaluatethegoodnessf themotion.
Eachwingbeatrequiresl000iterations.We useageometricooling
scheduleand the annealingtemperaturas reducedby 10% every
100iterations.

6 Putting it all tog ether

Whenthe bird's positiondivergesfrom the path,v(s) mayonly al-
low the bird to travel in parallelwith p(s). Returningto the path
andmaintainingthe desiredvelocity becomecon icting goals.We
thereforede ne a memging pathpYs) with new velocity v{s) that
allowsthebird to graduallyreturnto theoriginal path. Thenew ve-
locitiesstill have the samemagnitudebut have directionstangential
to the new path. We thenusep{s) andvYs) insteadof p(s) and
v(s) in theobjective function.

De ne t,(ug: u,) to bethejoint torquesthe PD controllergener
atesfrom blendingthetwo sequentialvingbeats For simplicity, we
alsode ne t, (null;u;) = t(u,). Theentire ight synthesigprocess
canbedescribedasa setof iteratedstages:

dy, P(0)
d, V(0)
Up null
repeat

determingpq’s) andvys) from g,

u arggninE(S(qo;qo;F;tb(uo;u);t);p"(S);vO(s))

t Ut

[qo;qO]T

Up U
until g, hasreadedtheendof p(s)

S(dg: s Fi t(Ugi uq)st)

Thefull animationof abird's ight is aresultof dynamicsimu-
lation of all wingbeatgerformedsequentially

7 Results

To demonstratehe capability of our system,we createthreebird
modelsof differentdimensionsandweights,approximatingan ea-
gle,ravenanda sparrav. We alsocreateseveral pathsthatrequire
the birdsto do differentmaneuers. Figure9 shavs the animation
sequencefor thesethreebirds.

We testour methodby requiringeachbird to follow afull ight
pathstartingwith atakeoff and nishing with landing. At takeoff,
thebirds startat the smallvelocity generatedby ajump andgradu-
ally build up the speedrying to catchup to the path. The extreme
bendingof featherds apparentluringtakeof, especiallyfor theea-
gle's long feathers.In orderto executea turn, a bird compensates
for inertia by tilting its body and usingan asymmetricwingbeat.
When landing, a bird usesthe air drag of its wings and/or aps
againstthe directionof movementto slow down.

Becauseof the differentmass,size, and skeletal structure,the
wingbeatsof thesebirds are different. For example,during take-
off, the ravenfolds its wings inwardsat upstrole, while the eagle
sweepsts wingsforward. The forward sweepof the eaglealsore-
sembleghe wingbeatpatternof a real bird of similar dimensions,
asshavn in Figurel0.

eagle raven sparrov
timestep 0.001s 0.0007s 0.00025s
ight time 6.7s 5.2s 3.8s
optimization| 218min 232min 324min
time
mass(kg) 3.7 0.5 0.025
k; 20 1000 2 100 0.01 05
k, 0.02 2 2e-3 0.2 le-5 le-3
Xg ( 9C;, 05) (96 05 | ( 90 1)
Xq ( 10, 1:26) | ( 10, 08) | ( 15 24)
Xy (50 (50 (50
Xg (15, 1:8) (15, 1:6) (15; 3:0)
X4 (9G; 0:5) (9G; 0:5) (90; 1)
Yo (90 2 (96, 2 (96 1)
2 (0; 0:02 (0; 0:02 (0; 0:01)
Y, (90, 2) (90, 2) (90; 1)
Wp 1000 1000 10000
Wy 10 10 100
Wy 300 300 300
Wy 2 2 2
Wy 1 1 1
Wi 100 100 100

For E,, andE, g, = 0:5andg, = 0:1.

Table 2: Somevaluesusedin andresultingfrom the simulations
andoptimizations Notethatthe ight andoptimizationtimesrefer
to thetimesfor thefull ight paths.Themachineusedisa2.8GHz
Pentium4 PC. For eachbird, the samemetric weight valuesare
usedfor all paths.

We canalsoapply ervironmentforcessuchasa gustof wind by
includingthe effect of directionalwind in the aerodynamienodel.
In the simulation,the eagle rst getsblown off the path,andthen
readjuststs wingbeatgo counteracthewind force. Whenthewind
disappearst returnsto its normal ight pattern.

Thesimulatecannealingorocessvasableto nd thesequencef
wingbeatson eachof thefull ight pathsfrom startto nish in one
singlerun. However, every bird hasits physical limitations andif
thespeci edturnistoosharpor theclimbing angleistoo steepthe
bird may lose substantiabpeedandaltitudewhile trying to follow
the path or completelyfail to take ight. Whenthe bird diverges
too far away from the path, the wingbeatmotion no longerlooks
naturalbecausehe termwpE, overshadws the othertermsin the
objective function.

We usea freely available library DynaMechs|McMillan et al.
1995] for the forward dynamicssimulation. We shav the system
performancendsomeof theimportantparametewalueswe usein
Table2.

8 Discussion and future work

Themain contribution of this paperis a generallgorithmfor syn-

thesisof dynamicbird ight simulations.Becauseour framewvork

is basedon a realistic bird model (we use appropriatephysical,

biomechanicandaerodynamigroperties)ijt naturallygeneralizes
to birds of variousshapesandsizesperforminga variety of aerial

maneuers.

Along the way to achieving our goal, we shaved that with the
compactparameterizationf wingbeatsanda propermetricto cap-
turethe naturalaspect®f ight motion,globaloptimizationmeth-
odscansuccessfullyexplorethe spaceor asetof naturalwingbeat
parametersWe shavedthatmodelingthetwist of primaryfeathers
(which reducesdrag during upstroke) and accountingfor feather
overlap when computingwing areaare importantfor successful



Publishedn ACM Transaction®n Graphics(SIGGRAPIZ003)

Figure9: Topandmiddle: A ravenanda sparrav eachfollowing a ight trajectoryindicatedwith awhite line. Thecolor linesrepresenthe
wing tip trajectoriesover time. Bottom: Shavs theentire ight pathandanimationsequencéor theeagle.

Figure10: Comparisorof our simulationwith arealbird of similar
dimensions.

simulationof ight. We also shaved that naturalmotion can be
producedy simultaneouslyninimizingtheruf ing of feathersand
the enegy of the upstrole motion. We hopethatthis novel metric
will motivatefurtherresearchn theanalysisof bird ight.
Unfortunately detailedmodelingof the bird ight modelcomes
with compleity costs.In ourdesignwetriedto simplify themodel
asmuchaspossiblewithoutlosing the quality of the resultingmo-
tion andgeneralpplicabilityto variousbird modelsandaerialma-
neuwers. For example,we found that we could producenatural

ight motion evenif turbulencewasleft out of the aerodynamics
model. At the sametime, the e xibility of feathersvasimportant.
In orderto make theoptimizationproblemfastandstable we hadto
male furthersimpli cations to themodel. For example thefeather
elasticitywasmodeledasa rst-order ODE unlike the restof the
bird. Despiteall simpli cations, our modelis still quite comple,
and further researcmeedsto be conductedto explore additional
abstractions.

We foundthatin the procesf de ning a new bird, in addition
to specifyinga skeleton,the animatomeedso alsode ne the spe-
ci ¢ aerodynamigropertiesof the bird's feathers.Unfortunately
themeasuremenfsom theliteratureareincompleteavenin thefew
casesvherethey exist. Sinceour aerodynamienodelis a simpli -
cationof reality, it is alsonot clearhow to determinetheseparam-
etersaccurately Currentlyin our framework this processs nottoo
far removed from a simpletrial and error process. In the future,
theseparametersould alsobe determinedy optimization.

Behaviors such as bounding ight and soaringare currently
missingfrom our animationresults.Althoughwe cangeneratesuch
behaiors by manuallyenforcingzero apping amplitude,a better
approacilwouldbeto take thebird's metabolicrateandenegy con-
sumptioninto accountwhenwe searchor optimalwingbeats.

In this paper we have describedan of ine method for bird
ight synthesis.Although synthesisof a bird ight takesa num-
ber of hoursto complete,our framevork could be usedto popu-
late the spaceof all possibleight movements.We areinvestigat-
ing waysto automaticallydetermineight controllersfrom these
ight movements. Suchcontrollersshoulddeterminean optimal
wingbeatfrom the pre-generatedght movementswithoutrepeat-
ing the time-consumingptimizations(e.g.by interpolatingneigh-
boringwingbeatshndcouldbe usefulfor realtimesynthesiof bird

ight anddetailed ocking behaiors.
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A Choice of composite functions

During takeoff or atlow ying speedsthebird usesits tail to help
generatdift [Norberg 1990]. Themotion of thetail shouldbe syn-
chronouswith the wingbeatsso that the bird can balanceitself.
Thereforearmdihedralandtail bendboth usethe sinusoidalcom-
positefunctiong, .

Duringdownstrole, thebird holdsits forearmsx edwith respect
to thearms.During upstrole, thebird quickly retractsts wingsand
rotatesforearmsin orderto reducethe dowvnward drag causecdby
the primary feathers.It thenquickly extendsthe wings again near
the endof the upstrole to preparefor the next downstrole [Poore
etal. 1997]. We thereforeuseg, for arm andforearmtwists and
wing spread.We alsouseg, for arm sweepsincethe sweepjoint
alsoaffectswing spread.

B Updating desired orientations

While desiredpositionandvelocity are obtaineddirectly from the
path speci cation, the desiredorientationfor the bird at the end
of the wingbeatq, is harderto determine. We usethe heuristic
thatg, is suchthatthebird's apping generatesicceleratiorin the
directionof the desied acceleation a . We alsoassumehatthe
birdsaredesignedo generateaccelerationn the up directionwith
respecto thebird's trunk.

The desiredacceleratiora is the sumof the centrifugalaccel-
eration ac, tangential deceleation &, andthe negation of gravity

g. Notethatwe disregard (forward)tangentialacceleration.

With thepointp(s,) onp thatis closesto theendpositionof the
bird gp(t;), we computeac using

_ Mmkap(ty)K?
%= (s n(sy)

wherer (s;) is theradiusof curvatureof p atp(s;) andn(s;) the
principalnormalto p. We approximates; using

Rkap(to)k  kap(ty)k) v(sy)
kv(s;)k

whereR is the rampfunction de ned in equation(2). We further
requirethat, with g, , the horizontalcomponenbf thedirectionthe
bird is facingis thesameasthehorizontalcomponenbf thedesired
airspeed.

Note that althoughcomputingorientationthis way works well
for usin mostcasesit is a very roughapproximatiorandnot well
de ned onapathwith (nearly)verticalsgments.

ot
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