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Figure1: An animationsequenceof a raven's wingbeatmotionduringtakeoff.

Abstract

In this paperwe describea physics-basedmethodfor synthesisof
bird �ight animations.Ourmethodcomputesarealisticsetof wing-
beatsthatenablesabird to follow thespeci�edtrajectory. Wemodel
thebird asanarticulatedskeletonwith elasticallydeformablefeath-
ers.Thebird motionis createdby applyingjoint torquesandaero-
dynamicforcesover time in a forward dynamicssimulation. We
solve for eachwingbeatmotionseparatelyby optimizingfor wing-
beatparametersthatcreatethemostnaturalmotion. The �nal an-
imation is constructedby concatenatinga seriesof optimal wing-
beats.This detailedbird �ight modelenablesus to produce�ight
motionsof different birds performinga variety of maneuvers in-
cludingtakingoff, cruising,rapidly descending,turning,andland-
ing.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism—Animation;I.6.8 [SimulationandModel-
ing]: Typesof Simulation—Animation

Keywords: computeranimation,bird �ight, physically basedani-
mation,forwarddynamics,aerodynamics

1 Intr oduction

Computeranimationresearchhasproduceda numberof models
for the naturalmotion of animals. Most of this researchhasfo-
cusedon terrestrialanimals,primarily humans(e.g.[Hodginset al.
1995]).Otherstudieshaveexploredthemotionof kangaroos[Raib-
ert andHodgins1991],snakes[Miller 1988],aquaticanimals[Tu
and Terzopoulos1994], and even extinct and imaginaryanimals
[Sims1994].

Perhapsequally, if not more,intriguing is themotionof animals
in �ight. Birdsandinsectsarebothamongthemostfrequentlyseen
wildlife in oureverydaylife. The�ight of birdsis arguablythemost
gracefulandexpressive of all naturalmotions.However, modeling

aerial motion is extremely challenging. First, any locomotionin
air �o ws or otherenvironmentswith high Reynoldsnumbers[Ab-
bott andBasco1990]presentsa signi�cant simulationandcontrol
challenge. The interactionbetweena bird's wings and the air is
very complex. Theforcesgeneratedby this interactionarechaotic
andhardto control. Thesimulationsareoftenunstablebecauseof
highsensitivity: theslightestchangeof wing positionduringdown-
stroke canhave signi�cant effectsin the resultandthestability of
the bird's �ight. Furthermore,the speci�c musculoskeletalstruc-
tureof thebird, andespeciallytheelasticpropertiesof thefeathers,
seemto greatlyaffect not only a bird's wingbeatpatternbut also
whetherthebird can�y atall.

This paperaddressessomeof thesechallenges. We focus on
the problemof bird �ight synthesis.Speci�cally, we describeal-
gorithmsfor dynamicsimulationof a bird following a given �ight
trajectory. Our framework cangenerate�ight motionsfor differ-
entbirdsperformingvarious�ight maneuversincludingtakingoff,
cruising,rapidly descending,turning,andlanding. Thesemotions
couldpotentiallybeusedin animationor �lm productions,aswell
asananalysistool for designingoptimal�ight controllers.

The restof thepaperdescribesour approachin moredetail. In
Section2,wediscussrelatedwork. Section3 givesashortoverview
of our �ight synthesisapproach.Subsequentsectionsdescribevar-
ious aspectsof our algorithmsin more detail. In Section7, we
describea collectionof exampleanimationsgeneratedby our sys-
tem. Section8 summarizesour contributionsandoutlinespossible
futureresearchdirections.

2 Related work

In addition to a large body of researchconcernedwith model-
ing realistichumanmotion,a numberof researchershave focused
on modeling other animals. Miller [1988] modeledlocomotion
of snakes and worms using mass-springsystems. Grzeszczuket
al. useda multi-level learningtechniqueto optimize and choose
appropriateactuatorsandcontrollersof locomotionfor snakesand
�sh [Tu andTerzopoulos1994;GrzeszczukandTerzopoulos1995].

Birds have receivedsomewhatlimited attentionwithin thecom-
putergraphicscommunity. HaumannandHodgins[1992] useda
physics-basedmodel to generatethe hovering �ight of humming-
birds. Reynolds [1987] modeledthe group behavior of birds by
modeling�ocks asparticlesystems.RamakrishnanandaandWong
[1999] utilized simpli�ed aerodynamicsandmanuallytunedcon-
trollersfor bird �ight animation. They usedforwardkinematicsin
their simulation,omittedtheelbow joints, andsimpli�ed the joint
movementsfor thewrists. In orderto obtainmorerealistic�ight be-
haviors,we useforwarddynamicsandskeletalstructuresthatfully
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re�ect thestructuresandmovementsof abird's wings. In addition,
we usesimulationsandoptimizationsto automaticallydetermine
controlparameters.

Full dynamicssimulations,togetherwith robotcontrollers,have
beensuccessfullyusedfor synthesisof humanmotion [Hodgins
and Pollard 1997]. RecentlyFaloutsoset al. [2001] describea
controller-basedapproachto humanmotion synthesiswherethey
assumethe availability of controllers. The transitionstrategy be-
tweenthe controllersis learnedfrom a numberof simulationtri-
als.Unfortunately, designingcontrollersfor �ight presentsagreater
challengebecauseof instability andthecomplexity of thedynamic
model. In this paperwe draw many ideasfrom thecontrollersyn-
thesisresearch.However, we sidestepthe problemof controller
designby focusingon theof�ine motionsynthesisproblemwhere
wesolve for eachoptimalwingbeatseparately.

Ourwingbeatoptimizationapproachis motivatedby thework of
GrzeszczukandTerzopoulos[1995]. They parameterized�sh and
snakemovementwith asmallsetof parametersandusedglobalop-
timizationmethodsto determinetheoptimalparametersthatwould
enabletheanimalto move forwardandturn in differentdirections.
Controllersfor turning by an arbitrary amountare subsequently
constructedby interpolationof the optimizedparameters.Unfor-
tunately, thisapproachdoesnotdirectlyapplyto bird �ight, mainly
owing to an importantdistinctionbetweenbird �ight andmarine
locomotion: the bird must constantlyseekto obtain the optimal
lift/drag ratio to counteractgravity. Thus,thespeedis muchmore
importantin thecaseof bird �ight – thecontrollerstrategy for the
same�ight maneuver performedat differentspeedscanbe drasti-
cally different.Consequently, thespaceof controllersor wingbeats
for bird �ight is signi�cantly largercomparedto systemswith lower
Reynoldsnumbersuchas�sh swimmingin water. For thesamerea-
sontheinterpolationof distinctively differentcontrollersalsodoes
notapplyto thehighly nonlinearspaceof bird-�ight controllers.

Accuratemodelingof the aerodynamicswithin the �ight simu-
lation is crucialfor obtainingnatural-lookinganimation.Computa-
tional �uid dynamics(CFD)algorithmsarethebestchoicein terms
of accuracy. Unfortunately, theCFD computationsaretoo compu-
tationally intensive for the controlleroptimizationframework. As
a result,we turnedto simplerandcommonlyusedaerodynamics
equations.Wejchertet al. [1991]usedsimpli�ed aerodynamicsfor
thedesignandcontrolof animationof objectsin �uid andair�o w.
With wind tunnelexperimentsand�o w visualizations,researchers
in biology andzoologyhave studiedmany complex aerodynamics
phenomenathatoccurduringthe�apping �ight of birdsandinsects
(e.g. [Norberg 1990; Tobalske and Dial 1996; Spedding1992]).
Our �ight modeldrawsgreatlyfrom this largebodyof work.

3 Overview

The input to our systemconsistsof a dynamicbird model anda
�ight path trajectory. The bird model includesthe skeletalstruc-
ture,massdistribution,andwing featherspeci�cationincludingthe
parametersdescribingthe feathers'aerodynamicproperties. We
havecreatedanumberof suchmodelsfrom thedataavailablein the
biomechanicsliterature.We groupall degreesof freedom(DOFs)
for thebird into avectorq. Thisvectorincludesthebird'sglobalro-
tationandtranslation,aswell asall controllablejoints of thebird's
skeleton.Wede�ne thesimulationstateSto beq andits derivative,
i.e.

S=
�

q
�q

�

Thedesiredpathtrajectoryp(s) is representedasa3D splinepa-
rameterizedby its arclengths with correspondingdesiredvelocity
v(s) alongthe path. By adjustingthe pathandthe velocities,the

animatorcangeneratea largevarietyof aerialmaneuvers. For ex-
ample,Figure1 shows a synthesizedwingbeatduring the takeoff
motionof a raven.

Our �ight synthesisalgorithmsplits theentiremotion into a se-
quenceof wingbeats.During eachwingbeat,a bird �aps its wings
from aneutralpositionupward,thendownward,andthenupwardto
theneutralpositionagain. Ouralgorithm�nds valuesfor thewing-
beatparametersu thatenablethebird to follow thespeci�ed path
in amostnaturalway. Theseparametersdeterminethedesiredstate
patternsq� (u;t) for thecontrollableDOFsduringthewingbeatcy-
cle. The bird's motion is controlledby a proportional-derivative
(PD) controllerthatgeneratesjoint torquest (u) thatbring eachof
thecontrollableDOFsq towardsits desiredstateq� . Thetorquefor
eachof theDOFsqi is determinedby

t i(u) = k1

�
q�

i (u;t) � qi(t)
�

+ k2

�
�q�
i (u;t) � �qi(t)

�

The two constantsk1 andk2 dependon thecharacteristicsof indi-
vidual birdsandindividual joints. In additionto torques,thewing-
beatmotion is alsoaffectedby externalforcesF. Theseforcesin-
cludegravity andall theaerodynamicsforces.Theentiredynamic
systemcanbedescribedby anordinarydifferentialequation

q̈ = f (q; �q;F; t (u))

Then,with theinitial stateq0 and�q0 wecandescribethesimulation
stateat timet as

S(q0; �q0;F; t (u);t) =
�

q(t)
�q(t)

�
(1)

Using several metrics, the wingbeat objective function
E(S(q0; �q0;F; t (u);t);p(s);v(s)) evaluatesthe quality of the sim-
ulationsequence.Thewingbeatoptimization�nds theoptimalset
of wingbeatparametersu� thatminimizestheobjective functionE,
i.e.

u� = argmin
u

E(S(q0; �q0;F; t (u);t);p(s);v(s))

Oncewe have foundtheoptimalvaluesfor u, we canusethesim-
ulationfunction(in equation(1)) to determinethepositionandve-
locity of the bird until the endof the wingbeat. We continuethe
processof �ight synthesisby solvingfor thesubsequentwingbeats
until we reachtheendof thepathtrajectory.

4 Bir d dynamics

We model the bird asa hierarchy of articulatedlinks. Eachbird
has11 articulatedlinks, 21 joint DOFs,andadditionalDOFsfor
�e xible feathers.TheskeletalstructureandcontrollableDOFsare
describedin Figure2.

To modela feathered�e xible wing, eachof the�ight feathersis
attachedto thewing by a 2-DOFjoint whosejoint anglesarecom-
pletelydeterminedby theshoulder, elbow, andwrist joints in away
that resemblesthat of the �ight feathersof real birds. We model
feathersusingnonlinearangularsprings. We divide the vanesof
eachfeatherinto several consecutive polygonalsegments. Each
segmenthasanangularspringat its root,andthesegmentcanbend
aroundthespringaxis. Furthermore,primary �ight feathersrotate
aroundtheir shaftsas they move throughthe air becauseof their
vaneasymmetry(Figure3). This rotationor twist allowsair to �o w
throughthegapsbetweentheprimaryfeathersandhelpsto reduce
thedragduringupstroke[Norberg 1990].Sincethenegligible mass
of a featherwould result in stiff ODEs and consequentlyhighly
unstablesimulations,we ignore the massof feathersand model
themascompletelydampedoscillatorsusinga �rst orderdifferen-
tial equation,wherethe bendangleincreasesasymptoticallywith
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angle of attack

spread

feather

wrist bend

tail bend

elbow bend
forearm twist

shoulder

(quaternion joint)

tail spread

tail twist

Figure2: Thebird skeleton.Notethat in orderto modelbothtwist
andbendmovement,theforearmsandthetail areeachdividedinto
two links. Theactuatedjoints areshoulder� 2, elbow bend� 2,
forearmtwist � 2, wrist bend� 2, tail bend,tail twist, and tail
spread.Theshoulderjoint has3 DOFsandtheotherjointseachhas
1 DOF. Thetrunk has6 DOFsrepresentingits globalpositionand
orientation.

bend springs

twist spring

aerodynamic

forces 

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

torque.To avoid theconcentrationof massat thefront edgeof the
wing becauseof the masslessfeathers,links with feathersareex-
tendedin thedirectionof feathergrowth for a moreaccuratemass
distribution.

4.1 Wingbeat parameterization

In order to representthe desiredDOF patternsq� (t) for a wing-
beat,we usea setof wingbeatparametersu. Thesizeof u de�nes
thedimensionalityof thesearchspacefor theoptimizationanddi-
rectly impactsthe performanceof the optimizationprocess.It is,
therefore,important that we specify eachwingbeatusing as few
parametersaspossiblewhile still giving thebird enoughmaneuver-
ability. The parametersareshown in Table1. The superscriptsu
andd indicateupstroke anddownstroke parameters.Most of these
parametersarereplicatedfor theleft andright wings. For simplic-
ity, we do not list themhereseparately. The dihedralandsweep
anglesarede�ned in Figure4.

Theseparametersare usedto determinethe compositefunc-
tionsgk which in turndetermineq� :

q�
i (t) = qi + (qi � qi)gk(ud

m(i) ;u
u
m(i) ; f (t))

whereqi andqi arethemaximumandminimumallowedvaluesfor
DOFi (i.e.thejoint limits), andf is thephaseof thewingbeatcycle.

Parameter Description
ud

1, uu
1 armdihedralangles

ud
2, uu

2 armsweepangle
ud

3, uu
3 armtwist angles

ud
4, uu

4 forearmtwist angles
ud

5, uu
5 wing spreadextents

ud
6, uu

6 tail bendangles
u7 tail twist angle
u8 tail spreadangle
uT durationof thewingbeat

Table1: Wingbeatparameters.

dihedral angle

sweep angle

front view top view

Figure4: Arm dihedralandsweepangles.

Eachwingbeatstartswith thedownstroke, i.e. , f = 0 is thebegin-
ningof thedownstroke,andf = 2p is theendof theupstroke. The
functionm(i) determinesthemappingbetweenDOFsandwingbeat
parameters.DOF i is determinedby theparametersud

m(i) anduu
m(i) .

Thecompositefunctionsgk are

g1(ud
j ;u

u
j ; f ) = (uu

j � ud
j )

1+ cosf
2

+ ud
j

g2(ud
j ;u

u
j ; f ) =

(
ud

j 0 � f < p

(uu
j � ud

j )
1� cos(2f )

2 + ud
j p � f < 2p

Figure5(a) shows curvesgeneratedby thesetwo compositefunc-
tions.

Basedon observationsmadein the biomechanicsliterature,we
useg1 for upperarm dihedraland tail bend. We useg2 for the
armsweep,armandforearmtwists,andwing spreadextends.We
provide therationalefor thespeci�c choiceof compositefunctions
in AppendixA.

For DOF i with constantdesiredstatesuchastail twist andtail
spread,thedesiredstateis

q�
i = qi + (qi � qi)um(i)

The mappingm(i) is straightforward for most DOFs,with the
exceptionof thewrist bendandelbow bendDOFs.TheseDOFsare
bothdeterminedby thewing spreadparametersud

5 anduu
5 because

of abird'smusculoskeletalconstraints.Thewing linkageallowsthe
forearmandthe handto fold andunfold synchronously[Norberg
1990]. As the wing folds, it alsocausesthe forearmto rotateso
that thehandis depresseddownward[King andMcLelland1985].
We linearly decreasethe boundsfor the arm twist dependingon
the wing spreadparametersto achieve this. We could avoid this
ineleganceby modelingthecompletelinkagesystem,but doingso
would make the skeletalmodelunnecessarilycomplex andhinder
thesimulationperformance.

4.2 Phase transf ormation

As previously de�ned, thefunctionsg1 andg2 generatewingbeats
with equaldownstrokeandupstrokedurations.To allow variability
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g2

g1

(a) (b)

Figure 5: (a) Two curves generatedby the compositefunctions.
(b) Showsphasetransformationfunctionwith differentdownstroke
fractionua .

in thesedurations,we introducetwo moreparametersua andub
that representthe fractionsof time that the downstroke takes up
the wingbeatdurationand a phasetransformationfunction h(f )
(Figure5(b))whichsatis�esthefollowing conditions:

h(0) = 0; h(2uf a ;bgp) = p; h(2p) = 2p; �h(0) = �h(2p) = 1

Wethenusef 0= h(f ) insteadof f in g1 andg2. Weuseua andub
in g1 andg2 respectively, andthe resultingwingbeathasa down-
stroke/upstroke ratioof ua

1� ua
. Usingub in additionto ua produces

a wider variety of wingbeatsandalsoenablesthe optimizationto
�nd abettertiming betweendifferentDOFs.In orderto keepDOFs
synchronized,we offset thephaseof any q�

i generatedusingg2 so
that its midpointsof upstroke anddownstroke coincidewith those
thatbelongto DOFsgeneratedusingg1.

4.3 Wingbeat blending

Functionsg1 andg2 areintentionallydesignedto becyclic in order
to easilymodelrepetitivewingbeats.Unfortunately, whencompos-
ing two differentconsecutivewingbeats,thereareinvariablyC0 and
C1 discontinuitiesat the time of transition. Thesediscontinuities
will result in drastic�uctuations of the torquesfrom the PD con-
troller. We dealwith thesediscontinuitiesby blendingthedesired
statepatternsnearthetransitionpoint. In orderto decouplethe�ap-
pingamplitudesbetweenadjacentwingbeats,wehave foundthatit
is betterif eachwingbeatstartsandendsat the middle of the up-
stroke becausethat is whenthe wings areusuallyat their neutral
dihedralangles.In otherwords,thewingbeatphasestartsandends
at2(ua + 1� ua

2 )p.
Let tT denotethe time at which the wingbeattransitionoccurs

(i.e.whenthe�rst wingbeatendsandthesecondwingbeatbegins).
We blendthe wingbeatsfrom time ts = tT � tb to te = tT + tb. As
seenin Figure6, we �rst extendq� (t) from bothwingbeatsinto the
neighboringregionsby duplicatingthem,andthenblendthemas
in [Lee andKim 1995]. Note that unlike in [Lee andKim 1995]
wherethey directly manipulatedthe �nal animation,our blended
curvesrepresentthedesiredvaluesfor theDOFsandnot thesim-
ulation results. We feed the blendeddesiredstatepatternsto the
PD controllerto generatethe torquesusedin the �nal simulation.
Becausethe endof the �rst wingbeatis changedby the blending,
we backup andstartthesimulationfrom ts whenwe optimizethe
secondwingbeat.

4.4 Simpli�ed aerodynamics

Currently, the only external force modeledin our systembesides
gravity is theaerodynamicsforce. Thelift anddragmodelusedin
our systemis asfollows. Given the velocity of air v relative to a

q

time

blended 

curve

1st wing beat




2nd wing beat




ts tetT

*

Figure6: Wingbeatblending.Thesolidbluecurvesaretheoriginal
curves. The dottedblue curves are the duplicateof the original
curvesto extendthethembeyondthetransitiontime tT . Thethick
redcurve is theblendedresult.

ap
as

Figure7: Wing areas:ap is thewing areaformedby theprimaries,
andas is thewing areaformedby thesecondaries.

surfacewith normaln, we decomposethevelocity into thenormal
and tangentialcomponentsvn andvt with respectto the surface.
Theangleof attackq is

q = tan� 1
�

vn � n
kvtk

�

By de�nition, thedirectiond of dragandthedirectionl of lift are

d =
v

kvk
; l =

d � n
kd � nk

� d

With lift anddragcoef�cients cl (q) andcd(q) , we computelift
anddrag for every segmenton eachfeatherusing the areaof the
segmentandthe angleof attackthe air hason the segment. The
measuredcoef�cients for bird wingsareonly availablefor limited
rangeof angleof attack(see,for example,[Withers1981]). More
extremeanglesof attacksuchas thosethat would appearduring
takeoff areusuallyoutsideof this range.We usesynthesizedfunc-
tions to producelift and drag coef�cients at any particularangle
of attackwhile maintainingtheir characteristicswithin the range
wheremeasureddataare available. Simply summingup the lift
anddragforcesthusderived to obtainthe forcesfor thewing will
not give a goodapproximationbecausetheoverlapof the feathers
is ignored. We thereforescalethe segmentareaby si = ap=å i ai
for eachprimary feathersegmenti andby sj = as=å j a j for each
secondaryfeathersegment j, whereap andas arethe wing areas
formed by the primariesand the secondariesrespectively and ai
anda j aretheunscaledsegmentareas.We approximateap andas
by connectingtherootsandtips of adjacentfeathersandsumming
up thepolygonalarea(Figure7).
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Figure8: Lift anddragcoef�cients: The lift anddragcoef�cients
aredeterminedby thecharacteristicpointsxi andyi respectively.

Thelift anddragforcesfor eachvanesegmenti are

f il =
1
2

cl (q)r siaikvk2l

f id =
1
2

cd(q)r siaikvk2d

wherer is the air density. Figure8 shows the plot of the lift and
dragcoef�cients usedin our system.For body link i, theexternal
forceandtorquedueto aerodynamicinteractionare

å
j

f j
l + f j

d and å
j

x j ;i � (f j
l + f j

d)

for eachvanesegmentj of thefeathersattachedto link i, wherex j ;i
is thevectorfrom thei's centerof massto j'sareacenter.

5 Wingbeat optimization

After we have obtaineda sequenceof simulationstatesby apply-
ing the wingbeatde�ned by the setu of wingbeatparameters,we
usethe objective function E to evaluatethe goodnessof motion.
E is the weightedsumof various�ight metricsthat fall into two
groups. The �rst groupevaluateshow closethe bird follows the
pathwith the speci�ed velocity without regard to the smoothness
of themotionor energy consumption.Thesemetricsalonecannot
ensurethat themotion looksnatural.Thesecondgroupof metrics
measurethegracefulnessof themotion. Thesetwo groupsof met-
rics work togetherto ensurethattheoptimalwingbeatachievesthe
goalgracefully.

5.1 Objective function

Supposethe simulationfor the wingbeatis carriedout from time
t0 to theendof thewingbeatt1. Let qp denotethepositionof the
gravity centerof thebird's trunk andthequaternionqr denotethe
trunk's orientation. Let p(si) denotethe point on p that is closest
to qp(ti). The �rst groupof metricsevaluatehow well the bird is
following thepathby measuringthedeviation of the�nal position,
velocity, andorientationwith respectto thepath:

Ep = kqp(t1) � p(s1)k2

Ev = k�qp(t1) � v(s1)k2

Er = y 2(qr (t1);q�
r (s1))

wherey (qa;qb) is theabsolutevalueof therotationanglefrom qa
to qb, andq�

r is the desiredorientation. SeeAppendixB for the
detailsonhow wedetermineq�

r .

The �rst metric from the secondgroup penalizesnon-smooth
changeof orientationandlargerthannecessaryangularvelocity at
any instancein time. This term ensuresthat the bird remainsas
stableaspossibleover theentiredurationof thewingbeat:

Ew = R2
�

gw

Z
kwkdt + (1� gw) max

t
(kwk)Dt � Dy

�

where w is the angular velocity of the trunk, Dt = t1 � t0,
Dy = y (qr (t0);q�

r (s1)) , andR is therampfunctionde�ned as

R(x) =
�

0 x < 0
x otherwise (2)

The integration term measuresthe overall changeof orientation
within thewingbeatduration.Wealsomeasurethemaximumangu-
lar velocity to discourageabruptchangesin orientation.Thecon-
stantgw controlstherelative importanceof the integrationandthe
maximumvalueof theangularvelocity.

GrzeszczukandTerzopoulos[1995]usedametricthatpenalizes
controlleractuationamplitudesandtheir variationfor synthesisof
�sh swimmingcontrollers.We foundthis particularmetric insuf�-
cientfor bird �ight. Althoughthis metricmaywork well for wing-
beats– suchasthosefor cruisingandsoaring– thatconsumeless
energy, it �ghts with theothermetrics(Ep andEv in particular)for
wingbeats– suchasthosefor takeoff – thatrequirea hugeamount
of energy. In orderto devisea moregeneralmetricof energy con-
sumption,we turn to the�ight biomechanicsliterature.

It hasbeenobserved that the twist of the forearmwhich rotates
thehandandhencetheprimaryfeathersundergoesarelaxedmove-
ment during the upstroke [Burton 1990]. Minimizing the torque
for the twist of the forearmsonly during the upstroke givesnatu-
ral looking resultswithout overrestrictingthe overall torquefrom
the controller. Intuitively, the energy spentduring downstroke is
mainly governedby the bird's needto maintainaltitude. During
the upstroke the bird hassigni�cantly more freedomto move in
differentways. Consequently, we usethis metric to minimize the
excessive torqueusageduringupstroke:

Eu =
1

m2 å
j2V

�
gu

1
ua Dt

Z
t 2

j u(t)dt + (1� gu) max
t

(t 2
j u(t))

�

whereV is the setof the two elbow twist DOFs,m is the bird's
mass,andu(t) is 1 duringupstroke and0 otherwise.We alsomea-
surethemaximumtorqueduringupstroke to suppresssuddenactu-
ationin a shortperiodtime,which will not beaccountedfor in the
integrationterm.

Duringthesimulation,thebird canattimesmoveits wingsback-
wardsthroughthe air. Suchmotion would disturb, and possibly
damage,the �ight feathersof a real bird. In orderto avoid “�uf f-
ing thefeathers”during�ight, we deviseanadditionalmetric. Let
b j denotethespeedfeatherj travelsbackwardthroughtheair. We
de�ne “backward” for a featherto be theshaftdirectionof its end
vanesegment,andb j hasa positive valuewhenfeather j is mov-
ing backward and 0 if not. The following metric penalizessuch
movement:

Ef =
1
Dt

Z
max
j2F

(b2
j (t))dt

whereF is the set of �ight feathers. The objective function is
thereforetheweightedsum

E = wpEp + wvEv + wrEr + wwEw + wuEu + wf Ef
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5.2 Optimization process

We usea standardsimulatedannealingprocess[Kirkpatrick et al.
1983] to optimizethe wingbeatparameters.At eachiteration,we
generatea new set of wingbeatparametersby randomlypicking
a parameterfrom u andthenoffsetting it by a randomamountto
obtaina new setof parameters.We thenrun the simulationusing
thenew wingbeatanduseE to evaluatethegoodnessof themotion.
Eachwingbeatrequires1000iterations.Weuseageometriccooling
scheduleandthe annealingtemperatureis reducedby 10% every
100iterations.

6 Putting it all tog ether

Whenthebird's positiondivergesfrom thepath,v(s) mayonly al-
low the bird to travel in parallelwith p(s). Returningto the path
andmaintainingthedesiredvelocity becomecon�icting goals.We
thereforede�ne a merging pathp0(s) with new velocity v0(s) that
allowsthebird to graduallyreturnto theoriginalpath.Thenew ve-
locitiesstill havethesamemagnitudebut havedirectionstangential
to the new path. We thenusep0(s) andv0(s) insteadof p(s) and
v(s) in theobjective function.

De�ne t b(u0;u1) to bethejoint torquesthePDcontrollergener-
atesfrom blendingthetwo sequentialwingbeats.For simplicity, we
alsode�ne t b(null;u1) = t (u1). Theentire�ight synthesisprocess
canbedescribedasasetof iteratedstages:

q0  p(0)
�q0  v(0)
u0  null
repeat

determinep0(s) andv0(s) from q0
u1  argmin

u
E(S(q0; �q0;F; t b(u0;u);t);p0(s);v0(s))

t  uT � tb
[q0; �q0]T  S(q0; �q0;F; t b(u0;u1);t)
u0  u1

until q0 hasreachedtheendof p(s)

Thefull animationof a bird's �ight is a resultof dynamicsimu-
lationof all wingbeatsperformedsequentially.

7 Results

To demonstratethe capabilityof our system,we createthreebird
modelsof differentdimensionsandweights,approximatinganea-
gle, ravenanda sparrow. We alsocreateseveralpathsthat require
thebirds to do differentmaneuvers. Figure9 shows theanimation
sequencesfor thesethreebirds.

We testour methodby requiringeachbird to follow a full �ight
pathstartingwith a takeoff and�nishing with landing. At takeoff,
thebirdsstartat thesmallvelocity generatedby a jump andgradu-
ally build up thespeedtrying to catchup to thepath.Theextreme
bendingof feathersis apparentduringtakeoff, especiallyfor theea-
gle's long feathers.In orderto executea turn, a bird compensates
for inertia by tilting its body andusingan asymmetricwingbeat.
When landing, a bird usesthe air drag of its wings and/or �aps
againstthedirectionof movementto slow down.

Becauseof the differentmass,size,andskeletal structure,the
wingbeatsof thesebirds aredifferent. For example,during take-
off, the raven folds its wings inwardsat upstroke, while the eagle
sweepsits wingsforward. Theforwardsweepof theeaglealsore-
semblesthewingbeatpatternof a realbird of similar dimensions,
asshown in Figure10.

eagle raven sparrow
timestep 0.001s 0.0007s 0.00025s
�ight time 6.7s 5.2s 3.8s
optimization
time

218min 232min 324min

mass(kg) 3.7 0.5 0.025
k1 20� 1000 2� 100 0.01� 0.5
k2 0.02� 2 2e-3� 0.2 1e-5� 1e-3
x0 (� 90; � 0:5) (� 90; � 0:5) (� 90; � 1)
x1 (� 10; � 1:26) (� 10; � 0:8) (� 15; � 2:4)
x2 (� 5; 0) (� 5; 0) (� 5; 0)
x3 (15; 1:8) (15; 1:6) (15; 3:0)
x4 (90; 0:5) (90; 0:5) (90; 1)
y0 (� 90; 2) (� 90; 2) (� 90; 1)
y1 (0; 0:02) (0; 0:02) (0; 0:01)
y2 (90; 2) (90; 2) (90; 1)
wp 1000 1000 10000
wv 10 10 100
wr 300 300 300
ww 2 2 2
wu 1 1 1
wf 100 100 100

For Ew andEu, gw = 0:5 andgu = 0:1.

Table2: Somevaluesusedin andresultingfrom the simulations
andoptimizations.Notethatthe�ight andoptimizationtimesrefer
to thetimesfor thefull �ight paths.Themachineusedis a2.8GHz
Pentium4 PC. For eachbird, the samemetric weight valuesare
usedfor all paths.

We canalsoapplyenvironmentforcessuchasa gustof wind by
includingtheeffect of directionalwind in theaerodynamicmodel.
In the simulation,the eagle�rst getsblown off the path,andthen
readjustsits wingbeatsto counteractthewind force.Whenthewind
disappears,it returnsto its normal�ight pattern.

Thesimulatedannealingprocesswasableto �nd thesequenceof
wingbeatson eachof thefull �ight pathsfrom startto �nish in one
singlerun. However, every bird hasits physical limitationsandif
thespeci�edturnis toosharp,or theclimbingangleis toosteep,the
bird may losesubstantialspeedandaltitudewhile trying to follow
the pathor completelyfail to take �ight. Whenthe bird diverges
too far away from the path, the wingbeatmotion no longer looks
naturalbecausethetermwpEp overshadows theothertermsin the
objective function.

We usea freely available library DynaMechs[McMillan et al.
1995] for the forward dynamicssimulation. We show the system
performanceandsomeof theimportantparametervaluesweusein
Table2.

8 Discussion and future work

Themaincontribution of this paperis a generalalgorithmfor syn-
thesisof dynamicbird �ight simulations.Becauseour framework
is basedon a realistic bird model (we useappropriatephysical,
biomechanic,andaerodynamicproperties),it naturallygeneralizes
to birds of variousshapesandsizesperforminga variety of aerial
maneuvers.

Along the way to achieving our goal, we showed that with the
compactparameterizationof wingbeatsandapropermetricto cap-
turethenaturalaspectsof �ight motion,globaloptimizationmeth-
odscansuccessfullyexplorethespacefor asetof naturalwingbeat
parameters.Weshowedthatmodelingthetwist of primaryfeathers
(which reducesdrag during upstroke) and accountingfor feather
overlap when computingwing areaare important for successful
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Figure9: Top andmiddle: A ravenanda sparrow eachfollowing a �ight trajectoryindicatedwith a white line. Thecolor linesrepresentthe
wing tip trajectoriesover time. Bottom: Shows theentire�ight pathandanimationsequencefor theeagle.

Figure10: Comparisonof oursimulationwith arealbird of similar
dimensions.

simulationof �ight. We also showed that naturalmotion can be
producedby simultaneouslyminimizingtheruf�ing of feathersand
theenergy of theupstroke motion. We hopethat this novel metric
will motivatefurtherresearchin theanalysisof bird �ight.

Unfortunately, detailedmodelingof thebird �ight modelcomes
with complexity costs.In ourdesign,wetriedto simplify themodel
asmuchaspossiblewithout losingthequality of theresultingmo-
tion andgeneralapplicabilityto variousbird modelsandaerialma-
neuvers. For example,we found that we could producenatural

�ight motion even if turbulencewas left out of the aerodynamics
model. At thesametime, the�e xibility of featherswasimportant.
In orderto maketheoptimizationproblemfastandstable,wehadto
make furthersimpli�cations to themodel.For example,thefeather
elasticitywasmodeledasa �rst-order ODE unlike the restof the
bird. Despiteall simpli�cations, our modelis still quite complex,
and further researchneedsto be conductedto explore additional
abstractions.

We foundthat in theprocessof de�ning a new bird, in addition
to specifyinga skeleton,theanimatorneedsto alsode�ne thespe-
ci�c aerodynamicpropertiesof the bird's feathers.Unfortunately,
themeasurementsfrom theliteratureareincompleteevenin thefew
caseswherethey exist. Sinceour aerodynamicmodelis a simpli�-
cationof reality, it is alsonot clearhow to determinetheseparam-
etersaccurately. Currentlyin our framework this processis not too
far removed from a simple trial anderror process.In the future,
theseparameterscouldalsobedeterminedby optimization.

Behaviors such as bounding �ight and soaring are currently
missingfrom ouranimationresults.Althoughwecangeneratesuch
behaviors by manuallyenforcingzero�apping amplitude,a better
approachwouldbeto takethebird'smetabolicrateandenergy con-
sumptioninto accountwhenwesearchfor 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 framework could be usedto popu-
late thespaceof all possible�ight movements.We areinvestigat-
ing ways to automaticallydetermine�ight controllersfrom these
�ight movements. Suchcontrollersshoulddeterminean optimal
wingbeatfrom thepre-generated�ight movementswithout repeat-
ing thetime-consumingoptimizations(e.g.by interpolatingneigh-
boringwingbeats)andcouldbeusefulfor realtimesynthesisof bird
�ight anddetailed�ocking behaviors.

7
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A Choice of composite functions

During takeoff or at low �ying speeds,thebird usesits tail to help
generatelift [Norberg 1990].Themotionof thetail shouldbesyn-
chronouswith the wingbeatsso that the bird can balanceitself.
Therefore,armdihedralandtail bendbothusethesinusoidalcom-
positefunctiong1.

Duringdownstroke,thebird holdsits forearms�x edwith respect
to thearms.Duringupstroke,thebird quickly retractsits wingsand
rotatesforearmsin orderto reducethe downward dragcausedby
theprimary feathers.It thenquickly extendsthewingsagain near
the endof the upstroke to preparefor the next downstroke [Poore
et al. 1997]. We thereforeuseg2 for arm andforearmtwists and
wing spread.We alsouseg2 for arm sweepsincethe sweepjoint
alsoaffectswing spread.

B Updating desired orientations

While desiredpositionandvelocity areobtaineddirectly from the
path speci�cation, the desiredorientationfor the bird at the end
of the wingbeatq�

r is harderto determine. We usethe heuristic
thatq�

r is suchthatthebird's �apping generatesaccelerationin the
directionof the desired acceleration a� . We alsoassumethat the
birdsaredesignedto generateaccelerationin theup directionwith
respectto thebird's trunk.

Thedesiredaccelerationa� is thesumof thecentrifugalaccel-
eration ac, tangential deceleration at , andthe negation of gravity
� g. Notethatwedisregard(forward)tangentialacceleration.

With thepointp(s1) onp thatis closestto theendpositionof the
bird qp(t1), wecomputeac using

ac =
mk�qp(t1)k2

r (s1)
n(s1)

wherer (s1) is the radiusof curvatureof p at p(s1) andn(s1) the
principalnormalto p. Weapproximateat using

at =
� R(k �qp(t0)k � k �qp(t1)k)

t1 � t0

v(s1)
kv(s1)k

whereR is the rampfunction de�ned in equation(2). We further
requirethat,with q�

r , thehorizontalcomponentof thedirectionthe
bird is facingis thesameasthehorizontalcomponentof thedesired
airspeed.

Note that althoughcomputingorientationthis way works well
for us in mostcases,it is a very roughapproximationandnot well
de�ned onapathwith (nearly)verticalsegments.
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