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Abstract
Thispaperaddressestheproblemof humanmotionencodingfor real-timeanimationin interactiveenvironments.
Classically, a motionis stored as a sequenceof bodyposturesencodedas a setof joint rotations(quaternions,
Euler-like anglesor rotation matrices).As a consequence, Cartesianconstraints mustbe solvedusing inverse
kinematicsand/oroptimization.Thoseprocessesinvolvecomputationcoststhat do notallow real-timeanimation
of several characters in interactiveenvironments.To solvesuch a problemwith a minimumcomputationtime, we
designeda motionrepresentationindependentfromthe morphology andcontainingtheconstraints intrinsically
linked to the motion such as feet contactswith the ground.With such a description,a uniquemotion can be
sharedbyseveral characters with differentmorphologiesandin differentenvironments.We alsoadapteda Cyclic
CoordinateDescentalgorithmthat takesadvantagesof this representationin order to rapidly dealwith complex
tunablespacetimeconstraints.For example, this methodenablesto interactivelycontrol at leasteightcharacters
with different morphologies that interact each other during a �ght training. Hence, each character hasto deal
with geometricconstraintsthat canchange at everytime, dependingon theopponents'morphology andgestures.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism- Animation

Figure 1: Eight characters dealingwith several constraints
in real-time.

1. Intr oduction

In interactive environments,designinga set of behaviors
for anavatar is dif�cult primarily dueto the real-timecon-
straint,especiallyif we wish to usea relatively poor mo-

tion capturedatabase.In suchinteractive environments,se-
lecting behaviors in a databaserequires to pre-calculate
all the possibletransitionsbetweenthem by using motion
graphs[KGP02][LL04]. An alternative consistsin merging
several elementarymotionsthanksto frame-spaceinterpo-
lation [GR96]. Neverthelessthosetechniquesgenerallyre-
quirelargemotioncapturedatabases.An alternativeis to use
motionadaptationthatenablesto createnew behaviors with
a small motion capturedatabase.Themain point is thento
ensurethatadaptationspreserve thestyleandrealismof the
original motion. The motion mustbe adaptedto the skele-
ton of the new character. The environmentshouldalso be
consideredto adjustthemotionto new constraints.

To solve this problem, two main approachescould be
identi�ed: kinematicor dynamicbasedtechniques.While
theformerallowslow computationtime,thelatterenablesto
take into accountbalance,forcemagnitudecontrol,etc.Dy-
namicmethodsarenot yet suitablefor interactive environ-
mentswhereausercaninterferewith severalsyntheticchar-
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actersconcurrently. Moreover, techniquesinvolving space-
time constraintsandoptimizationcannotbe consideredbe-
causethey requirea completeknowledgeof theconstraints
whereasa user can interact at any time. Previous works
aregenerallybasedon themodi�cation of angulartrajecto-
rieswhereasconstraintsaregenerallygivenin theCartesian
frame.Theresultingprocessconsequentlyinvolvesusingin-
versekinematics.

We proposea speci�c descriptionof motion in order to
accelerateandoptimizetheprocessof motionadaptation.To
this end,insteadof usingangulartrajectorieswe proposeto
dealwith datathat arenot linked to the character's anthro-
pometricproperties.This methodenablesus to animatein
real-timeseveral differentcharacterswho have to dealwith
constraintsthatcanchangeatevery frame(see�gure 1).

2. Relatedworks

Adapting motions to new constraintshas been investi-
gatedby addingdisplacementmapsto the original trajec-
tories[Gle98][LCR� 02][LS99]. Although thosetechniques
arevery ef�cient to edit motions,a completeknowledgeon
spacetimeconstraintsis requiredfor all the sequence.As a
consequence,modifying thoseconstraintsin real-timeis not
possible.Let us considera kick that mustdrive the foot to
the opponent's headwhile the othercharacteris alsomov-
ing. If no assumptionof the opponent's headtrajectoryis
possible,displacementmapscalculatedat the beginning of
thesequencemaynotverify theconstraintsat theendof the
sequencegiven that the opponent's headis moving unpre-
dictably.

An alternative is to use statistical analy-
sis [BH00][LWS02][SHP04] in order to decreasethe
number of degrees of freedom that are controlled and
consequentlyto simplify the control problem. Learn-
ing a search-spaceis also possibleto perform so-called
style-basedinverse kinematics[GMHP04]. Whatever the
technique,a largedatabaseof motionsis requiredto obtain
accuratecontrollerswhereasweaimatusingasmallmotion
capturedatabase.

As constraintsare generallyexpressedin the Cartesian
framewhereasjoints arecontrolledusingrotations,another
solutionconsistsin usinginversekinematicsat eachframe.
This techniqueallows interactive motion deformationwith
prioritized constraints[CB04] including the control of the
centerof masstrajectory[BB04]. In orderto decreasecom-
putationtime, themethodcanbeappliedon only subsetsof
theentirekinematicchain[BCHB03]. A dynamic�lter can
alsobeusedto ensurethat theresultingmotionveri�es dy-
namicconstraints[TySK02]. Thisapproachis analternative
to the searchof a controller that drives a dynamicsystem
by computingthe forcesandtorquesthatminimizea given
objective function[PW99][FP03][SP05].

Althoughthosemethodsprovide a powerful tool to adapt

motions to new constraintsrapidly, the computationtime
doesnot allow thecontrolof severalcharactersin real-time.
Improvementshave beenproposedto apply inversekine-
maticswith lesscomputationtime, suchas using speci�c
formulationsfor anthropometriclimbs [TGB00]. However,
controllingsub-partsof theskeletonindependentlyis notal-
waysadequateto solve constraintsthatrequirethedisplace-
mentof all thebody. [SLSG01] extent this approachby us-
ing an iterative processin order to dealwith the complete
body. Their goalwasto mapthemovementsof a performer
to ananimatedcharacteronly consideringconstraintsonthe
end-effectors.Anotherimprovementconsistsin usinganin-
termediateskeleton[MBBT00] thathaslessdegreesof free-
domandthenin recalculatingtheremainingdegreesof free-
domanalytically. This improvementwasalsousedto control
a simpli�ed mechanicalsystem[PW99] while inversekine-
maticswas usedto recover the remainingdegreesof free-
dom.Thoseworks demonstratethe interestof usinga spe-
ci�c representationof motion(throughsimpli�ed skeletons)
andwe proposeto go further thosesteps.Hence,we pro-
poseto de�ne adatastructureespeciallydedicatedto motion
adaptation:it is supposedto decreasethecomputationtime
requiredto solve complex Cartesianconstraintsthat could
changeateachframe.

To acceleratethe constraintssolver basedon this data
structure,we proposeto use the Cyclic CoordinateDe-
scenttechnique(denotedCCD in the remainderof the pa-
per) [WC91] [Lan98]. Although this methodoffers rapid
solving of inversekinematicsproblems,it is not possible
to add secondarytasks and consequentlyto use speci�c
laws.As a consequence,someartifactsmayoccurin there-
sulting sequence,suchasan inhomogeneousrepartitionof
thedeformationalongthekinematicchain[Wel93]. Several
heuristicswereproposedto make thesystemconvergeto an
acceptablesolution.For example,a thresholdcanbeusedat
eachtimestepin orderto limit thequantityof rotationtaken
by the�rst joints.Thistechnique,calleddamping,makesthe
solutionbemorehomogeneousbut it engendersmoreitera-
tionsto reachit. Jointlimits canalsobeconsidered[Lan98].
However, asCCDdoesnotconsidermovementcontinuity, it
mustbeimprovedto provideacceptablesolutionsfor motion
adaptation.Moreover, it doesnot take comfort information
suchasusingpreferablythe arm andnot the trunk during
grasping.

In this paper, we proposeto usetheadvantagesof several
of theabove techniquesby introducingaspeci�c datastruc-
tureto encodethemotion.Wealsoproposeanenhancement
of theCCD thatenablesto have a morerealisticadaptation
and to respectthe centerof mass(called COM in the re-
mainderof the paper)aswell asto control every pointsof
thecharacter's body.
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Figure2: Overview of themotionadaptationprocess.

3. Overview

As statedabove, classicalapproachesdealingwith joint an-
gles requireoptimization and inversekinematicsto solve
Cartesianspacetimeconstraints,such as moving on an
uneven terrain, grasping objects at various positions in
space.. .Even for �at grounds,scalingdata to new skele-
tons requiresinversekinematicsor optimizationto ensure
feet contactswith the environment.To take thoserequire-
mentsinto accountwithout usingcomplex inversekinemat-
ics methods,we proposeto subdivide theskeletoninto sub-
parts.Humanbody is consideredasa hierarchyof subparts
(suchasan arm, the trunk.. . ) expressedrelatively to their
parent,coupling Cartesianand angulardata.For example,
insteadof storingall the joint angles,we selectonly thean-
glesthatarenotdirectly linkedto anthropometricdata,such
astheangleof theplanecontainingtheshoulder, theelbow
andthewrist. TheCartesiandataarenormalizedsothatonly
adimensionaldataarestoredin orderto simplify thescaling
process.

However, motion is not limited to a sequenceof postures
but also intrinsically containsconstraints,suchascontacts
betweenpartsof theskeletonandtheenvironment.Footcon-
tact can be semi-automaticallyidenti�ed by selectingthe
timeswherethe foot heightandvelocity arebelow a given
threshold[MKMA04]. Otherconstraintsdependon thena-
tureof themotionandmustbeeditedby a user. Thosetasks
are performedoff-line for eachcapturedmotion in a so-
called Off-line semi-automaticprocess(see�gure 2). The
inputsarecaptured�les in C3Dor BVH formatandtheout-
putsare�les storedin our formatcalledS4D.

Given a �le stored in this format and an avatar (de-
scribedwith its geometryandanthropometricdata),a three-
stepsprocessis performedin ourreal-timeanimationengine
(calledMKM) in orderto adaptthe motion to a new char-
acterand to the environment.First, the adimensionaldata

storedin the �le arescaledto take the new character's an-
thropometricdatainto account(calledMorphological adap-
tation module).The output is calledscaledS4D given that
it is still basedon our motion representation.Second,the
feetthatmustbein contactwith thegroundaredisplacedto
a convenientposition (called Ground adaptationmodule).
As a consequence,theroot is recalculatedto becompatible
with the new feet positions.The dataarestill in the scaled
S4D format. Third, the other constraintsare solved in the
Constraints solver module.Thoseconstraintsare the ones
editedby theuserin theOff-line semi-automaticprocessand
othersthat canbe addedinteractively in the real-timeenvi-
ronment.At this step,the scaledS4D format is still used
but otherpointsdirectly linked to thegeometricconstraints
arecalculatedwhenneeded.All the constraintsrequirege-
ometricaldataprovidedby thereal-timeenvironment(such
asactualpositionof a target thathave to be reachedor ac-
tualsizeof anobjectthatmustbeheld).Finally, joint angles
arecalculatedandsentto visualizationthroughthePosture
conversion module.Only at this step,our speci�c format is
abandonedto provide visualizationwith a classicalposture
representation.

Section4 describesthedatastructureusedto encodemo-
tion. Then section5 explains the constraintsassociatedto
this representation.Section6 shows that this adimensional
representationallows simpleandrapidmorphologicaladap-
tation.Section7 describeshow themotionis adaptedto the
ground.The way all the joints arecalculatedaccordingto
our datastructureis presentedin section8. Next, section9
dealswith theadaptedCCDalgorithmthatmakesit possible
to controlseveralcharactersin real-timewhile respectingthe
COM. Someresultsarepresentedin section10.

4. Normalized skeleton

Figure3: Normalizedrepresentationof theskeleton.

Themotionis storedusinganormalizedrepresentationof
theskeletonanda setof associatedconstraints.In this sec-
tion,wedescribetherepresentationof aposture.Classically,
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the humanbody is consideredasa setof kinematicchains
startingfrom the root to extremities.In our representation,
thehumanbodyis alsosubdividedinto kinematicsubchains
thatdescribepartsof theskeleton(see�gure 3). Thosekine-
maticchainsaredividedinto threemainparts:

� thenormalizedsegmentsarecomposedof only onebody
segment(suchasthehands,the feet, theclavicle andthe
scapula),

� thelimbswithvariablelengththatencodeupperandlower
limbs; in this representation,the intermediatejoints (el-
bowsandknees)arenotencodedbecausetheirpositionis
directly linked to the character's anthropometricproper-
ties,

� andthespinerepresentedwith a splinethatcouldbesub-
dividedinto assegmentsaswishesin thereal-timeanima-
tion module.

Whatever thekind of kinematicchainKC composedof seg-
mentsSj , only normalizedvaluesarestored.Let E and R
be respectively the extremity andthe root of the kinematic
chainKC. In orderto obtaina normalizedrepresentationof
KC we canusethefollowing equation:

normalizedKC =
E � R

å j length(Sj )
(1)

The limbs are storedusing only two data: a reference
frame attachedto the root of the correspondingkinematic
chain(shoulderor hip) anda scalar. The axesof the frame
aredepictedin �gure 4: they arede�ned in orderto represent
thehalf-planein which the intermediatearticulation(elbow
or knee)takes place.The scalarrepresentsthe normalized
lengthof this limb, that is to saya percentageof themaxi-
mumlimb length.

Figure 4: Speci�cationof thehalf-planerepresentedby the
frame(X,Y,Z) which containsthe elbow. The local coordi-
nates(y, z)of theelboware computedanalytically.

In this last representation,eachpoint of theskeletoncan
beretrievedrelatively to theroot position.Contraryto clas-
sicalrepresentation,theinstantaneousorientationof theroot
is dividedinto two maincomponents.Theglobalorientation
dealswith theglobaldirectionof themotion.Thelocal ori-
entationis the additionalrotationappliedto the global ori-
entationin orderto obtaintheactualrootorientation.During
awalk, it representsthepelvisoscillationsaroundtheglobal

direction.In orderto encodemovementswithout takingan-
thropometricpropertiesinto account,thepositionof theroot
is normalizedby theleg length.

5. Constraints

Figure5: Speci�cationof thepoint that is constrained.

As introducedin section3, constraintsarealsostoredwith
themotion.Thefeetcontactswith thegroundarenecessary
to avoid sliding effectsor unwantedpenetrationof the feet
into theground.Additionalconstraintscanalsobeaddedby
theuser. Forexample,consideringaclappingmotion,atleast
oneconstraintmustbeaddedto themotion: thecontactbe-
tweenthetwo handsthatoccursat repetitiveperiodsof time.
To modela constraintCi severalparametersarenecessary:

Ci = f CPi ;Ti;KCi ;Pi;Aig

The �rst parameterCPi is the constrainedpoint (see�g-
ure5). It is linked to a bodysegmentandits positionis de-
�ned usinga 3D local offset from the root of this segment.
Next parameterTi is the type of the constraintamongthe
following ones:

� Position:theusercanimposeadesiredpositionfor agiven
point of theskeleton.Sinceall thecomputationsareper-
formedin real-time,theimposedpositioncanchangeev-
erytime.For example,it is theneasyto usethepositionof
anavatar's articulationastheconstraintfor anotherchar-
acter(seesection10);

� Orientation:theusercanenforcea segment's orientation.
Thisorientationcanbedirectlyappliedto thecorrespond-
ing referenceframe;

� Distance:the user can imposea distancebetweentwo
pointsof theskeleton.This constraintis alsousedto en-
surecontactbetweentwo pointsby imposinga null dis-
tance.For example,this constraintmakes it possibleto
hold severaldifferentobjectswith differentsizesaccord-
ing to auniquetwo-handsholdingmotionprovidedby the
motiondatabase;

� Restrictedarea:theusercanconstraintpointsinto a spa-
tial area(seewristsAboveTable.avi). Figure 6 shows the
useof suchconstraintsappliedto the wrists. The avatar
in the backgroundtalks while placing the wrists on his
thighs,asin theoriginalcapturedmotion.In thefront, the
characterplaysthesamemotionwhile adaptingit in order
to keepthewristsabove thetable.
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Figure 6: Thewrists are constrainedin thearea above the
table.

Dependingon theconstraint,speci�c parametersmustobvi-
ouslybeaddedsuchasthedesiredpositionof theconstraint
or thedimensionsof therestrictedarea.

The next parameterKCi de�nes the kinematicchainas-
sociatedto the constraint.It offers the userthe possibility
to specifythesetof usablebodysegmentsin orderto solve
theconstraint.For example,in �gure 7, threeconstraintsare
speci�ed.C1 is appliedon theright handandactson all the
segmentsrangingfrom the handto the abdomen.The con-
straintC2 only involvesthearmandtheclavicle.

Figure 7: Constraints are associatedto a subsetof the
completekinematicchain. The three different constraints
are representedwith big dots.Thelinesare their kinematic
chainsandtheir rootare representedwith thebig crosses.

Thepriority of theconstraint,calledPi , indicatestheim-
portanceof a constraintcomparedto others.Theconstraints
with low priorities are only veri�ed after thoseassociated
to higherpriorities.Finally, theusercanstartandstopcon-
straintsusingtheparameterAi which is theactivationof the
constraint(see�gure 8). Ai includesthestartandstoptimes
of aconstraintaswell asthedurationof activationanddeac-
tivationphases.

6. Mor phological adaptation

With the representationof posturepresentedin this paper,
morphologicaladaptationcanbe easilyperformed.Indeed,
it consistsin inverting the segmentsnormalizationprocess

Figure8: Activationof a constraint.

(describedin equation1) using the dimensionsof the new
bodysegments:

newKC = å
j

newLength(Sj ) �
E � R

å j originalLength(Sj )
(2)

This equationdemonstratesthat no lossof informationoc-
curs by using our representationif newLength is equal to
originalLength. This morphologicaladaptationcanbe per-
formed rapidly in the real-timeanimationmodule.Conse-
quently, a motion stored with this representationcan be
sharedby all theavatarsandadaptedto new anthropometric
properties.In thevideo(seemorphoAdaptation.avi), several
characterssharethesamedancingmotion.In this video,the
displacementof the younggirl in black is smallerthanthe
others.The steplengthis automaticallyscaledto her small
legs.As morphologicaladaptationis performedin real-time
thesystemis ableto dealwith bodysegmentsthatcouldin-
creaseanddecreaseat eachtime step.

At this stepof the whole process,intermediatearticula-
tions suchas the elbows, the kneesand the vertebraeare
not yet reconstructed.Moreover, sincethe position of the
root is normalizedusingtheleg length,it is alsoadaptedin
order to be at the correctheight from the �oor . But if the
groundis differentor changesin real-time,groundadapta-
tion is needed.

7. Ground adaptation

Thegroundadaptationconsistsin adaptingthe scaledrela-
tivepostureaccordingto thefootprintsplacedontheground.
Thesefootprintsarecalculatedaccordingto thefoot-contact
constraintsspeci�ed in themotion �le. If a function is able
to provide theheightof the ground(axisZ) for a given2D
position(X,Y), thenew footprintscanthenbeplacedauto-
matically. This functionallows to handleany kind of ground
eventhosethatareinteractively modi�ed.

Groundadaptationensuresthat the new position of the
pelvis (and consequentlythe root) is compatiblewith the
leg lengthswhile beingasnearas possiblefrom the posi-
tion storedin theoriginalmotion�le. First, thedesiredposi-
tionsof theanklesareretrievedaccordingto theshapeof the
ground.Actually, it correspondsto a translationof the an-
klesalongtheZ-axis from their original positions(denoted
desiredanklein �gure 9, part(b)).
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Second,the width of the pelvis is suppressedfrom the
anklespositionsin order to expressthem relatively to the
root (see (c) in �gure 9). The next step consistsin cal-
culating the new height of the root (see(d) in �gure 9).
The root's position must verify two conditions.It should
be closeto the original height h1 in order to preserve the
initial style. It should also ensurethat the root is reach-
ableaccordingto the two desiredanklespositions(provid-
ing two maximumheightsh2 andh3 for the two legs).The
heightof theroot is thentheminimumof thesethreeheights:
hRoot = min(h1;h2;h3).

Next, the hips are retrieved by addingthe pelvis width
to the root position resultingfrom the previous steps(see
(e) in �gure 9). Our representationthen enablesto easily
adaptthe legs in orderto respectthe resultinghips andan-
kles. Indeed,the blue dot-linesin the �gure representsthe
limbs with variablelength.Adaptingthe leg is thensimply
achieved by aligning the Z axis of the limb framewith the
new vector� � � � � � � !ankle� hip. Thenormalizedlengthof theleg is
setto k� � � � � � � !ankle� hipk.

Figure 9: Our normalizedrepresentationis suitable for
groundadaptationof posture. (a) Original posture. (b) The
bluedot is thedesiredpositionfor theright ankle. (c) Pelvis
widthis suppressedto all thepositions.(d) Threeheightsare
considered for the root: its actual heightand themaximum
heightthehipscanreach keepingthefeeton theground.(e)
Thelowestheightis chosen.(f) Final posture: with thenor-
malizedskeleton,legsare reconstructedautomatically.

8. Postureconversion

Noneof theprevious adaptationsuseintermediatearticula-
tions (the elbows, the kneesand the vertebrae).However,
whenthepostureis rendered,thosearticulationsareneeded.
Consequently, aconversionis neededto transformourrepre-
sentationto amoreclassicalone.Thecalculationof somein-

termediatearticulationscanalsobeusefulfor complex con-
straintssolvingwherekneesor elbows areinvolved.

Theconversionis performedaccordingto the typeof the
kinematicchainassociatedto theconstraint:normalizedseg-
ments,limbsor thespine.To retrieve thepositionof averte-
brae,thesplinerepresentingthespineis simply discretized
accordingto the distancesbetweenthe vertebrae.For the
limbs of variablelength,thepositionof theintermediatear-
ticulationscanbeobtainedanalytically. To explainthiscom-
putation,let usconsiderhow thepositionof theelbow is re-
trieved,given that the kneeis retrieved the sameway. The
position of the elbow is placedon the intersectionof two
spheres(resultingin a circle). The �rst sphereis centered
at the shoulderand its radiusis equalto the arm's length.
The secondsphereis centeredat the wrist and its radius
is equalto the forearm's length.The positionof the elbow
is thenplacedat the intersectionof the circle andthe half-
planewhich orientationis storedin the motion �le. More-
over, sincethis half-planeis de�ned in the shoulderrefer-
enceframe,thelocalpositionof theelbow in this frame(see
�gure 4) is easilycomputed:

z=
armLgth2 � f orearmLgth2 + l imbLgth2

2� l imbLgth

y =
p

armLgth2 � z2

wherez andy arethe local coordinatesof the elbow in the
shoulderframe,armLgth (resp. f orearmLgth) is the length
of thearm(resp.of theforearm)andl imbLgth is thecurrent
distancebetweenthewrist andtheshoulder.

9. Speci�c constraintssolver

To dealwith all theconstraints,we adapteda Cyclic Coor-
dinateDescentalgorithmthat takesadvantagesof our rep-
resentation.By nature,CCD methodconvergesto a unique
solutiongiven thatno secondarytaskcanbespeci�ed con-
trary to classicalapproaches[CB04]. With CCD thosesec-
ondarytasksarereplacedby heuristicsin theiterativesearch
algorithm.Nevertheless,the choiceof thoseheuristicsis a
dif�cult task.Selectingbadheuristicsmay engenderan in-
homogeneousrepartitionof thedeformationalongthekine-
maticchain.A commonlyusedheuristic,calleddamping,is
to thresholdthecomputedrotationsappliedto thebodyseg-
mentsat eachiteration.This methodenablesto improve the
homogeneityof thesolutionbut requiresmoreiterations.

Insteadof using a recursive searchof the solution such
asBadleret al. [BMB87] have done,we proposeto subdi-
vide the skeletoninto six main groups(see�gure 10): the
two legs,thehead,the two armsandthe trunk. Eachgroup
G j (where j is the numberof the group)hasa setof con-
straintsCSj = f Ckg which is a subsetof the completeset
of constraintsCS imposedby the user:CSj � CS. All the
constraintscontainedin CSj arelinked to at leastonebody
segmentbelongingto the groupG j . For example,if a con-
straintCi is actingontheright forearm,it is obviously linked
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Figure10: Sixgroupsusedto order theCCDalgorithm: the
head,thetwoarms,thetwo legsandthetrunk.

to the right arm groupGa andconsequentlyaddedto CSa.
If thekinematicchainKCi associatedto Ci alsoinvolvesthe
trunk(belongingto thetrunkgroupGt ), theconstraintis then
addedto thesetof constraintsCSt associatedto Gt .

As the trunk group usesconstraintssharedwith other
groups(suchasthearmsor thehead),ourconstraintssolver
makesthemotionadaptationstartsfrom thelegsto thetrunk
in thefollowingorder:thelegs,thehead,thearmsand�nally
thetrunk.Themainiterationloop is then:

try = 0;
Do

adaptGroup(RIGHT_LEG)
adaptGroup(LEFT_LEG)
adaptGroup(HEAD)
adaptGroup(RIGHT_ARM)
adaptGroup(LEFT_ARM)
adaptGroup(TRUNK)
adaptRoot()

While ( (try++ < maxTries)
&& (adaptation not completed) )

The iterationloop endswhenno moreadaptationis neces-
saryor whenthenumberof iterationsis toohigh.

For eachgroup,adaptationis performedfrom theextrem-
ity to therootof thekinematicchain.In this adaptationpro-
cess,the�rst adaptedbodysegmentsget larger transforma-
tionsthanthelastones.For thearmsexample,thealgorithm
startsfrom the wrist to the clavicle. For eacharticulation,
eitherananalyticalcomputationor a rotationis performed.
In thefollowing algorithm,CPi is thecurrentpositionof the
constraintCi andTarget is its desiredposition:

For all the articulations A in the group
If A in limb with variable length

Analytical computation
Else

Apply on A the angle to align
A->CPi with A->Target

End of if

End of for

For the limbs with variable length, analyticalcomputa-
tionsareperformed,asdescribedin section7 for thelegs.In
the analyticalcomputation,the constraintwith the highest
priority is veri�ed �rst. Theotherconstraintsarethensolved
while ensuringthatthepreviousconstraintswith higherpri-
oritiesarenotbroken.Part(a)of �gure 11shows theadapta-
tion of aconstraintC1 with ahighpriority. Sincethetargetis
reachable,theconstrainedpoint is directlyplacedto thecon-
venientcon�guration usingan analyticalcomputation.Part
(b) shows thattheconstraintwith lowerpriority is computed
usinga rotationaroundtheaxis thatgoesthroughthepoint
constrainedwith C1 andtheroot.It providesacircleof solu-
tion in which thepoint thatis thecloserto thedesiredtarget
for constraintC2 is selected.

Figure 11: Analytical solutionfor two constraints. In part
(a), theconstraint C1 with a higherpriority is veri�ed. Part
(b) is the adaptationof the constraint C2 of lower priority
whilepreservingC1 andRoot.

With suchamethod,only thebodysegmentsthatarenec-
essaryto solve theconstraintsareused.On theopposite,in
the classicalCCD methodsall the kinematicchainis used.
For example,duringagrasp,theCCDiteratesfrom thehand
to theabdomenin orderto verify theconstraint.Generally,
the constraintis not veri�ed with only one stepof the al-
gorithm, the trunk is consequentlymodi�ed. The resulting
motion could be unrealisticbecauseno trunk adaptationis
actuallyrequiredin orderto reachtargetscloseto thebody.
With ourmethod,thearmis movedto thedesiredconstraint
in only onestepwithout involving thetrunk if only thearm
is required.Otherwise,asthe arm is displacedto minimize
thedistancebetweenthecurrentconstraintpositionandthe
target,thetrunk moveswith only theminimumrequiredro-
tation.

Whenacharacteris graspinga targetthatis really far, the
armandthe trunk aresimply bendedin thedirectionof the
target.Sinceno other limb is usedto counterbalancethose
bendingmotions,theCOM is notplacedat its originalposi-
tion. This problemis solvedby including thecontrolof the
COM in the iteration loop, just after the adaptationof the
trunk,inthefunctionadaptRoot() . Hence,at theendof each
iteration,thesolver translatestheroot in orderto replacethe
COM to its desiredposition. This position can simply be
the original positionof the COM in the original motion or
canbeobtainedusinginversekinetics.Part (a) of �gure 12
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Figure 12: (a) Original graspingmotion. (b) and (c) The
character's wrist is constrainedwhile preservingtheorigi-
nal COM position.Theredcharacterdoesnot preservethe
COM.(c) Theconstraint appliedto thewrist cannotbever-
i�ed.

showstheoriginalgraspingmotion.In part(b), thismotionis
adaptedin orderto verify threeconstraintswhile preserving
the original COM position:the feet contactson the ground
anda constraintassociatedto the wrist. The red character,
usedasareference,doesnotperformthecontrolof theCOM
positionwhile theotheronemovesits pelvis to counterbal-
ancetheupper-bodymotion.In part(c), thesameconstraints
areusedby thetargetis unreachable.

10. Results

To evaluateour method,we have implementedtheseal-
gorithms in a more general real-time animation frame-
work [MMKA04]. This framework synchronizesandblends
motionsin real-time.It alsoallows to extracttheavatarmor-
phology from H-ANIM compliant charactersdesignedin
VRML standardformat (thanksto Avatar Studio, a prod-
uct of CanalNuMedia, France).In �gure 13 we depict a
characterthat hasto deal with four main constraints:two
constraintsto ensurefeet contactsand two constraintsto
drive the wrist and the elbow of the samearm. The kine-
maticchaininvolvedin thefoot-contactconstraintsincludes
only the lower limbs andthepelvis.Theconstraintson the
wrist andtheelbow have thesamekinematicchain:thecor-
respondingupper-limb andthetrunk.Thehighestpriority is
given to thewrist constraintwhereasa lower oneis associ-
atedto the elbow. With suchpriorities, we wish to ensure
wrist-contactwith the target and, if possible,to verify the
constrainton theelbow.

Part (a) of �gure 13 representstheoriginal posturewith-
outconstraint.In part(b),onecanseethatboththewrist and
elbow constraintsareveri�ed. In this �gure, the targetsare
representedwith redandbluespheres,theyellow spherelo-
catesthepositionof theCOM. In part (c), thewrist reaches
its targetbut theconstrainton theelbow is notveri�ed. This
resultdemonstratestask-prioritycapabilitiesof our method
with very few computationtime.

Next, we usedeight characterswith differentmorpholo-

gies.Thosecharactersare divided into two teams:the red
teamwith red trousersandthe white teamwith white ones
(see�ghtTraining.avi). All thecharacterssharethesamemo-
tion databasecomposedof only threemotions:oneis for the
rest,one is a kick and the last motion allows the avatar to
wardoff theopponent's actionsandthencounterattackwith
a punch.In the sequenceof �ght training depictedin �g-
ure14, thecharactersareworking in pair. In part (a), white
characterskick the red opponentstrying to reachthe torso
(a constrainton theankleto an absoluteposition).Concur-
rently, redcharacterswardoff thekick thanksto themiddle
of theirforearm(aconstraintaimingattheopponent'sankle)
beforeperforminga punchto their opponents'head(a con-
straintaiming at the opponent's heador chin). Finally, the
white charactersbendtheir trunk andheadbackin orderto
avoid thepunch,illustratedin part(b) of the�gure. This last
adaptationis simply doneby usinga constrainton thehead
with a targetde�ned asanabsoluteposition.Themaincom-
plexity of this sequenceis that thetargetsof theconstraints
changeat eachtime dependingon the opponents'gestures
and anthropometricdata.In order to avoid unwantedges-
turesat thebeginningof thesequence,theconstraintsareac-
tivatedafterthegestureis initiated.Indeed,asthewhitechar-
acter's calf is closeto thegroundat thebeginningof these-
quence,activatingtheconstraintsoonerwould make thered
character's forearmfollow an unrealistictrajectory, begin-
ning with a down motionbeforetouchingthecalf at a high
position.In theresultingsequence,theCOM is constrained
to follow thetrajectorydirectlycalculatedfrom thecaptured
�le. This sequenceis calculatedin real-timefor eightchar-
actersat 30Hz(on a P42.8GHzwith GeForceFX5600)and
additionalcharacterscouldbeaddedbeforedecreasingthis
framerate.For example,whenthe two armsandthe trunk
areadaptedin orderto respecttwo unreachableconstraints
on the wrists, up to 22 characterscanbe animatedwithout
visualization.

Figure 13: Control of thewrist (with high priority) andthe
elbow(with a low priority) positionsin order to reach two
targets.Theyellow sphere is the positionof the COM. (a)
Original posture without constraint. (b) Posture adaptation
if thetwotargetsare reachable. (c) Postureadaptationwhen
only theconstraint on thewrist canbeveri�ed.
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Figure14: (a) Red�ghters ward off theopponent's kick with theforearm.(b) White�ghters avoidtheopponent's punch.

11. Discussion

In this paper, we proposeda representationof motion that
simpli�es the processof motion retargetingandadaptation
in interactive environmentswhereconstraintscanchangeat
any time. In this representation,the datado not dependon
body segmentslength.Consequently, scalingthosedatato
new charactersis performedvery simplyandrapidly. More-
over, the constraintsthat areintrinsically linked to the mo-
tion arealsostoredensuringthat themainpropertiesof the
originalmotionarepreserved(suchasfoot-contacts).Previ-
ousworks,suchas[MBBT00], proposedto useaninterme-
diatesimpli�ed skeletonto performmotionretargeting.The
work presentedin this paperis basedon suchan approach
but alsoproposesa global framework that allows to take a
betteradvantageof sucha representationby proposingan
adaptationof theCCDmethod.

In our representationof the motion, the root translation
is normalizedby the leg lengthwhich handlesmostof the
motions.It would be interestingto extend this in order to
take somespeci�c motionsinto account.For example,for a
handstand,theroot translationshouldbenormalizedby the
armandtrunk lengths.

Althoughaniterative processis usedto adaptthemotion
at eachtime step,only few computationtime is requiredto
solve many constraintson a completeskeleton.Indeed,in-
steadof modifyingall thebodysegmentsin aniterationstep,
we only changegroupsof bodysegments.For example,the
adaptationof the arm andthe forearmorientationbecomes
the modi�cation of the relative positionof the wrist in the
shoulderreferenceframe.Hence,for example,a constraint
which is appliedononepointof theforearmandwhichgoal
is a target in theCartesianframe,is solved in onestepwith
our method.If the target is not reachablethen the arm is
placedat thecon�gurationthatminimizestheerrorbetween
the constraintposition and the target. Moreover, with this
hierarchicalprocess,if thesolutionis reachedby only mov-
ing the arm, thereis no needto continuethe adaptationto
othergroupsof joints (suchasmoving the clavicle andthe
trunk).Consequently, thisprocessnaturallymovestheheav-
ier and proximal segmentsafter the distal ones.This seg-
mentalsequenceis classicallyidenti�ed in biomechanicsfor
many naturalgestures[Put93].

As prioritized inversekinematicswith Jacobian[CB04]
does, we can deal with priorities. Consequently, high-
priority constraintsareveri�ed �rst (if possible)beforetry-
ing to verify constraintswith lowerones.Theusercanmod-
ify theseprioritiesinteractively in orderto obtainthedesired
animation.Finally, it would be interestingto offer the user
anotherlevel of control of the constraints,makinghim ac-
cessto differentpriorities for eacharticulationof a unique
kinematicchain.

A control of the COM is proposedbut is limited to the
kinematicchain linked to the activatedconstraints.In our
system,theCOM is implicitly associatedto thehighestpri-
ority. Consequently, someotherconstraintsmaynotbeveri-
�ed if they arenot reachablewithout moving theCOM. Fu-
ture developmentswill allow to usethe COM asthe other
groups,with its own priority. In the currentversionof this
work, the control of the COM is ensuredif a constraint
changesthe initial posture.Hence,the body segmentsin-
volved in the control of the COM are limited to thosein-
cludedin thekinematicchainassociatedto theactivatedcon-
straint.Consequently, if the constraintonly actson an arm
andthetrunk,it is notpossibleto recruitthelegsor theother
arm to control the COM position.As a perspective, we are
working on a new algorithmthatwould beableto useother
bodypartsin orderto completelycontrol theCOM, if nec-
essary.

Despitethoselimitations,our methodprovidesanimators
with powerful toolsfor real-timeanimationof groupsof hu-
mansin interactive environments.The characterscan deal
with many geometricconstraintsandonly asmallsetof cap-
turedor editedmotionsis required.Themethodpresentedin
this paperwasimplementedin industrialsoftwareenviron-
mentsfor applicationsin multimediaandvideogames.

Acknowledgments

We would like to gratefullythankStéphaneDonikianfor its
helpful review of this paperandits suggestions.This work
waspartially fundedby theFrenchresearchprogramRIAM
within theSemocapproject.

submittedto EUROGRAPHICS2005.



10 R.Kulpa,F. Multon,B. Arnaldi / Morphology-independentrepresentationof motionsfor interactivehuman-like animation

References

[BB04] BAERLOCHER P., BOULIC R.: An inversekine-
maticsarchitectureenforcinganarbitrarynumberof strict
priority levels.VisualComputer20, 6 (2004),402–417.2

[BCHB03] BOULIC R., CALLENNEC B. L., HERREN

M., BAY H.: Motion editingwith prioritizedconstraints.
In Proceedingsof RichMedia(Lausanne,October2003).
2

[BH00] BRAND M., HERTZMANN A.: Style machines.
In Proceedingsof the 27th annual conferenceon Com-
puter graphicsand interactive techniques(2000),ACM
Press/Addison-Wesley PublishingCo.,pp.183–192.2

[BMB87] BADLER N. I ., MANOOCHEHRI K. H.,
BARAFF D.: Multi-dimensionalinput techniquesandar-
ticulated �gure positioningby multiple constraints. In
Proceedingsof the 1986 workshopon Interactive 3D
graphics(1987),ACM Press,pp.151–169.6

[CB04] CALLENNEC B. L., BOULIC R.: Interactive mo-
tion deformationwith prioritized constraints. In Pro-
ceedingsof the 2004 ACM SIGGRAPH/Eurographics
symposiumon Computeranimation(2004),ACM Press,
pp.163–171.2, 6, 9

[FP03] FANG A. C., POLLARD N. S.: Ef�cient synthesis
of physicallyvalid humanmotion. ACM Trans.Graph.
22, 3 (2003),417–426.2

[Gle98] GLEICHER M.: Retargettingmotionto new char-
acters. In Proceedingsof the 25th annual conference
on Computergraphicsandinteractivetechniques(1998),
ACM Press,pp.33–42.2

[GMHP04] GROCHOW K., MARTIN S. L., HERTZMANN
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