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Abstract

This paperaddresseghe problemof humanmotionencodingfor real-timeanimationin interactiveervironments.
Classically a motionis stored as a sequencef body postues encodedas a setof joint rotations(quaternions,
Eulerlike anglesor rotation matrices).As a consequencgeCartesianconstaints mustbe solvedusinginverse
kinematicsand/oroptimization.Thoseprocesseivolvecomputatiorcoststhat do not allow real-timeanimation
of several charactess in interactiveenvironmentsTo solvesud a problemwith a minimumcomputatiortime, we
designeca motionrepresentationndependenfrom the morpholay and containingthe constrints intrinsically
linked to the motion sudh as feet contactswith the ground. With sudh a description,a unigue motion can be
shaedby several characters with differentmorpholgiesandin differentenvironments\\e alsoadapteda Cyclic
Coodinate Descenglgorithmthat takesadvantaes of this representatiorin order to rapidly dealwith comple
tunablespacetimeonstaints. For example this methodenablego interactivelycontmol at leasteightcharacteis
with different morphol@ies that interact ead otherduring a ght training. Hence eac character hasto deal
with geometricconstaintsthat canchange at everytime dependingon the opponentsmorpholay andgestues.

Catayories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism- Animation

Figure 1: Eight characters dealingwith several constaints
in real-time

1. Intr oduction

In interactve environments,designinga set of behaiors
for anavataris dif cult primarily dueto the real-timecon-
straint, especiallyif we wish to usea relatively poor mo-
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tion capturedatabaseln suchinteractve ervironments se-
lecting behaiors in a databaserequiresto pre-calculate
all the possibletransitionsbetweenthem by using motion
graphs[KGPOZ[LLO4]. An alternatie consistsin memging
several elementarymotionsthanksto frame-spacenterpo-
lation [GR94G. Neverthelesshosetechniquesgyenerallyre-
quirelargemotioncapturedatabases\n alternatveis to use
motionadaptatiorthatenablego createnen behaiors with
a small motion capturedatabaseThe main point is thento
ensurehatadaptationpresere the styleandrealismof the
original motion. The motion mustbe adaptedo the skele-
ton of the new characterThe environmentshouldalso be
consideredo adjustthe motionto new constraints.

To solwe this problem, two main approachesould be
identi ed: kinematicor dynamic basedtechniquesWhile
theformerallowslow computatiortime, thelatterenablego
take into accountbalanceforce magnitudecontrol, etc. Dy-
namic methodsare not yet suitablefor interactive environ-
mentswhereausercaninterferewith severalsyntheticchar
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actersconcurrently Moreover, techniquesnvolving space-
time constraintsand optimizationcannotbe considerece-
causethey requirea completeknowledgeof the constraints
whereasa user can interactat ary time. Previous works
aregenerallybasedon the modi cation of angulartrajecto-
rieswhereagonstraintaregenerallygivenin the Cartesian
frame.Theresultingprocessonsequentljnvolvesusingin-
versekinematics.

We proposea speci ¢ descriptionof motion in orderto
acceleratendoptimizetheprocesof motionadaptationTo
this end,insteadof usingangulartrajectoriesve proposeo
dealwith datathatarenot linked to the charactes anthro-
pometricproperties.This methodenablesus to animatein
real-timeseveral differentcharactersvho have to dealwith
constraintghatcanchangeat every frame(see gure 1).

2. Relatedworks

Adapting motions to new constraintshas been investi-
gatedby addingdisplacemenmmapsto the original trajec-
tories[Gle9g[LCR 02)[LS99. Although thosetechniques
arevery ef cient to edit motions,a completeknowledgeon
spacetimeconstraintss requiredfor all the sequenceAs a
consequencenodifying thoseconstraintsn real-timeis not
possible.Let us considera kick that mustdrive the foot to
the opponent headwhile the othercharactelis alsomaov-
ing. If no assumptiorof the opponens headtrajectoryis
possible displacemenmapscalculatedat the beginning of
thesequencenay not verify the constraintsattheendof the
sequenceaiven that the opponent headis moving unpre-
dictably.

An alternatve is to use statistical analy-
sis [BHOQI[LWSO0Z[SHP04 in order to decreasethe
number of degrees of freedom that are controlled and
consequentlyto simplify the control problem. Learn-
ing a search-spacés also possibleto perform so-called
style-basedinverse kinematics[GMHP04. Whatever the
techniguea large databas®f motionsis requiredto obtain
accuratecontrollerswhereasve aim atusinga smallmotion
capturedatabase.

As constraintsare generallyexpressedn the Cartesian
framewhereagoints arecontrolledusingrotations,another
solutionconsistdn usinginversekinematicsat eachframe.
This techniqueallows interactve motion deformationwith
prioritized constraint§ CB04] including the control of the
centerof masstrajectory[BB04]. In orderto decreaseom-
putationtime, the methodcanbe appliedon only subsetof
the entirekinematicchain[BCHB0J. A dynamic Iter can
alsobe usedto ensurethatthe resultingmotionveri es dy-
namicconstraintd TySK0Z. Thisapproachs analternatve
to the searchof a controller that drives a dynamicsystem
by computingthe forcesandtorquesthat minimize a given
objective function[PW9Y[ FPO3[SP0].

Althoughthosemethodsprovide a powerful tool to adapt

motionsto new constraintsrapidly, the computationtime
doesnotallow the controlof severalcharactersn real-time.
Improvementshave beenproposedto apply inversekine-
maticswith less computationtime, suchas using speci ¢

formulationsfor anthropometridimbs [TGBO(. However,

controllingsub-partof the skeletonindependentlys notal-

waysadequateo solve constraintghatrequirethedisplace-
mentof all the body [SLSGO0] extentthis approachby us-
ing an iterative processn orderto dealwith the complete
body Their goalwasto mapthe movementsof a performer
to ananimateccharacteonly consideringconstraintonthe
end-efectors.Anotherimprovementconsistdn usinganin-

termediateskeleton[MBBTOO0] thathaslessdegreesof free-
domandthenin recalculatingheremainingdegreesof free-
domanalytically Thisimprovementwasalsousedto control
asimpli ed mechanicabystemPW99 while inversekine-

maticswas usedto recover the remainingdegreesof free-
dom. Thoseworks demonstrateéhe interestof usinga spe-
ci ¢ representationf motion (throughsimpli ed skeletons)
andwe proposeto go further thosesteps.Hence,we pro-

poseto de ne adatastructureespeciallydedicatedo motion
adaptationit is supposedo decreas¢éhe computatiortime

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) [WC9] [Lan9§. Although this method offers rapid
solving of inversekinematicsproblems,it is not possible
to add secondarytasks and consequentlyto use specic
laws. As a consequencesomeartifactsmay occurin there-
sulting sequencesuchas an inhomogeneousepartition of
thedeformationalongthe kinematicchain[Wel93. Several
heuristicavereproposedo make the systemcorvergeto an
acceptableolution.For example,athresholdcanbe usedat
eachtime stepin orderto limit the quantityof rotationtaken
by the rst joints. Thistechniquecalleddampingmakesthe
solutionbe morehomogeneoubut it engendersnoreitera-
tionsto reachit. Jointlimits canalsobeconsideredLan9§.
However, asCCD doesnot considemmavementcontinuity, it
mustbeimprovedto provide acceptablsolutionsfor motion
adaptationMoreover, it doesnot take comfortinformation
suchas using preferablythe arm and not the trunk during
grasping.

In this paperwe proposeo usethe advantage®f several
of theabove techniquedy introducinga speci ¢ datastruc-
tureto encodethe motion. We alsoproposeanenhancement
of the CCD thatenablego have a morerealisticadaptation
andto respectthe centerof mass(called COM in the re-
mainderof the paper)aswell asto control every points of
thecharactes body
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Figure 2: Overviav of themotionadaptationprocess.

3. Overview

As statedabove, classicalapproachesealingwith joint an-
gles require optimization and inverse kinematicsto solve
Cartesianspacetimeconstraints,such as moving on an
uneven terrain, grasping objects at various positions in
space..Even for at grounds,scalingdatato newv skele-
tons requiresinversekinematicsor optimizationto ensure
feet contactswith the ervironment.To take thoserequire-
mentsinto accountwithout usingcomplex inversekinemat-
ics methodswe proposeto subdvide the skeletoninto sub-
parts.Humanbodyis consideredasa hierarchyof subparts
(suchasan arm, thetrunk...) expressedelatively to their
parent,coupling Cartesianand angulardata. For example,
insteadof storingall the joint angleswe selectonly the an-
glesthatarenotdirectly linkedto anthropometriciata,such
asthe angleof the planecontainingthe shoulderthe elbov
andthewrist. TheCartesiardataarenormalizedsothatonly
adimensionatlataarestoredin orderto simplify the scaling
process.

However, motionis not limited to a sequencef postures
but alsointrinsically containsconstraints suchas contacts
betweerpartsof theskeletonandtheenvironment.Footcon-
tact can be semi-automaticallyidenti ed by selectingthe
timeswherethe foot heightandvelocity arebelov a given
threshold MKMAO4]. Otherconstraintsdependon the na-
ture of themotionandmustbe editedby a user Thosetasks
are performedoff-line for eachcapturedmotion in a so-
called Off-line semi-automatigrocess(see gure 2). The
inputsarecapturedles in C3D or BVH formatandthe out-
putsare les storedin our formatcalledS4D.

Given a le storedin this format and an avatar (de-
scribedwith its geometryandanthropometrialata),a three-
stepsprocesss performedn ourreal-timeanimationengine
(calledMKM) in orderto adaptthe motionto a new char
acterandto the ervironment. First, the adimensionadata
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storedin the le arescaledto take the newv charactes an-
thropometricdatainto accountcalledMorpholggical adap-
tation module).The outputis called scaledS4D given that
it is still basedon our motion representationSecond the
feetthatmustbein contactwith the groundaredisplacedo
a corvenient position (called Ground adaptationmodule).
As a consequenceherootis recalculatedo be compatible
with the new feet positions.The dataarestill in the scaled
S4D format. Third, the other constraintsare solved in the
Constaints solver module. Thoseconstraintsare the ones
editedby theuserin the Off-line semi-automatiprocessand
othersthat canbe addedinteractiely in the real-timeervi-
ronment.At this step,the scaledS4D format is still used
but otherpointsdirectly linked to the geometricconstraints
arecalculatedwhenneededAll the constraintgequirege-
ometricaldataprovided by the real-timeervironment(such
asactualpositionof a targetthat have to be reachecbr ac-
tual sizeof anobjectthatmustbeheld).Finally, joint angles
arecalculatedandsentto visualizationthroughthe Postue
corversion module.Only at this step,our speci ¢ formatis
abandonedo provide visualizationwith a classicalposture
representation.

Section4 describeshe datastructureusedto encodemo-
tion. Thensection5 explains the constraintsassociatedo
this representationSection6 shavs that this adimensional
representatioallows simpleandrapid morphologicaladap-
tation. Section7 describesiow the motionis adaptedo the
ground.The way all the joints are calculatedaccordingto
our datastructureis presentedn section8. Next, section9
dealswith theadaptedCCD algorithmthatmalkesit possible
to controlseveralcharacterin real-timewhile respectinghe
COM. Someresultsarepresentedn sectionl10.

4. Normalized skeleton

— Normalized segments

...... Limbs with variable length

— — Spine represented by a spline
—— Limbs not stored

Half-plane containing
intermediate articulation

Figure 3: Normalizedrepresentatiorof the skeleton.
Themotionis storedusinganormalizedrepresentatioof

the skeletonanda setof associatedonstraintsin this sec-
tion, we describeherepresentationf a posture Classically
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the humanbody is considerechs a setof kinematicchains
startingfrom the root to extremities.In our representation,
thehumanbodyis alsosubdvidedinto kinematicsubchains
thatdescribepartsof theskeleton(see gure 3). Thosekine-
maticchainsaredividedinto threemainparts:

the normalizedseggmentsarecomposedf only onebody
segment(suchasthe handsthe feet, the clavicle andthe
scapula),

thelimbswith variablelengththatencodeupperandlower
limbs; in this representationthe intermediateoints (el-
bows andknees)arenotencodedecauseheir positionis
directly linked to the charactes anthropometrigproper
ties,

andthe spinerepresentedith a splinethatcouldbe sub-
dividedinto assegmentsaswishesin thereal-timeanima-
tion module.

Whatever thekind of kinematicchainKC composedf seg-
mentsS;, only normalizedvaluesare stored.Let E andR
be respectrely the extremity andthe root of the kinematic
chainKC. In orderto obtaina normalizedrepresentationf
KC we canusethefollowing equation:

. E R
normalizedKC= ——— 1
& lengh(s)) (1)

The limbs are storedusing only two data: a reference
frame attachedto the root of the correspondinginematic
chain (shoulderor hip) anda scalar The axesof the frame
aredepictedn gure 4: they arede nedin orderto represent
the half-planein which theintermediatearticulation(elbav
or knee)takes place.The scalarrepresentshe normalized
lengthof this limb, thatis to saya percentag®f the maxi-
mumlimb length.

rY
Shoulder )

Wrist

Figure 4: Speci cationof the half-planerepresentedy the
frame (X,Y,Z) which containsthe elbow Thelocal coori-
nates(y, z) of the elboware computedanalytically

In this lastrepresentationeachpoint of the skeletoncan
beretrievedrelatively to the root position.Contraryto clas-
sicalrepresentatiortheinstantaneousrientationof theroot
is dividedinto two maincomponentsTheglobalorientation
dealswith the global directionof the motion. The local ori-
entationis the additionalrotationappliedto the global ori-
entationin orderto obtaintheactualrootorientation During
awalk, it representthe pelvisoscillationsaroundtheglobal

direction.In orderto encodemavementswithout taking an-
thropometrigoropertiesnto accountthepositionof theroot
is normalizedby theleg length.

5. Constraints

Local offset

CP,
’ Limb: right arm

Figure5: Speci cationof the pointthatis constained.

Asintroducedn section3, constraintsrealsostoredwith
themotion. The feetcontactswith the groundarenecessary
to avoid sliding effects or unwantedpenetratiorof the feet
into theground.Additional constraintcanalsobeaddedby
theuser Forexample consideringaclappingmotion,atleast
oneconstraintmustbe addedto the motion: the contactbe-
tweenthetwo handshatoccursatrepetitive periodsof time.
To modelaconstrainC; severalparametergrenecessary:

Ci = fCR;Ti; KGi; P; Aig

The rst parametelCP, is the constrainedpoint (see g-
ureb). It is linked to a body segmentandits positionis de-
ned usinga 3D local offset from the root of this segment.
Next parametefT; is the type of the constraintamongthe
following ones:

Positionitheusercanimposeadesiredoositionfor agiven
point of the skeleton.Sinceall the computationsareper
formedin real-time,theimposedpositioncanchangeev-
erytime. For example,it is theneasyto usethe positionof
anavatar's articulationasthe constrainfor anotherchar
acter(seesection10);

Orientation:the usercanenforcea segments orientation.
This orientationcanbedirectly appliedto the correspond-
ing referencdrame;

Distance:the user can imposea distancebetweentwo
pointsof the skeleton.This constraintis alsousedto en-
surecontactbetweentwo pointsby imposinga null dis-
tance.For example, this constraintmakesit possibleto
hold several differentobjectswith differentsizesaccord-
ing to auniquetwo-handsholdingmotionprovidedby the
motiondatabase;

Restrictedarea:the usercanconstrainpointsinto a spa-
tial area(seewristsAbaeTbleavi). Figure 6 shavs the
useof suchconstraintsappliedto the wrists. The avatar
in the backgroundtalks while placing the wrists on his
thighs,asin theoriginal capturedmotion.In thefront, the
characteplaysthesamemotionwhile adaptingt in order
to keepthewristsabove thetable.
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Original motion

Adapted motion
[

Original 1 &
WIISts t

A

Figure 6: Thewrists are constainedin the area above the
table

Dependingon the constraintspeci ¢ parametersnustobvi-
ouslybeaddedsuchasthedesiredpositionof the constraint
or thedimensionf therestrictedarea.

The next parameteiKC; de nes the kinematicchainas-
sociatedto the constraint.It offers the userthe possibility
to specifythe setof usablebody segmentsin orderto solve
theconstraintFor example,in gure 7, threeconstraintsare
speci ed.C; is appliedon theright handandactson all the
segmentsrangingfrom the handto the abdomenThe con-
straintC, only involvesthearmandtheclavicle.

Figure 7: Constaints are associatedto a subsetof the
completekinematic chain. The three different constaints
are representedvith big dots. Thelines are their kinematic
chainsandtheir root are representedvith the big crosses.

The priority of the constraintcalledP,, indicatestheim-
portanceof a constraintomparedo others.The constraints
with low priorities are only veri ed after thoseassociated
to higherpriorities. Finally, the usercanstartandstopcon-
straintsusingthe parameteA; whichis theactivationof the
constraint(see gure 8). A; includesthe startandstoptimes
of aconstraintaswell asthedurationof activationanddeac-
tivationphases.

6. Mor phological adaptation

With the representatiomf posturepresentedn this paper
morphologicaladaptationcanbe easily performed.Indeed,
it consistsin inverting the segmentsnormalizationprocess
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A Activation

Inactive Inactive

E : Active :

» Time

I \Durationof T \Duration of
Start  activation Stop deactivation

Figure 8: Activationof a constaint.

(describedn equationl) usingthe dimensionsof the new
bodysegments:

E R
ajoriginalLengh(S;)

nevKC= § newLengh(S))
]

This equationdemonstratethat no loss of informationoc-
curs by using our representatiorif nevLengh is equalto
originalLengh. This morphologicaladaptatiorcanbe per
formedrapidly in the real-timeanimationmodule.Conse-
quently a motion stored with this representatiorcan be
sharedby all the avatarsandadaptedo newv anthropometric
propertiesin thevideo(seemorphoAdaptation.ay; several
charactersharethe samedancingmotion. In this video, the
displacemenof the younggirl in blackis smallerthanthe
others.The steplengthis automaticallyscaledto her small
legs.As morphologicaladaptatioris performedn real-time
the systemis ableto dealwith body segmentsthatcouldin-
creaseanddecreasat eachtime step.

@)

At this stepof the whole processjntermediatearticula-
tions such as the elbaws, the kneesand the vertebraeare
not yet reconstructedMoreover, sincethe position of the
rootis normalizedusingthe leg length,it is alsoadaptedn
orderto be at the correctheightfrom the oor. But if the
groundis differentor changesn real-time,groundadapta-
tion is needed.

7. Ground adaptation

The groundadaptatiorconsistsan adaptingthe scaledrela-

tive postureaccordingo thefootprintsplacedontheground.
Thesefootprintsarecalculatedaccordingto thefoot-contact
constraintsspeci edin themotion le. If afunctionis able
to provide the heightof the ground(axis Z) for a given2D

position(X,Y), the new footprintscanthenbe placedauto-
matically Thisfunctionallowsto handleary kind of ground
eventhosethatareinteractvely modi ed.

Ground adaptationensureshat the nev position of the
pelvis (and consequentlthe root) is compatiblewith the
leg lengthswhile being as nearas possiblefrom the posi-
tion storedin theoriginalmotion le. First,thedesiredoosi-
tionsof theanklesareretrievedaccordingo theshapeof the
ground.Actually, it correspondgo a translationof the an-
kles alongthe Z-axis from their original positions(denoted
desiedanklein gure 9, part(b)).
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Second,the width of the pelvis is suppressedrom the
anklespositionsin orderto expressthemrelatively 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 heighthl in orderto presere the
initial style. It should also ensurethat the root is reach-
ableaccordingto the two desiredanklespositions(provid-
ing two maximumbheightsh2 andh3 for the two legs). The
heightof therootis thentheminimumof thesethreeheights:
hRod = min(hl; 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 representatiorthen enablesto easily
adaptthe legsin orderto respecthe resultinghips andan-
kles. Indeed,the blue dot-linesin the gure representshe
limbs with variablelength. Adaptingthe leg is thensimply
achieved by aligninqthe Z axis of the limb framewith the
new vectoranld? hip. Thenormalizedengthof theleg is
settokanke hipk.

Figure 9: Our normalizedrepresentationis suitable for

groundadaptationof postue. (a) Original postue. (b) The
bluedotis the desied positionfor theright ankle (c) Pelvis
widthis suppessedo all thepositions(d) Threeheightsare

consideed for theroot: its actual heightand the maximum
heightthe hipscanread keepingthe feetonthe ground.(e)

Thelowestheightis chosen (f) Final postue: with the nor-

malizedskeleton,legsare reconstructedutomatically

8. Posture corversion

None of the previous adaptationsiseintermediatearticula-
tions (the elbaws, the kneesand the vertebrae) However,

whenthepostures renderedthosearticulationsareneeded.

Consequentlya conversionis neededo transformourrepre-
sentatiorto amoreclassicabne.Thecalculationof somein-

termediatearticulationscanalsobe usefulfor complex con-
straintssolvingwherekneesor elbaws areinvolved.

The corversionis performedaccordingto the type of the
kinematicchainassociatetb theconstraintnormalizedsey-
ments Jimbs or thespine.To retrieve the positionof a verte-
brae,the splinerepresentinghe spineis simply discretized
accordingto the distancesbetweenthe vertebrae For the
limbs of variablelength,the positionof theintermediatear
ticulationscanbeobtainedanalytically To explainthis com-
putation,let usconsiderhow the positionof theelbaw is re-
trieved, given that the kneeis retrieved the sameway. The
position of the elbow is placedon the intersectionof two
spheregqresultingin a circle). The rst sphereis centered
at the shoulderandits radiusis equalto the arm's length.
The secondsphereis centeredat the wrist and its radius
is equalto the forearms length. The position of 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,thelocal positionof theelbaw in this frame(see
gure 4) is easilycomputed:

_armLgh® foreamLgh?+ limbLgh?
- 2 limbLgh

y= armLgh? 2

wherez andy arethe local coordinatef the elbow in the
shoulderframe,armLgh (resp. forearmLgh) is the length
of thearm(resp.of theforearm)andlimbLgh is thecurrent
distancebetweerthewrist andthe shoulder

9. Speci c constraints solver

To dealwith all the constraintswe adapteda Cyclic Coor

dinate Descentalgorithmthat takes advantagef our rep-
resentationBy nature,CCD methodconvergesto a unique
solutiongiven that no secondarytaskcanbe speci ed con-
trary to classicalapproache$CB04]. With CCD thosesec-
ondarytasksarereplacecby heuristicdn theiterative search
algorithm. Neverthelessthe choiceof thoseheuristicsis a
dif cult task.Selectingbad heuristicsmay engendean in-

homogeneourepartitionof the deformationalongthekine-

maticchain.A commonlyusedheuristic,calleddamping,is

to thresholdthe computedrotationsappliedto thebody seg-

mentsat eachiteration. This methodenablego improve the

homogeneityf the solutionbut requiresmoreiterations.

Insteadof using a recursve searchof the solution such
asBadleret al. [BMB87] have done,we proposeto subdi-
vide the skeletoninto six main groups(see gure 10): the
two legs, the head the two armsandthe trunk. Eachgroup
Gj (where j is the numberof the group) hasa setof con-
straintsCS; = f Ccg which is a subsetof the completeset
of constraintCS imposedby the user:CS;  CS. All the
constraintcontainedn CS; arelinkedto at leastonebody
segmentbelongingto the groupG;. For example,if a con-
straintC; is actingontheright forearmi,it is olbviously linked
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Figure 10: Sixgroupsusedto orderthe CCD algorithm: the
head,thetwo arms,thetwo legsandthetrunk.

to the right arm group Ga and consequentlyaddedto CSs.
If thekinematicchainKC; associatedio C; alsoinvolvesthe
trunk (belongingto thetrunkgroupGt), theconstrainis then
addedo the setof constraintCS associatedo Gt.

As the trunk group usesconstraintssharedwith other
groups(suchasthearmsor the head),our constraintsolver
malesthe motionadaptatiorstartsfrom thelegsto thetrunk
in thefollowing order:thelegs,theheadthearmsand nally
thetrunk. Themainiterationloopis 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 more adaptationis neces-
saryor whenthe numberof iterationsis too high.

For eachgroup,adaptatioris performedirom the extrem-
ity to theroot of the kinematicchain.In this adaptatiorpro-
cessthe rst adaptedbody segmentsgetlargertransforma-
tionsthanthelastonesFor thearmsexample thealgorithm
startsfrom the wrist to the clavicle. For eacharticulation,
eitheran analyticalcomputationor a rotationis performed.
In thefollowing algorithm,CP, is the currentpositionof the
constrainC; andTarget is its desiredposition:

For all the articulations A in the group
If Ain limb with variable length
Analytical computation
Else

Apply on A the angle to align
A->CPi with A->Target
End of if
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End of for

For the limbs with variable length, analyticalcomputa-
tionsareperformedasdescribedn section? for thelegs.In
the analytical computation the constraintwith the highest
priority is veri ed rst. Theotherconstraintarethensolved
while ensuringthatthe previous constraintswith higherpri-
oritiesarenotbroken.Part(a) of gure 11shavstheadapta-
tion of aconstraintC;, with ahigh priority. Sincethetargetis
reachabletheconstrainegbointis directly placedto thecon-
venientcon guration using an analyticalcomputation Part
(b) shavs thatthe constraintwith lower priority is computed
usinga rotationaroundthe axis that goesthroughthe point
constrainedvith C; andtheroot. It providesacircle of solu-
tion in which the pointthatis thecloserto the desiredtamget
for constrainiCs is selected.

Figure 11: Analytical solutionfor two constaints. In part
(a), theconstaint C, with a higher priority is veri ed. Part
(b) is the adaptationof the constaint C, of lower priority
while preservingC; andRod.

With suchamethod only thebodysegmentghatarenec-
essanyto solwe the constraintsaareused.On the opposite,in
the classicalCCD methodsall the kinematicchainis used.
For example,duringagraspthe CCD iteratesfrom thehand
to theabdomerin orderto verify the constraint.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 adaptations
actuallyrequiredin orderto reachtarmgetscloseto the body
With our method thearmis movedto thedesiredconstraint
in only onestepwithout involving the trunkif only thearm
is required.Otherwise,asthe armis displacedto minimize
the distancebetweenthe currentconstraintpositionandthe
target,thetrunk moveswith only the minimumrequiredro-
tation.

Whenacharacteis graspingatargetthatis really far, the
armandthe trunk aresimply bendedn the directionof the
target. Sinceno otherlimb is usedto counterbalancéhose
bendingmotions,the COM is not placedatits original posi-
tion. This problemis solved by including the control of the
COM in the iterationloop, just after the adaptationof the
trunk,inthefunctionadaptRod() . Hence attheendof each
iteration,thesolver translatesherootin orderto replacethe
COM to its desiredposition. This position can simply be
the original position of the COM in the original motion or
canbe obtainedusinginversekinetics.Part (a) of gure 12



8 R.Kulpa, F. Multon, B. Arnaldi / Morpholayy-independentepresentatiorof motionsfor interactive human-lile animation

Figure 12: (a) Original graspingmotion. (b) and (c) The
character's wrist is constminedwhile preservingthe origi-
nal COM position. Thered character doesnot preservethe
COM. (c) Theconstaint appliedto thewrist cannotbe ver
i ed.

shawvstheoriginalgraspingmotion.In part(b), thismotionis
adaptedn orderto verify threeconstraintsvhile preserving
the original COM position: the feet contactson the ground
anda constraintassociatedo the wrist. The red character
usedasareferencedoesnotperformthecontrolof theCOM
positionwhile the otherone movesits pelvisto counterbal-
ancetheupperbodymotion.In part(c), thesameconstraints
areusedby thetargetis unreachable.

10. Results

To evaluate our method, we have implementedtheseal-

gorithms in a more general real-time animation frame-
work [MMKAO04]. Thisframewnork synchronizesandblends
motionsin real-time.lt alsoallows to extracttheavatarmor-

phology from H-ANIM compliant charactersdesignedin

VRML standardformat (thanksto Avatar Studio, a prod-
uct of CanalNuMedia, France).In gure 13 we depicta
characterthat hasto deal with four main constraintstwo

constraintsto ensurefeet contactsand two constraintsto

drive the wrist and the elbov of the samearm. The kine-
maticchaininvolvedin thefoot-contacitonstraintsncludes
only the lower limbs andthe pelvis. The constraintson the
wrist andthe elbov have the samekinematicchain:thecor

respondingipperlimb andthetrunk. The highestpriority is

givento the wrist constraintwhereasa lower oneis associ-
atedto the elbow. With suchpriorities, we wish to ensure
wrist-contactwith the target and, if possible,to verify the
constrainon theelbaw.

Part (a) of gure 13 representshe original posturewith-
outconstraintln part(b), onecanseethatboththewrist and
elbav constraintsareveri ed. In this gure, thetargetsare
representedith redandblue spherestheyellow spherdo-
catesthe positionof the COM. In part(c), thewrist reaches
its targetbut the constrainon theelbow is notveri ed. This
resultdemonstratetask-priority capabilitiesof our method
with very few computatiortime.

Next, we usedeight charactersvith differentmorpholo-

gies. Thosecharactersare divided into two teams:the red
teamwith red trousersandthe white teamwith white ones
(seeghtTraining.avi). All thecharactershareghesamemo-
tion databaseomposeaf only threemotions:oneis for the
rest,oneis a kick andthe last motion allows the avatarto
ward off theopponens actionsandthencounterattackvith
a punch.In the sequencef ght training depictedin g-
ure 14, the characterareworking in pair. In part(a), white
characterkick the red opponentdrying to reachthe torso
(a constrainton the ankleto an absoluteposition). Concur
rently, redcharactersvard off thekick thanksto the middle
of theirforearm(a constrainimingattheopponents ankle)
beforeperforminga punchto their opponentshead(a con-
straintaiming at the opponens heador chin). Finally, the
white characterdendtheir trunk andheadbackin orderto
avoid the punchiillustratedin part(b) of the gure. Thislast
adaptatioris simply doneby usinga constrainton the head
with atargetde ned asanabsolutgposition. Themaincom-
plexity of this sequencés thatthe targetsof the constraints
changeat eachtime dependingon the opponents'gestures
and anthropometricddata. In orderto avoid unwantedges-
turesatthebeaginningof thesequenceheconstraintareac-
tivatedafterthegesturas initiated.Indeed asthewhite char
acters calf is closeto the groundat the beginning of the se-
guenceactiatingthe constraintsoonemwould make thered
charactes forearmfollow an unrealistictrajectory begin-
ning with a dowvn motion beforetouchingthe calf at a high
position.In theresultingsequencethe COM is constrained
to follow thetrajectorydirectly calculatedrom thecaptured
le. This sequencés calculatedn real-timefor eightchar
actersat 30Hz (on a P4 2.8GHzwith GeForceFX5600)nd
additionalcharactergould be addedbeforedecreasinghis
framerate.For example,whenthe two armsandthe trunk
areadaptedn orderto respectwo unreachableonstraints
on the wrists, up to 22 charactersanbe animatedwithout
visualization.

Figure 13: Contmwl of thewrist (with high priority) andthe
elbow (with a low priority) positionsin order to read two
targets. The yellow sphee is the position of the COM. (a)
Original postue without constaint. (b) Postule adaptation
if thetwo targetsare readable (c) Postue adaptationwhen
onlytheconstaint onthewrist canbeveri ed.

submittedto EUROGRAPHICS2005.
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Figure 14: (a) Red ghters ward off the opponent kick with the forearm.(b) White ghters avoidthe opponent pund.

11. Discussion

In this paper we proposeda representatiomf motion that
simpli es the processof motion retagetingand adaptation
in interactve ervironmentswhereconstraintscanchangeat
ary time. In this representationthe datado not dependon
body segmentslength. Consequentlyscalingthosedatato
new characterss performedvery simply andrapidly. More-
over, the constraintghat areintrinsically linked to the mo-
tion arealsostoredensuringthatthe main propertiesof the
original motionarepresered (suchasfoot-contacts)Previ-
ousworks,suchas[MBBTO0Q], proposedo useaninterme-
diatesimpli ed skeletonto performmotionretageting.The
work presentedn this paperis basedon suchan approach
but alsoproposesa global framework that allows to take a
betteradwantageof sucha representatiorby proposingan
adaptatiorof the CCD method.

In our representatiorf the motion, the root translation
is normalizedby the leg lengthwhich handlesmostof the
motions. It would be interestingto extend this in orderto
take somespeci ¢ motionsinto accountFor example,for a
handstandthe root translationshouldbe normalizedby the
armandtrunk lengths.

Althoughaniterative processs usedto adaptthe motion
at eachtime step,only few computatiortime is requiredto
solve mary constraintson a completeskeleton.Indeed,in-
steadof modifyingall thebodysegmentsn aniterationstep,
we only changegroupsof body segments For example,the
adaptatiorof the arm andthe forearmorientationbecomes
the modi cation of the relative positionof the wrist in the
shoulderreferenceframe. Hence,for example,a constraint
whichis appliedon onepoint of theforearmandwhich goal
is atargetin the Cartesiarframe,is solvedin onestepwith
our method.If the targetis not reachablethen the arm is
placedatthe con gurationthatminimizestheerrorbetween
the constraintposition and the target. Moreover, with this
hierarchicalprocessif the solutionis reachecdy only mov-
ing the arm, thereis no needto continuethe adaptatiorto
othergroupsof joints (suchasmaving the clavicle andthe
trunk). Consequentlthis processiaturallymovesthe hear-
ier and proximal sggmentsafter the distal ones.This sey-
mentalsequencés classicallyidenti ed in biomechanicor
mary naturalgesturegPut93.

submittedto EUROGRAPHICS2005.

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

A control of the COM is proposedbut is limited to the
kinematicchain linked to the activated constraintsIn our
systemthe COM is implicitly associatedo the highestpri-
ority. Consequentlysomeotherconstraintanaynotbeveri-
ed if they arenotreachablevithout moving the COM. 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
changeghe initial posture.Hence,the body segmentsin-
volved in the control of the COM are limited to thosein-
cludedin thekinematicchainassociatetb theactivatedcon-
straint. Consequentlyif the constraintonly actson anarm
andthetrunk, it is notpossibleto recruitthelegsor theother
armto controlthe COM position.As a perspectie, we are
working on a new algorithmthatwould be ableto useother
body partsin orderto completelycontrolthe COM, if nec-
essary

Despitethoselimitations, our methodprovidesanimators
with powerful toolsfor real-timeanimationof groupsof hu-
mansin interactve ervironments.The charactersan deal
with mary geometricconstraintandonly asmallsetof cap-
turedor editedmotionsis required Themethodpresentedn
this paperwasimplementedn industrial software environ-
mentsfor applicationdn multimediaandvideogames.
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