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Abstract

In thispaperwepresenta new real-timesynchronizationalgorithm.In dynamicenvironments,motionsneedto be
continuouslyadaptedto obtainrealisticanimations.Weproposeanadvancedtimewarpingalgorithmto synchro-
nizesuch motions.Thisalgorithmusesthesequenceof supportphasesof themotions.It also takesinto account
the priority associatedto each motion.It is basedon an algebraic relation to detectincompatiblemotionsand
to selectelementsof the sequenceto be enlarged.Theresultingtime warping functioncan be non-derivableso
it is correctedby usinga cardinal splineinterpolation.In this paper, wedemonstrate that our algorithmalways
�nd at leastonesolution.Thissynchronizationmoduleis part of a completeanimationenginecalled{Left Blank}
alreadyusedin production.

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

1. Intr oduction

Realistic humananimation is widely used in multimedia
applicationssuchasvideo gamesandmovies.At the same
time, it remainsa dif�cult and labouring task. The most
attractive way to achieve suchanimationsis theuseof cap-
turedmotions.Indeed,they implicitly respectthe dynamic
laws.Moreover, it is now associatedto motioneditingtech-
niquesthatmakesthedatasetbemore�e xible. Oneof these
techniques,motionblending,allowsto havecomplex anima-
tions from shortcapturedmotions.Unfortunately, theblen-
dingalgorithmscanproduceunexpectedmotions.For exam-
ple,if amovementwith theleft footonthegroundis blended
with anotherwith theright foot onthe�oor , theresultingone
will not respectany of thesupportconstraintsof thetwo ori-
ginalmotions.Consequently, thefoot will slideon the�oor .
To avoid suchproblems,themotionshave to be previously
synchronized.

The work presentedin this paperis placedin a context
of dynamicenvironments.Hence,the motionsusedduring
the animationsare interactively adapted.They can alsobe
adaptedto externalconstraintsspeci�edby theuserin real-
time (e.g., height of a chair while sitting). Moreover, we
wantto animateseveralcharacterswith differentmorpholo-
giesin real-time.To achieve all theserequirements,we pro-
posea new real-timesynchronizationalgorithm basedon
theblendingmoduledescribedin [Lba]. It usesanadvanced
time warpingtechniquebasedon thesupportphasesof the

motions.It alsousesprioritiesde�ned interactively for each
motion. It automaticallysynchronizesmotionsand delays
thestartof a new oneif it cannotbe immediatelysynchro-
nized.Sinceour work is usedby industrialpartners,this in-
tuitivecontrolof thesynchronizationis really important.

The remainderof this paperis organizedasfollows. We
�rst review relatedwork in section2. In Section3, we de-
scribe the framework in which our synchronizationalgo-
rithm is introduced.In Section4, we de�ne the creationof
thesequenceof thesupportphasesassociatedto motionsand
its interpretationto detectincompatiblemotionsand then,
in Section5, we detail thesynchronizationalgorithmusing
thesepreviously de�ned sequences.We thenpresentresults
in Section6 andconcludewith a brief discussionin Section
7. At theendof thepaper, theappendixA is givento make
arecursive proofof our algorithm.

2. Relatedwork

Synchronizingmotionshave beenstudiedusing two main
approaches.The �rst one is to identify correspondences
betweenmotions.Thesecorrespondencesareusedto �nd an
uniquesynchronization.Thesecondoneis to �nd transitions
betweenposturesof motions.The transitionsarethena set
of possiblesolutions.A costfunctioncanbeusedto �nd the
mostappropriatesolution.

Correspondencesbetweenmotions were �rst identi�ed
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using frequential information. The �rst synchronization
works were limited on speci�c motions like locomotions.
Unumaet al. [UAT95] usedFourier techniquesto interpo-
late and extrapolatewalking and running motions to give
emotions.Bruderlin et al. [BW95] madea multiresolution
�ltering algorithmto modify motionsusingthelow, middle
or highfrequencies.They alsoappliednon-lineartimewarp-
ing to makethetemporalcorrespondencesbetweenmotions.
Finally, Guo and Robergé [GR96] proposedan interpola-
tion methodbasedonasetof keyframes.They synchronized
locomotionsby modifying the temporalparametersof the
keyframes.The main limitation of suchstudiesis that mo-
tionshave to beperiodicandof thesamekind (e.g.,locomo-
tions).

Recentstechniqueshave automatizedtheidenti�cation of
correspondencesbetweena limited numberof motions.To
achieve this, Ashraf et al. [AW00] usedthekinematicalin-
formation containedin motions. Thesedifferent kinds of
information are for examplezero-crossingspeedor angu-
lar minima.They extendedtheir work usinga multilayered
semanticrepresentationof themotions[AW03]. Thedraw-
backof suchmethodsis thatmotionsmustbesimilar regar-
dingdynamicinformation.As wewantto synchronizereally
differentmotionsthat are interactively adapted,suchtech-
niquesarenot suitable.Moreover, theseworks werebased
on joints angle.It impliestheuseof identicalmorphologies.

Other authorshave tried to solve a global optimisation
problemin orderto synchronize(andadapt)generalhuman
motionswith spacetimeconstraints[RGBC96]. Thesetech-
niques,basedon non-linearsystems,involve problemssuch
aslocalminimaandlackof interactively sincecompletemo-
tion is needed.Moreover, thespeci�cationof theconstraints
thataredependentof thekind of motionsis dif�cult.

More recently, new probabilisticalgorithmswere wide-
ly usedto �nd transitionsbetweenmotionsof a database,
making a motion graph[KGP02]. Thesetransitionsmain-
ly preserve dynamicsby associatingsimilar skeletonpos-
tures.The databaseis precomputedand allows interactive
animations.Someauthors[LCR� 02], [BH00] usedhidden
Markov chainsto de�ne thesetransitions.Nevertheless,one
of thedrawbackof this kind of techniquesis thattransitions
arecomputedautomatically. Forecastingwhichmotionswill
be usedto transit from one motion to anotheris dif�cult.
Moreover, bad transitionscan be chosenif motions have
very differentdynamicinformationor if thedatabaseis too
limited. WangandBodenheimer[WB03] proposeda setof
optimizedweightsfor the cost function usedby Lee et al.
[LCR� 02]. Still to minimize the chooseof badtransitions,
Ashraf et al. [AW01] tried to correctthis problemdividing
thehumanskeletoninto two groups:theupperandthelower
body. Schödlet al. [SSSE00] usedthis kind of techniqueto
analysestreamsof videoandto drive thesestreamsthrough
high-level userinput. Despitetheselast improvements,this
kind of works often requiresthe useof hugedatabasesto

ensurea minimal setof goodtransitionsbetweenpostures.
Nevertheless,suchdatabasesarenotsuitablewith highly in-
teractive animations.Indeed,interactivity dealswith a large
numberof posturalcon�gurations.Moreover, they arenei-
thersuitablewith crowd animations.Capturedmotionsim-
plicitly containstheir own morphology. Eachmotion must
beusedoncharacterswith thesamekind of morphology. We
avoid thisproblemusingablendingtechniquethatallows to
shareautomaticallya samemotionwith differentcharacters
(anddifferentmorphologies)[Lba]. Thisblendingmoduleis
moredetailedin theoverview. Furthermore,addingmotions
in thedatabaserequiresthecomputationof thesetof all the
possibletransitionswith theothermotions.Its costis direct-
ly dependantof the size of the databaseand consequently
increaseswith it. Finally, thesedatabasescontainprede�ned
motions.Interactively adaptedmotionscannotbe managed
with suchtechniques.

After the searchin the database,real-time adaptations
wereproposedin orderto enhancethe interactivity of such
systems.Lee et al. [LCR� 02] usedtime warping to han-
dle the time of the animationandmadeadaptationsto the
ground.Kovar et al. [KG03] proposedregistrationcurves
to automaticallydeterminetherelationshipsbetweentiming
andlocal coordinateframein order to animatea character
who follows a speci�ed trajectory. Currentstudiesstill re-
mainlimited sincethey synchronize�x edmotionsandsince
theircomputationcostis expensive.This lastproblemis par-
ticularly importantbecauseit is unsuitablefor real-timeani-
mationof many differentavatars.

The studypresentedin this paperdealswith a new syn-
chronizationalgorithmbasedon time warping[WP95] with
additionalinformation:the sequenceof supportphasesand
a setof priorities associatedto the motions.Previous study
[AW01] have emphasizedthe importanceof the sequence
of supportphases.Zeltzeret al. [Zel82], [Zel86] have used
�nite statemachineswherestatesrepresentedthe different
phasesof thelocomotioncycle.For example,thiskind of in-
formationavoidstheblendingof two motions:onewith the
right foot on the groundand onewith the left foot on the
ground.It alsoallows to synchronizemotionsof samekind
(suchaslocomotion[MFCGD99]).

Usingthesequenceof supportphasesmeansto dealwith
concurrentconstraints.Therearetwo classicalsolutions:the
useof orderedprioritiesandthecomputationof weights.The
�rst oneclassi�esconstraintsusingtheir prioritiesandtries
to respectthehighestone�rst [BBET97]. Consequentlythe
lower constraintsmaynot berespected.Thesecondonein-
terpolatesconstraintsusinga weightedsum[Lba]. This last
solutiondoesnot respectany of theoriginal constraintsbut
offers an intermediatesolution that ensurescontinuity. In
thispaper, wesynchronizethesupportphasesof thedifferent
motionsto ensurethat we have a sequenceof uniquecon-
straintsbeforeblendingthe motions.Indeed,orderedcon-
straintsarenot suitablebecausethe supportconstraintsfor
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one leg is like a boolean:a leg is supportingthe body or
not. Using weightsdoesnot ensurethe respectof the sup-
portphases.

3. Overview

The synchronizationmodulepresentedin this paperis part
of acompletereal-timekinematicalanimationenginecalled
{Left blank}. Its goal is to allow and simplify the ani-
mation of different kinds of humansin dynamicenviron-
ments.It usesmorphologicalandenvironmentaladaptation-
s. Theselattersaredonein real-timeusinganadimensional
and normalizedskeleton [Lba]. This representationof the
motionallows to beautomaticallyindependentfrom theori-
ginal morphologyandthento sharea motion with a lot of
characterswith differentskeletons.Theenvironmentaladap-
tationsaremadeusingkinematicalconstraintsandarecom-
putedaftertheblendingto ensuretheir respect(e.g.,contact
of the handsduring applause).The normalizedskeletonis
describedin thecartesianspaceallowing aneasierandmore
intuitive setof constraints.Finally, this representationlimits
thenumberof parametersto computeat eachtime andcon-
sequentlyis lesscomputationexpensive. With sucha tech-
nique,we cananimatea largenumberof charactersin a dy-
namicenvironment.

Figure 1: {Left blank} real-time motionssynchronization
andblending.

As shown in Figure1, the blendingmoduleblendsmo-
tions (henceposturesat a given time) issuedfrom actions.
Theseactions(Ai in theremainderof this paper)cansimply
replaya motionor canadaptit to parametersasparametric
modelsdo.Hence,informationonusedmotionscan't bepre-
computedsincethey canbe modi�ed in real-time.Indeed,
theseactionsareactivatedanddeactivatedusingprioritiesas
shown in theFigure2 andmoredetailedin [Lba]. In this �-
gure,t1 is the startingtime of the actionandt3 its ending
time. t2 (resp.t4) is thecompleteactivation(resp.deactiva-
tion) of theaction.

To managesuchactions,weintroduceanew synchroniza-
tion algorithmbasedon thesequenceof thesupportphases
of themotion.Whentheactionsareparametricmodels,they

Figure2: Activationanddeactivationof actions.

justhaveto modify thesequencethesamewayasthey adapt
themotion.Theoutputof anactionis thenthemotionandits
associatedsequence(Si in theremainderof thepaperwhere
i is thenumberof its actionAi).

4. De�nition and analysisof the sequence

Oursynchronizationalgorithmis basedonsequencesof sup-
port phases.The �rst part of this sectiondealswith the re-
presentationof this sequenceandthedetectionof incompa-
tibilities betweenthem.The secondpart explains how the
sequencesare generatedusing this representation.Finally,
the last part describeshow the detectionprocessmanages
motionswith differentnumberof elements.

4.1. Algebraic relation

To detectthat nA actionscan't be blended,we introduce
an algebraicrelation

�

. This one usesthe sequenceof
supportphasesSi associatedto the action Ai . This latter
is de�ned as a sequenceof elementsfrom the set FS =
f RS;LS;DS; ; ;Errg (the Figure 3 shows a locomotioncy-
cle describedusingour representation)whereRS(resp.LS)
is the period of time when the right (resp.left) foot is on
the ground,DS is usedto de�ne that the two feet are on
the ground(doublesupport),; is during a jump (no foot
contacton the ground)and Err is the result of two not-
synchronizablemotions.Let Si (k) bethekth elementof this
sequence.

Figure 3: De�nition of the supportphases.Thefeetevents
are underthe�gure andour representationis above.
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Thealgebraicrelation
�

from FS2 ! FSis de�ned such
asa

�

b representsthe resultingstrike constraintsfrom the
strike a andthestrike b (cf. Figure4).

Figure4: Synchronizationalgebraic relation.

This algebraicrelationhasbeende�ned following these
rules:

� DSis theneutralelement.It is becauseour blendingmo-
dule usesa neutralmotion with two feet on the ground.
This motion always hasthe lowestpriority and is over-
riddenby any othermotion. It is usefulwhenthereis no
active motion to play. For example,if a locomotionwith
the sequenceSi = f RS;DS;LS;DSg is started,our alge-
braic relationensuresthat its sequenceoverridethoseof
theneutralmotion.

� ; is theabsorbingelement.Onthecontraryof theprevious
element,it representsthejumpmotionduringwhich sup-
port constraintsaredisabled.

� Err is theabsorbingelementof thesubsetf RS;LS;DSg.
It meansfor examplethatevenif only two motionsarenot
synchronizableamongstseveralones,therelationwill set
anerrorErr.

� LSandRSaretheelementsthatarecompletelyincompat-
ible andthatsetanerrorErr.

As our relationis commutative thentwo motionsAi andA j
aresynchronizedif andonly if:

8k; S1(k) � S2(k) 6= Err (1)

Moreover, asour algebraicrelationis associative,we can
computethenA sequencesin any orderwith this equation:

�

i2 [1;nA]

Si = (((( S1 � S2) � S3) � : : : � SnA� 1) � SnA)

(2)

Thus,from thetwo previousequations(1) and(2), thenA
actionsaresynchronizableif andonly if:

8k; �

i2 [1;nA]

Si (k) 6= Err (3)

4.2. Generationof the sequence

In this section,we presentour generationof sequencesof
supportphases.Meanwhile,the synchronizationalgorithm
usesthe supportphaseswhatever the way they weregene-
rated.Currently, our sequencesaregeneratedusingtwo pa-
rameters:

� the maximumauthorizedheightfor the lowestextremity
of thefoot. It representstheheightover which thefoot is
not in contactwith theground;

� themaximumauthorizedspeedwhenthefoot is underthe
previousthreshold.

Thefoot is consideredin contactwith thegroundif thetwo
previousparametersarerespected.Thesecondparameteris
useful to discriminatethe foot strike (whenspeedis really
low) from momentswhenthe foot quickly passesnearthe
ground(i.e. duringtheswingphaseof a walk for example).

Figure 5: Interfaceof thesupportphasesgenerator. At the
bottom,the two horizontalareasde�ne the supportphases
for each foot.

The synchronizationalgorithm is basedon the fact that
two successive elementsin a sequencearenever identical.

4.3. Extensionof motions

Let considertwo actionsAi and A j with respectively the
sequenceSi (with 5 elements)andSj (with only threeele-
ments).To useour algebraicrelationafterthethird element,
we needto extendthesequenceof theactionA j . Moreover,
with cycli�ed motionssuchaslocomotion,we needto ex-
tend its sequenceas long as the action is running.To this
end,we considertwo kindsof motions(cf. Figure6):

� The cycli�ed motions: their sequenceare completely
copied;

� Theothermotions:only thelastelementof theirsequence
is copiedaslongasnecessary.
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Figure 6: Extensionof cyclic (A1) and non-cyclic(A2) ac-
tions.

5. Synchronization algorithm

The synchronizationalgorithm uses three main steps to
achieve its work. The �rst one is the reorganizationof the
elementsof thesequencesin orderto synchronizethem.The
secondstepis thetuningof thedurationof theresultingse-
quenceof supportphases.Finally, thealgorithmassuresthat
the temporaldeformationresultingfrom the time warping
function doesnot make speeddiscontinuitiesin the anima-
tion.

5.1. Chronologicalorganization

Dueto thereal-timeinteraction,themotionscanstartat any
moment.To useour relation,we �rst make a changeof va-
riable to refereachmotionto thesameindex k asshown in
theFigure7.

Figure7: Change of variablefor theindices.

Alwaysregardingtheinteractive andreal-timeconstraint,
we don't want to applyour algebraicrelationon all these-
quencebut only onthenext successivenkelements.Thefol-
lowing algorithmis thenappliediteratively during the ani-
mation.
Let considerthat the motion is synchronizeduntil the step
k+ nk (theanimationis currentlyat thestepk):

81 � j � k+ nk; �

i2 [1;nA]

Si( j) 6= Err (4)

Now, whentheanimationentersin thestepk+ 1,ouralgo-
rithm mustsynchronizethestepk+ nk+ 1:

�

i2 [1;nA]

Si (k+ nk+ 1) 6= Err (5)

If this previous equation(5) is not veri�ed, our synchro-
nizing algorithmproposesto enlarge someof the last syn-
chronizedelementsat thestepk+ nk to respecttheequation.
For example,let considertwo motionsA1 andA2 (cf. top of
theFigure8) suchas:

� S1(k+ 1) = DSandS1(k+ 2) = RS;
� S2(k+ 1) = ; andS2(k+ 2) = LS.

Let nk be equalto 1 (synchronizationis just madeover
oneelementof thesequence).In thisexample,S1 andS2 are
not synchronizedat thestepk+ nk+ 1 = k+ 2. Deletingor
reducingoneof the two concernedelementsdoesnot solve
theproblem.Meanwhile,theanimationis aboutto enterin
thestepk+ 1 whenthesynchronizationprocessis activated,
sowecanenlargeoneof theelementSi (k+ 1) without crea-
ting discontinuitiesin theanimation.In thisexample,extend
theelementS1(k+ 1) solvestheproblem(cf. bottomof the
Figure8).

Figure 8: Exampleof extensionof an elementof the se-
quence.

Enlarging the last synchronizedelementof the sequence
always gives at least one solution to the synchronization
problem.TheappendixA detailstherecursive proof of this
algorithm.Now, onesolutionhasto bechosenfrom thesetof
possibleones.To achievethis,thealgorithmusesthepriority
of themotions.Fromthehighestpriority to thelowestone,it
takesthe�rst elementof typeRSor LS. This foundelement
givesthetypeof constrainttoberespected.Hence,extending
all the lastsynchronizedelementsof theothertype(i.e.,RS
if the foundelementis LS) ensuresthat theconstraintasso-
ciatedto the motion with the highestpriority is respected.
TheFigure9 shows anexampleof sucha synchronization.

Now, wearesurethatactivemotionscanbesynchronized
at nk stepfrom the currentelementof the sequence.It re-
mainsthestartof theactions.WhenanactionAi is activated,
thealgorithmtriesto synchronizefrom the�rst oneSi (k) to
the Si(k + nk+ 1). If thereis no error during this synchro-
nization, the action is startedat the �rst synchronizedele-
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Figure9: Exampleof synchronizationwith priorities.

mentandthesynchronizationiterative algorithmcanbeap-
pliedfor therestof its activation.If anerroroccurs,it means
thatthereis nopossiblesynchronizationwith thecurrentac-
tive actions.Then,thestartof theactionis delayeduntil the
next elementof thesequenceis reached.

5.2. Duration of an elementof the sequence

Now that elementsof the sequenceof supportphasesare
correctlyreorganized,it remainsto computethedurationof
theseelements.To achieve this, thesynchronizationprocess
usesthepriority Pi de�ned for eachmotionAi astheweight
associatedto the legs.Let DSi(k) be thedurationof thekth

elementof thesequenceSi . Thecomputeddurationof all the
kth elementsof all thesequenceDS(k) is thende�ned as:

8k; DS(k) = å
i2 [1;nA]

Pi � DSi(k) (6)

This durationis thenusedin thetime warpingprocessto
adaptthemotion.

5.3. Temporal deformation

Changingthedurationof theelementsof thesequencesin-
volvesa compressionor a dilatationof thetime.TheFigure
10 shows temporaldeformationsdueto theuseof the time
warping.Let t0 = Hi (t) be the time warping function that
gives the animationtime from the real time. This function
is not derivableandengendersdiscontinuitiesin speedand
acceleration.After thecomputationof thetime warping,we
usea cardinalspline(dashedcurve in Figure10) thatallows
to slow down or acceleratethemotionin orderto avoid these
discontinuitiesduringtheanimation.

Figure10: Splineappliedto thetimewarpingfunction.

6. Results

Oneof themostvisualartifactsproducedby abadtransition
betweenmotionsis thesliding feet.TheFigure12compares
a samesequenceof different locomotionsusingor not the
synchronizationalgorithm.The red partsof the animation
representsthe phaseof transitionbetweenmotions.At the
topof this �gure, thedifferentlocomotionsareactivatedand
deactivatedat prede�nedtimes.Thethreeellipsesstressthe
momentswhenthe feetaresliding on the�oor . Thebottom
of the �gure shows the samesequenceof locomotionsbut
usingthe synchronizationalgorithm.This time, the feet do
not slide andthe supportconstraintsarerespected.This �-
gureshows thatevenwith motionsof samekind (suchaslo-
comotionsin this example),thesynchronizationof motions
is really important.

Following the samewireframerepresentation,the �gure
13showsamorecomplex animation.Thislatteris composed
of a locomotion,a �ghting motion,anotherwalk and�nally
a jump. This �gure shows the delaythat canappearduring
thesynchronizationof complex motions.Thelastrow gives
thesamesynchronizedanimationusinga skinnedcharacter.

The next example shows an animation resulting from
the completeuse of our system.The �oor is interactive-
ly adaptedandthe characteris animatedusingseveral mo-
tions.Thesemotionsaresynchronized,blendedandadapted
to theenvironmentin real-time.Themorphologicaladapta-
tion is still madeautomaticallywith the normalizedskele-
ton. In the �gure 11, the �oor is stuckonly to have a clear
illustration.Thevideo(http://{Left Blank}/dynamicEnv.avi)
gives the completeanimationwith the moving �oor . Ano-
ther video (http://{Left Blank}/synchronization.avi) shows
theoriginal motionsandthe resultof their synchronization
andtheir blending.
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Figure 11: The synchronizationmoduleis part of a com-
pletekinematicalanimationengine{Left Blank}. In this ex-
ample, the character is animatedon an interactivelychan-
ging ground.For thepicture, the�oor wasstuck.

7. Discussion

In this paper, we have presenteda new real-timealgorithm
thatsynchronizesseveralinteractively adaptedmotions.This
algorithmis basedon thetimewarpingtechniquewith addi-
tional information:thesequenceof supportphasesfor each
motion. We also introducedan algebraicrelation between
supportphasesto verify if they arecompatiblefor motion
blending. Its use is very easysince motions are basical-
ly controlledby simplestart/stopcommands.The duration
usedto activateor deactivatethemotionis parameterizedas
well asthepriorities for eachmotion.Theweightsassocia-
tedto motionsarethencomputedautomaticallyandareused
by our synchronizationalgorithm.Besidesthesynchroniza-
tion of interactively adaptedmotions,this synchronization
algorithm is part of a completekinematicalanimationen-
gine: {Left Blank}. Usinganadimensionalandnormalized
skeleton,a motion can be automaticallysharedby several
characterswith differentmorphologies.Moreover, the syn-
chronizedmotionsareblendedby a speci�c blendingmo-
dule[Lba].

This complete real-time animation engine is already
usedby industrialpartners.Consequently, this packagehas
beenwidely testedwith motionsinvolving really different
kinds of dynamicsandof supportphases(suchas�ghting,
walking, running and dancing).It also works while using
parametricmodelssuchaslocomotionor graspingmodels.
The activation time is instantaneousexcept for rarely criti-
calsituationssuchassimultaneouslyright andleft unilateral
jumps.Even in this kind of situations,our synchronization
techniquealways �nds a solutioncontraryto othercurrent
studiesusingmotion graphsor prede�nedcorrespondences
betweenmotions.Thecomputationcostof this algorithmis
negligible sinceit only synchronizessequenceswhenmo-
tionschangetheirsupportphases.Moreover, it doesnotneed
informationonall thesequenceof supportphasesbecauseit
only synchronizesa limited numberof its elements(i.e. the
supportphases).

The valueof the numbernk of supportphasessynchro-
nizedby our algorithmmustbediscussed.Whenit is small,

the temporaldeformationcan be important to ensurethe
compatibility of the motions.On the contrary, when it is
large,theknowledgeof thefutureis required.Consequently,
it is moredif�cult to starta new actionsincethealgorithm
mustsynchronizemoresupportphasesat the beginning of
themotion.Thedefault valueusedfor all ouranimationsin-
side{Left Blank} is 5. It allows to synchronizemorethana
completecycleof locomotion.

As for several systemsbasedon kinematics,our system
suffersfor somelimitations.Indeed,nothingensuresthatthe
weightedsumof two motionsthatbothrespectdynamicsal-
so respectsdynamics.To take this kind of constraintsinto
account,thereis somelow computationcostkinematicalso-
lutions.For example,time warpingtechniquecanengender
largedilatationsof themotion duration.Whenit is applied
while jumping, the fundamentallaws of dynamicsare not
respected.One solution can be to stuck the weightsasso-
ciatedto the actionduring a jump phase.It meansthat the
blendingis interruptedduringa jump.Thisproblemcanalso
becorrectedcontrolling the parabolictrajectoryof the root
during the jump. Our perspectives are to incorporatesuch
techniquesinside our system{Left Blank}in order to im-
prove therespectof the fundamentallaws of dynamicsthat
alreadyexist intrinsically in theoriginalmotions.Weareal-
socurrentlyworkingonadynamiccontrollerto reinforcethe
results.
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Appendix A: Recursive proof of the synchronization
algorithm

The �rst part of this appendixshows that, consideringthat
anerrorhasoccurredduringthesynchronizationprocess,at
leastonesolutionis found.

Let considerthattheanimationis enteringin thestepk. It
meansthatall thenA actionsaresynchronizeduntil thestep
k+ nk� 1:

8 j 2 [k� 1;k+ nk� 1]; �

i2 [1;nA]

Si ( j) 6= Err (7)

Let considerthat the actionsarenot synchronizedat the
stepk+ nk (elsethesolutionis alreadyfound):

�

i2 [1;nA]

Si (k+ nk) = Err (8)

The algorithm tries to extend someof the last synchro-
nizedelements.Thus,thereis a solution if thereis at least
oneelementof the stepk + nk� 1 that canbe extendedto
verify thefollowing equation(9).

�

i2 [1;nA]

Si (k+ nk) 6= Err (9)

The�rst solutioncanbeto extendall thenA lastsynchro-
nizedelements:

�

i2 [1;nA]

Si (k+ nk) = �

i2 [1;nA]

Si (k+ nk� 1) 6= Err (10)
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Unfortunately, this solutiondoesnot solve the problembut
just delaysit.

Let A bethemaximalsetwith elementsof thestepk+ nk
thatcanbesynchronizedwith theresultof thepreviousstep
k+ nk� 1.

0

@
�

i2 [1;nA]

Si (k+ nk� 1)

1

A
�

 

�

i2 A

Si (k+ nk)

!

6= Err

(11)

This setcan't beemptysincetheerrorat thestepk+ nk
(cf. equation(8)) involves the presenceof RSand LS. So
therearecompatibleelementswith oneof themandsowith
all the existing elements.Then,this set is alsosynchroniz-
ablewith theresultof thepreviousstepk+ nk� 1.Now, two
caseshave to beconsidered:

�
�

i2 [1;nA] Si (k+ nk� 1) = ; : in this case,extendingone
of theabsorbingelement(; ) is enoughto �nd a solution
(evenif theextentof a jump is notanidealsolution);

�
�

i2 [1;nA] Si (k+ nk� 1) 6= ; : sincetheresultis not theab-
sorbingelement(; ) thenit is not in thesetA. Moreover,
thereis no elementof type ; at the stepk+ nk sincethe
result is an error Err. So the following equationis veri-
�ed:

0

@
�

i2 [1;nA]

Si (k+ nk� 1)

1

A
�

 

�

i2 A

Si (k+ nk)

!

6= ;

(12)
As A de�nes the elementscompatiblewith the previous
synchronization,thenf i =2 Ag representstheindicesof the
motionsin which last synchronizedelementshave been
extendedto solve thesynchronizationproblem.

ThesetA doesnot representall thesolutionsof thesyn-
chronization.As it is never empty, it is only usedto demon-
stratethatthereis alwaysat leastonesolution.
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Figure12: The�r st rowshowstheanimationwithoutsynchronization.Whenthere are transitionsbetweenmotions(in red)the
feetare slidingon the�oor. With thesynchronization(secondrow), thefoot strikesare respected.

Figure13: Here is a more complex animationwith motionssuch aswalking, �ghting, anotherwalkinganda jump.
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