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Abstract— This paper presentssome evolutions over the
locomotion planning problem for digital actors. The solution
is basedboth on probabilistic motion planning and on mo-
tion capture blending and warping. The paper particularly
focuseson a new collision avoidancetechnique: while the legs
and the pelvis of the digital actor follow a planned path, the
animation of the upper part of the body is updated for 3D
collision avoidance purposes.

. INTRODUCTION

Computeranimation for digital actorsis usually ad-
dressedby two researchcommunitiesalong two com-
plementary lines: Computer Graphics community puts
emphasin realismof the motionrendering[1]. Realism
can be obtainedby motion imitation thanksto motion
capturetechnologiesMore recently Roboticscommunity
tendsto provide digital actors with capacity of action
planningmainly in the areaof motion planning(e.g.,[2])-

This paperdealswith combining both view points in
the framework of virtual humanlocomotion.It focuseson
the following problem:how to automaticallycomputere-
alistic walking sequencesvhile guaranteein@D obstacle
avoidance?

An efEcient approachconsistsin splitting the problem
into two parts[3]. Fromthe obstacleavoidancegeometric
point of view the digital actoris boundedby a cylinder.
A 2D motion plannerautomaticallycomputesa collision-
free trajectory for the boundingcylinder. Then a motion
controlleris usedto animatethe actor alongthe planned
trajectory Performancesre good enoughto addressdy-
namic ervironmentsand real time planning.

Locomotionin 3D is investigatedin [4]: the workspace
is modelled as a multi layered grid. Several types of
digital actor bounding boxes are consideredaccording
to predeEnedocomotionbehaior (walking, cravling...).
Oncea pathis foundin thegrid, cyclic motion patternsare
usedto animatea trajectoryalongthat path. Theanimation
is thenmodi£edby dynamic£ltersto make it consistent.

Other similar approachesombining path plannersand
motion controllers have been investicated [5], [6], [7].
None of theseapproachesaddresseshe 3D component
of the locomotionproblemasit is illustratedin Figure1.
In the absenceof obstacle all the degreesof freedomof
a digital actor are controlledby the locomotionbehaior
(e.g.,the cyclic motionsof the armsare naturallyinduced

by thewalk). Walking with a barin clutteredervironments
may require the actor to control the motions of his
armsindependentlyffrom the legs. How to reachsuchan
objective with motionsas naturalas possible?

Fig. 1. A locomotionplanin a living-room

Our approachis an extensionof [3]. A £rst collision-
free path is computedin the 2-dimensionalworld by
using a classicalpath planner Then the geometricpath
is transformednto a trajectoryin orderto apply a motion
controller generatingwalking animation from a motion
capturedataset. Obstacleavoidanceis taken into account
at two distinctlevels. The £rstplannedpathis guaranteed
to be collision-free for the lower part of the actor body
(i.e. the pelvis togetherwith the legs). Then by applying
the motion controller along that path, all the degreesof
freedomof the actor are animated.Collision checkingis
then appliedon the whole body. Only the upperparts of
thebodycanbein collision. Whencollisionsoccurin sub-
sequence®f the animation,eachof thesesubsequences
is processedvith a warping technique[8]. The warping
techniqueis appliedonly to the degreesof freedomto be
correctedto avoid collisions. It just slightly modiEesthe
prede£nednimationon thesedegreesof freedom.In such
a way the realismof the original animationis presered
atthe best.If the warpingstepfails, thenthe original path
is invalidated,and a new searchis performedby the path
planner

The proposedapproachis basedon two-level mod-
elling of our 57 degreesof freedom(d.o.f.) actor Eugene



(Section Il). The active degreesof freedom gather all
the degreesof freedom attachedto the legs: they are
processedy the motion controller without arny possible
adaptationonce a path is £xed. The reactive degreesof
freedom gather all the other ones:they are attachedto
the upperpartsof the body Reactve d.o.f. are processed
both by the motion controllerandby the warpingmodule.
Sectionlll presentsheglobalarchitectureof theapproach
andsummarizeshetoolswe have previously developedin
this framework: the walk controller[9] aswell asthe path
planner{10]. SectionlV focuseson thewarpingtechnique
which is the core moduleof the global system.

II. MODELLING EUGENE
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Fig. 2. Thedigital actor: Eugene
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Eugeneis the nameof our digital actor (Figure 2). He
is madeof 20 rigid bodiesand57 d.o.f. The pelvisis the
root of £ve kinematicschainsmodelling respectiely the
arms,the legs and the spine.The pelvis is locatedin the
3D spacewith 6 parametersdlts locationExesthelocation
of Eugenen the ervironment.All the remaining51 d.o.f.
are angularjoints.

Two classe®f bodiesareconsideredPelvisandthelegs
areresponsibldor thelocomotion.All the 24 correspond-
ing d.o.f. aresaidto be actived.o.f. The 27 otheronesare
saidto bereactived.o.f. They dealwith the control of the
armsandthe spine.

Sucha classiEcatioris basedon geometricissuesdeal-
ing with obstacleavoidance.In the absenceof obstacle,
thewalk controller(seebelan) hasin chageto animateall
the 51 angulard.o.f. alonga given path.Dueto the closed
kinematicchainconstitutedoy theground,thelegsandthe
pelvis, ary perturbationon the active d.o.f. would affect
the positionof the pelvis,andthenthe given path. This is
why we want the prede£nedpath guaranteeingollision
avoidancefor all the bodiesof the legs. Leg bodiesand
pelvis arethen gatheredinto a boundingcylinder andthe
pathplanner(seebelav) computeollision-freepathsfor
thatcylinder. Possiblecollisionsbetweerobstacleandthe
upper part of Eugeneare processedy tuning only the
reactve d.o.f. without affecting neither the active d.o.f.
nor the prede£neghath. Suchatuningis addressedby the
warping module below.

1. PLANNING STEPSAND MODULES

The input data of the motion plannerare a 3D envi-
ronment,two (initial and £nal) con£gurationdor Eugene
and a walk controller allowing to steer Eugenealong
a prede£nedpath. The output is an animatedsequence
shaving Eugenewalking to reachhis goal while avoiding
all the obstaclesThevariousstepsarethefollowing ones:

1) Planacollision-freepath for the cylinder bounding
the legs and the pelvis: modulePat h- Pl anner ,

2) Transformthe path into a trajectory accordingto
the velocity and accelerationboundsof the walk
controller: modulePat h-t o- Tr aj ,

3) Animate Eugene along the trajectory: module
Wal k- Cont r ol . The animationappearsas a se-
guenceof key-frames.

4) Partition the animatedsequencento alternatesub-
sequencesf collision-freekey-framesandcolliding
key-frames. On each colliding subsequenceapply
the War pi ng module.

The role of the warping moduleis to plan a collision-
free motion for the concernedreactve d.o.f. without
changingthe active onesalongthe subsequencef collid-
ing key-frames.Whenthe War pi ng modulefailsin com-
putinga collision-freemotion, theinitial pathcomputedat
Stepl is invalidatedand a new pathsearchis performed.
The following modules have been implementedwithin
Move3D [11], a software platform dedicatedto motion
planning.

Pat h- Pl anner The £rst step deals with collision-
free path planning for a cylinder moving among 3D
obstaclesThis is a classicalproblemthat can be solved
by numerousapproachefl?]. Themodulewe haveimple-
menteds basedn a probabilisticroadmapapproach13].
A roadmapis a graph aimed to capture the topology
of the confgurationspaceof a given mechanicalsys-
tem. Roadmapnodesare collision-free con£gurationsA
steeringmethodbeing given to computea path between
two conf£gurationstwo nodesare adjacentif the path
computedby the steeringmethodis collision-free. Ac-
cordingto the symmetrypropertyof the steeringnethoda
roadmapis eithera directedgraphor an undirectedgraph.
For our application (human locomotion) the computed
path shouldbe smoothenough.Bézier curves of the third
degreeareused.This givesrise to directedroadmapsand
the probabilisticroadmapbuilder was adaptedo produce
directedgraphs.

Wal k- Cont r ol The walk controller (see[9] for de-
tails) computesthe valuesof all the degreesof freedom
of the digital actorwhenapplyinga 2-dimensionatontrol
(v, w), v and w being the linear velocity and the angular
velocity respectrely. This is the critical module that
addresseshe motion realismconstraint.The controlleris
built ona motion capturelibrary usinga classicablending
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Fig. 3. Warping methodsteps

technique [14], [15], [16], [17] consistingin meming
recordedmotion datato generatenen animations.The
outputof this moduleis ananimationbuffer (i.e. sequence
of key-frames).

Pat h-t o- Tr aj The transformationof a path into a
trajectoryrespectingvelocity and acceleratiorconstraints
is a classical problem in Robotics (e.g., [18]). In our
applicationthe function of Pat h-t o- Tr aj is to provide
a samplingof the pathinto points (x;,y;) compatiblewith
the applicationof a control (v;, ).

The following section presentsthe original War pi ng
modulewe have developedto address3D collision avoid-
ance.

IV. THE WARPING MODULE

The goal of the War pi ng moduleis to locally modify
the animationof the upperbodiesof Eugene(armsand
spine)whencollision occurin the animationproducedby
Step3. The outputof Step3 is a sequencef key-frames
which a completespecifcatiorof all the 57 d.o.f.

Each key-frame of the sequenceis scannedand a
collision testis performed.At this level only the bodies
of the upper part of Eugenemay be in collision. Leg
bodiesaswell aspelvis are necessarilycollision-free.If a
collision exists, the frameis markedwith alabel(left-arm,
right-arm or head-sping accordingto the body involving
a collision with the obstacles.All the marked frames
are gatheredinto connectedsubsequencesubsequences
are extended to create blocks absorbing collision-free
framesin the neighborhoof the colliding subsequences
(Figure 3-a). Sucha subsequencextensionis considered
to provide smoothmotionsableto anticipatethe correctve

actionsto be done. Each connectedframe block is then
processedndependently

Let us considerthe example of a block with a left-arm
label. The methodconsistsin choosinga setof d.o.f. of
the left arm at randomuntil the left arm do not collide
arymore.A new collision-freeframeblock is thencreated
for which the d.o.f. of theleft arm aremodi£edusingthis
setof values(Figure 3-b).

Now we apply a warping procedureconsideringthe
two blocks: the original and the modif£ed one. Such a
procedurds classicalin graphicsto modify a sequencef
key-frames.By constructionthetwo blockshave the same
numberof key-frames.The warpingprocedureconsistsin
interpolatingthe reactize d.o.f. of theleft arm. The param-
etersof the interpolationare controlled by the collision-
checler in order to provide a nev con£gurationfor the
left arm which is as close as possiblefrom the original
con£gurationwhile being collision-free (Figure 3-c).

V. RESULTS

Move3D, developed at LAAS-CNRS, has been used
as supportplatform for implementingour method. This
section presentssome results obtained concerningthe
collision avoidancemethod describedin the section|V.
For legibility reasonsthe resultsareillustratedwith only
few conf£gurationsExactly oneframe over threeis used,
over a small part of the whole computedanimation.

Fig. 4. Avoiding a treebranch



a) Careful with that branch, Eugene[19]: The £rst
exampleis a humanlocomotionundera branchof a tree.
The £rst image of the Figure 4 illustratesthe result of
the walk controller (i.e. whenthe trajectoryis computed,
optimized,sampledandanimated) As expected the lower
part of the actoris collision free alongthe motion. But a
collision occursbetweenthe headand the branch;this is
visible on the sixth con£gurationdravn from the left.

The kinematicchainhead-spinds detectedn collision.
The result of the warping procedureis illustrated on the
secondimage at the bottom. Note that the new motion
is realistic, andits amplitudeis quite minimal. Also note
that in this example, for one frame in collision, six are
£nally modif£edto avoid the obstacle.This correspondo
the extensionof the colliding subsequencéto a block
allowing an anticipationof the correctedmotion.

Fig. 5. Avoiding a woodenbarrier

b) Careful with that barrier, Eugene: The second
exampledealswith a collision betweertheleft armagainst
a woodenbarrier The collision is illustrated on the left
image of the Figure 5. Once again, a solution is found
and illustratedon the right image.

The actor has “decided” to move its handin front of
him while walking. Some other solutions exist. As the
searchof a solution is not deterministic,eachexecution
of the methodrise to different solutions.The arm could
have passover the barrier Thereis no criteriato scorea
solution. The userestimateghe quality of the result. He
may call the warping module again to evaluate another
solution.He may alsoimposethe con£guratiorrandomly
chosenby the warping module.

c) Careful with that chair, Eugene: Figure 6
illustrates that the model can be easily modifed for
simulatingthe carriageof an object. The objectdoesnot

Fig. 6. Avoiding a desk,handlingan object

inauencethe result of the walk controller But, as the
bar is integratedto the right arm, the collision of the bar
agpinst the chair (seethe left image of the Figure 6) is
treated as explained previously. On the right image, a
solutionis illustrated:the bar goesover the chair andthe
desk.

d) Initial and £nal stepsof a locomotiontask: Our
walk controller has a specifcity:it respectsstrictly the
initial and the £nal con£gurationgiven as inputs of the
problem. This meansthat while starting or ending the
locomotion, the actor progressiely adoptthose con£gu-
rations.

In the caseof the Figure7, the actoris aslkedto feedthe
virtual sheepFor thatits handmustgo on theothersideof
the barrier Whenthe walk controlleris applied,the £nal
position(wherethe actorfeedsthe sheep)s respectedut
somecollisions exist.

Then collisions are avoided. This leadsto modify the
motion of the arm. As it concernsthe last framesin the
animation, the £nal position is affected: the hand stays
away from the barrief andthe actorcannotfeedthe sheep
anymore. The result is illustrated on the middle image
of the Figure 7. In orderto still reachthe £nal position,
a single query probabilistic motion planner[20] is used
betweenthe last modi£edcon£guratiorandthe £nal (and
desired) con£guration.The result is then sampledand
addedat the end of the animation. The additve frames
areillustratedon the bottomimageof the £gure.

A moreconstrainedxampleof the positioningproblem
is illustrated on the Figure 8. The goal position of the
actoris def£nedwith the arm passingthroughthe hole of
a plank. The actorwalks until heis in front of the plank
thenhe passests left armin the hole of the plank.

e) Computationatime: We give the computingtimes
correspondindo the £guresof this paper All theexamples
have beenrealizedwith a samplingrate of 25 framesper



Fig. 8. Anotherexampleof an animationpositioningthe actor at the
end of the trajectory

secondrunningon a SunBlade 100 (proc. UltraSFARC-
Ile 500MHz, 768Mo RAM). The total number of key-
frames(Total KF) composingthe animationandthe num-
ber of framesconstitutingthe colliding blocks(Block KF)
aregiven, the computingtimesconsumedy eachmodule
in seconds.

Fig.4 | Fig.5 | Fig. 6 | Fig. 7
# Total KF 85 64 53 69

Pat hPl anner | 0.03s. | 0.05s. | 0.03s. | 0.04s.
Pat hToTr aj 0.32s. | 0.22s. | 0.19s. | 0.34s.
Wal kCont r ol 0.1s. | 0.07s. | 0.05s. | 0.07s.

# Block KF 35 29 53 17
War pi ng 0.53s. | 0.23s. | 3.27s. | 0.28s.
Final Step Os. 0s. 0s. 0.62s.

Pat h- Pl anner stepsare very shorts as the given
problemsdo not needa complex navigation in the ervi-
ronmentsThePat h-t o- Tr aj problemconsumesnore
computing time. The complity of this step is very
sensitve to the constraints(maximum velocities and ac-
celerations).The Wl k- Cont r ol steponly dependson
the numberof key-framesin the animation,as the same
modelis used.

Note thatthe War pi ng moduleis largely more expen-
sive in the caseof the Figure 6. This is dueto the more
comple ervironment (the living room), and to the high
numberof framesin collision (dueto the carriageof the
bar andthe proximity of the chair).

A problemconcerningthe £nal step,in orderto respect
the position of the arm of the actor passingthroughthe
barrier appearsonly on the exampleof the Figure7. The
computingtime includesthe singlequerypathsearchand
its sampling.

Fig. 9. A locomotionplan throughthe sheeps

Figure 9 illustrates a navigation problem. In this ex-
amplean initial trajectoryis found quickly (0.48s.). The
War pi ng modulecomputingtime is essentiallydedicated
to thecollisionidentifcationg2s). Two blocksareformed:
onefor a collision againstthe sheep,anotherone against



thebarriet The solutionsearchandthewarpingitself took
1.3s.

VI. CONCLUSION

A solution for planning the locomotion of a digital
actor through a virtual ernvironment has been presented
in this paper The solution is basedon a PRM motion
planner on a motion captureblenderand on an collision
avoidancetechnique.The methodis demonstratedbver
severalexampleswith satisfyingresults.Theinputsof the
problemare preciseconf£gurationspossibly constrained,
andpathsthroughnarrav passagesanbe found. Theim-
plementatiorof the methodis modularandcontrollerscan
be added,remaoved or replacedto testdifferentsolutions.

At this stage the locomotionis limited to a ratterrain,
thelower partof the body is not reactive, andthe solution
to avoid an obstaclewhile walking is limited to a single
sub-con£guation. Theselimitations give somedirections
for the work to come. For example, the lower part of
the body shouldbe reactve: somesolutionsare described
in the literature ([21]) and can be usedas a basefor a
more sophisticateccontroller allowing the walk on non-
oat terrains.

In a near future, we want to elaboratean intelligent
stratgy for constructingthe initial roadmap.This could
lead to more realistic trajectorieswith lessoptimizations
on it, lowering the computingtime. At last, the motion
library needsto be extendedwith differenttypesof walks
(crawl, sidestepsgetc...).Our architecturecanalreadymix
several behaiors in a sameplan but someadaptationgre
however neededo computesometransitionphasesThis
would allow to £nd pathsin even narraver passages.
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