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Figurel: (a) Motion linesasusedin adrawing (b) 2D motion sketchandthe resultinganimation(step,leap,front- ip, shufe, hop)(c) 3D
motionsketchandresultinganimation(walk, ip throughwindow, walk, leapontobuilding, walk, leapoff building)

Abstract

In this paperwe presenta novel systemfor sketchingthe motion
of a character The processhegins by sketchinga charactetto be
animated.An animatedmotionis thencreatedor the characteby

drawing a continuoussequencef lines,arcs,andloops. Theseare
parsedand mappedto a parameterizedetof outputmotionsthat
furtherre ect thelocationandtiming of theinput sketch. The cur

rentsystemsupportsarepertoireof 18 differenttypesof motionsin

2D anda subsebf thesein 3D. The systemis uniquein its useof a
cursive motionspeci cation,its ability to allow for fastexperimen-
tation,andits easeof usefor non-experts.

Keywords: Animation,Sketching,Gesturalnterfaces Computer
Puppetry

1 Intro duction

Animation hasexisted as an artform for approximately80 years
andthe technologyusedto createanimationshasevolved tremen-
dously Unfortunately animationtools usableby non-epertsre-

main in shortsupply In this paperwe develop a cursive motion

notationthatcanbeusedto “draw” motions.We presentininterac-
tive animationsystenthatinterpretghenotationasit is dravn. The

systemis simpleenoughto be usableby novice animatorsjnclud-

ing children. With an appropriatetailoring of the motion vocatu-

lary, we expectthatmotionsketchingsystemsnay nd applications
in Im storyboardingtheatrestaging,choreograpi for danceand
sports,andinteractive games.
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1.1 Overview

What doesit meanto “sketcha motion” for a character\e pro-
poseone possibleanswerto this question,inspiredin partby mo-
tion illustration techniquessuchasthe useof loopsto indicatea
tumblingmotionasshavn in Figurel(a).

To begin usingour systemtheuserdravsthecharactethey wish
to animate.Thisis accomplishedy draving the body, head,arms,
legs,andfeet,from which a charactearmatures inferred. Anima-
tions canthenbe createdby draving motion sketcheswhich are
interpretedon the y to yield interactve animatedmotions. Fig-
uresl(b) shovs anexample2D motionsketchandtheresultingan-
imation. A subsebf the motion sketchgesturesanalsobe dravn
on top of a 3D imageto obtaina 3D characteranimation,asillus-
tratedin Figure1(c). Signi cantly, our gesturesare highly visual
in natureandthussene bothasa meansf motioncontrolandasa
meaningfulvisualrecord(notation)of themotion.

A block diagramof the systemis givenin Figure2. The path
from sketchinga motion to producingthe motion itself is imple-
mentedas a pipelinein orderto allow for animatedmotion to be
producedwhile the motion sketch is still ongoing. The dravn
sketchundegoesa multi-stagesegmentatiorprocesdo extractrec-
ognizablemotion primitivesfrom theinput motion sketch. Having
identi ed oneor moremotions, multiple parametersire extracted
from the correspondingortion of sketch, including the startand
endpoints,timing information,andpossiblyseveral otherfeatures.
Theseparameterarepassemnto ananimationback-endwhichin
thecurrentsystemis basedn parameterize#ieyframemotions.

1.2 Contributions

Theprimary contritutionsof this paperareasfollows:

We presenthedesignof asetof continuougcursive) gestures
for sketchinga signi cant variety of motions,their locations,
andtheirtiming. Thesegesturesreimplementedn a sketch-
basedanimationsystemandaredemonstratedn a variety of
displaydevices.

We presenta systenthatallows novicesto sketcha 2D char
acterandthendran a variety of animatedmotion for it, all
within tensof seconds.
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Figure2: Thesketchingsystem.

2 Previous Work

The use of sketching in computergraphics datesback to the
seminalSketchRad system[Sutherland963]. More recently the
sketch-basedhodelingsystems$SKETCH[Zelezniketal. 1996]and
Teddy[lgarashiet al. 1999] areinspiredexamplesof how sketches
or dravn gesturescan provide a powerful interfacefor fastgeo-
metric modeling. The notion of “sketchinga motion” is lesswell-
de ned thanthatof sketchinganobject. Neverthelessa numberof
approachebave beenexplored. Early work exploresananimation-
by-example approachfor a single point and ts splinesto anin-
put streamof 3D pointsin orderto producea smoothedversionof
the actedtrajectory[Balagueand Gobbetti1995]. More recently
a considerablymore sophisticatedype of animation-by-gample
approachasbeenproposed[Popdc’ etal. 2003],whereinthetra-
jectory (positionandorientationover time) of arigid body canbe
speci ed by exampleusinga 3D tracker andthen“cleanedup” au-
tomaticallyto synthesizehe physically-basednotionthatbest ts
thesketchedmotion. The systemwe proposes signi cantly differ-
entin thatwe focuson how 2D stylusinput canbe usedto drive
stylized2D and3D charactemotion.

Walking motionscanbeeasilycreatedy draving adesirecpbath
on the groundplanefor the charactetto follow, with the drawing
alsopossiblygoverningthe walking or runningspeed. Given the
pathandpathtiming, the charactemotion canbeimplementedn
mary differentways[ArikanandForsyth2002;Girard 1987;Kovar
et al. 2002; Park et al. 2002; van de Panne1997]. Our system
supportsmary typesof motion otherthanwalking and allows for
controlover additionalmotionparameters.

Video game interfacesare perhapsone of the most readily-
accessibldorms of animation;a joystick and buttonsprovide the
ability to control the directionand speedof the characteras well
asothersetsof context-dependenprede nedmotions. However,
gameinterfacescannotfully replicatethe control offeredby a cur
sive device suchasa stylus— considerfor examplethedif cult task
of cursiely writing one's namewith a joystick. Our systemex-
ploits a users skills at cursive drawving andoffers a greaterdegree
of control over motionsthan mary gameinterfaces. In the case
of walking, for example,we offer simultaneousnteractie control
over steplength,stepheight,stepstyle,andsteptime.

A numberof characteanimationsystemsisesomeform of act-
ing astheir interface. The spectrumof techniqueshereincludes
full-body acting,asusedin motion captureor performancenima-
tion; the useof body silhouettes[Leet al. 2002], variousforms of
computerpuppetry[Sturmarl998; Ooreet al. 2002; Laszloet al.
2000], and systemghat caninfer a desiredmappingfrom an ac-
tor or animatorto a characteusingatwo-passmitate-then-modify
process[Dontcha et al. 2003]. The 2D stylus-basednhput of our

systemdiffers signi cantly from the above systemsn thatit aims
to exploit drawing skills and not acting skills. The dravn input
of our systemalso senes as a static visual recordof the motion,
somethinghatis notavailablefor acting-baseihterfaces.Labano-
tation[HutchinsorandBalanchinel987]is anexampleof awritten

motion notationsystemfor dancechoreograpy, which canbe au-
tomaticallytranslatednto 3D human gure animations[Vilke etal.

2003]. We aim for awritten notationsystemthatis mucheasierto

learnanduse foregoingmuchof thedetailedcontrolthata general
motion notationsystemcanprovide.

More distantly-relatedprevious work looks at creatinganima-
tions from sequentially-dran sketchesof a character somevhat
like traditionally-dravn keyframes.With appropriateconstraintsa
3D characteposecanbeinferredfor eachhand-dravn frame[Davis
etal. 2003].

3 Character Sketching

The two core componentof our animationsystemare a charac-
ter sketchingtool and a motion sketchingtool, as shawvn in Fig-
ure2. We rst discussthe charactesketchingtool, which consists
of sketchingtheskeletallinks comprisingthebasiccharacteshape,
followedby the optionaladditionof dravn annotations.

3.1 Sketching the Skeleton

A charactesketchbeginswith drawing thelinks thatwill represent
the charactes articulationsandbasicshape.The systemassumes
thatthis is sketchedin a sideview usinga total of 7 links, onefor
eachof thehead torso,upperarm,lower arm,upperleg, lowerleg,
andfoot. Eachlink is dravn usingonecontinuousstroke, andthe
links canbe dravn in ary order Links may or may not intersect
whenthey aredravn andthey may or may not containsomesur
facedetail, suchasaddingin a sketchedthumb,pot-belly or nose.
Figure3(a)shavs anexamplesketch.

(@ (b) (©) (d) (e)

Figure 3: The processof inferring the skeletonfrom the sketch.
(a) Thesevensketchedinks. (b) Computednajorandminor axes.
(c) Orientedboundingboxes. (d) Computedjoint locations. (e)
Computedskeleton.

Onceskeletallinks have beendrawn, the systemautomatically
infers the locationsof the joints, labelsthe links, and createshe
secondarmandleg. Recognizinghe humanform is addresseth
numerousvaysin thecomputerision literature but we aresolving
a simpler problem, one that bene ts from additional constraints.
Individual links do not needto beidenti ed — eachrecordedstroke
is alreadyknown to be a link. Also, the expectedconnectity of
thelinks is known in advance.Userscansketchthe charactein a
wide rangeof initial con gurations,asshavn in Figure5.

The pseudocoddor inferring the skeletal structurefrom the
sketchedlinks is given in Figure 4. Onceall seven links have
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beensketched,the principal axes of eachlink are computedas
shavn in Figure 3(b). Eachsketchedlink outline is treatedas a
seriesof n points B, andthe principal axes are computedby t-
ting the points to an anisotropicGaussiandistribution. If M is
the meanof the points, the major and minor axes of the box are
choserasthe unit-lengtheigervectorsU; of the covariancematrix
S=1a,(R M)R M) Sis tridiagonalin 2D, sothe QL al-
gorithmwith implicit shifting canbe usedto solve the eigenprob-
lem[Pressetal. 1992]. Next, the pointsareprojectedontothe axes
to nd theintervals of projection[a;; bj] alongthoseaxes,in other
wordsaj = minjU; (R M)j andb; = maxju; (R M)j. Fi-
nally, an orientedboundingbox is computedrom the intervals of
projection,centeredatCpox= M+ 3§ | aj’;bj Uj, where%bj arethe
extentsalongeachaxis.

Wait for sevenlinks to be sketched
Fit orientedboundingboxesto all links
For eachlink i
For eachmajoraxisend-pointon link i, P* andP?:
Searchall links j 6 i, for the closesipoint, P;
If linksi andj arenotaligned
creatgjoint J, atintersectiorof majoraxesofi andj
else
. creatgoint J, atmidpointof BP;
10. Identify andremove all duplicatejoints
11. Identify links basedbn connectity
12. Createduplicatearmandleg segments.

©COoNoTOA~WNE

Figure4: Algorithm for inferring the skeletonfrom the sketch.

Thenext stepis to determingheconnecwity of thelinks andthe
locationsof the resultingjoints. For this, a closestlink is de ned
for eachmajoraxis endpoint,measuredn termsof the minimal
Euclideandistancefrom the majoraxis endpointto ary point on
anotherlink. Oncelink j hasbeenidenti ed asbeingthe closest
link for a majoraxis endpointon link i, a joint is createdat the
geometricintersectiorof the extensionsof the major axesof links
i and j. However, this will not producea sensiblgoint locationif
links i and j arenearlyparallel. If the major axesarewithin 20
of beingparallel,the mid-pointof the line sggmentconnectinghe
majoraxisend-pointof i andj is used.Thisjoint-creationprocess
will resultthe creationof duplicatejoints, suchasa secondankle’
joint beingcreatedvhenprocessinghe majoraxis endpointat the
toe of thefoot. Theseduplicatesaretrivially removed.

Oncethejoints andtheir associatedinks areknown, we resort
to the expectedtopology of a human gure in orderto label all
the links asbeingthe head,the torso, etc. Thetorsois identi ed
asbeingthe only link having 3 associatedgoints. The headlink
is identi ed asbeing attachedto the torso and having no further
joints. Thearmsandthelegsaresimilarly identi ed by theirunique
connectity. If theidenti cation procesdails, thisis reportedo the
user The bonesfor the underlyingskeletonare nally constructed
by connectingthe appropriatgjoints with straightline segments.
Thesketchedinks arethenrede nedin thelocal coordinatérame
of theresultingbones.The default referenceposeusedto startall
animationss given by a standingposturethat hasall bonesbeing
verticalandthe feetbeinghorizontal.Figure5 is illustrative of the
variety of skeletonsketcheghatthe systemcanrecognize.

Therearetwo additionaljoints internalto the torsothatarenot
shavn in the gures. They represenbendingat the waistandthe
upperback,andareaddedto facilitate tucking during the forward
andbackwardssomersaultmotions. Thejoints arelocatedat x ed
fractionsalongthetorsobone. A joint is alsoautomaticallyadded
attheball of thefoot in asimilar fashion.

The currentalgorithmusedfor inferring the skeletonwill fail if

&
b

Figure5: A varietyof skeletonsketchesandtheirinferredskeleton.
D: theoriginal drawing; S: inferredjoints andthe tted skeleton;
R: charactelin the referencepose;A: dravn annotationsP: an
animatedpose.

thearmsaresketchedn a downwardsposeparallelto thetorso,or

if thecharactefs sketchedn aposesuchthatthehandsarelocated
closeto thehead kneespr feet. Theseypesof malformedsketches
or erroneoudink assignmentsould be addressewvith someaddi-

tional sophisticationn the skeletonrecognitionalgorithm.In prac-
tise the algorithmis quite robustin its currentform. The system
doesnotcurrentlyallow for theuserto re ne the skeletonafterit is

constructedy the system.

3.2 Adding Annotations

The systemallows the userto addannotationsvhich sene to dec-
oratethe links of the character Thus, one can sketch additional
featuressuchaseyes,ears handshair, ahat,anose andshoesAll
annotationsutomaticallypecomeassociatedvith the closestink.
In ourcurrentversion thiswill resultin annotationshatbreak,such
asfor a sleeve that crosseanultiple links. Therearea numberof
known skinningtechniquedor addressinghis problem,although
thesehave notyet beenimplementedn the currentsystem.

4 Motion Sketching

Sketchinga motionfor a characterequiresa degreeof abstraction
not presentvhensketchinggeometry The motion sketchneedgo
corvey asigni cant amountof information: (1) thetype of motion;
(2) the spatiallocationandextentof the motion; and(3) thetiming
of themotion. In this sectionwe describethe designof thegestures
for the 2D systemhow thegesturesresggmentedandrecognized,
how the outputanimationis generatedand,lastly, how the 3D sys-
temworks.

4.1 A Cursive Alphabet for Character Motions

Our gesturevocahulary wasdesignedwith thefollowing principles
in mind: (1) The motion gestureshouldbe cursive, thusallowing
the speci cation of one motion to smoothly o w into the speci -
cation of the next motion; (2) Given the limited numberof very-
easy-to-drav gestureghatareavailable,the effort to drawv the ges-
tureshouldre ect the effort requiredto producethe corresponding
motion. Thus,a regularwalk shouldbe easierto draw thana stiff-
leggedwalk, which itself is easierto drav thana one-lggedhop.
(3) Thegestureshouldbereminiscenbf thecorrespondingnotion,
to the extent this is possible;(4) Gesturegelatedto locomotion
shouldallow for forwardsandbackwardsmotions;(5) Similar mo-
tions shouldhave similar gestures6) Gesturesshouldallow for
thegeneratiorof stylistic variationswherepossible.
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Guidedby theseprinciples,we developedthegesturevocalulary
shavn in Figure6. Thesel8 motionsgestureg31 whenallowing
for backwards-traeling variants)all allow for controlover thetim-
ing of the motion by having the animatedmotionsdirectly re ect
the time taken to draw the gestures.They alsoallow for control
over the startandendpointsof the motions,andall but two of the
motionsprovide control over a heightparametereitherthe height
of the swingfoot during a stepor the heightof the body centerof
massduringajump.

walk

NN
walk tip-toe

(S

walk stomp

D P

stiff-leg walk
e A\\/~~ 7 - AV '. ¢

one-foot shuffle §

hop on one leg

moonwalk /.‘r | %@
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i skating
14144
flip with twist
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; andspring o N
> lgaz=t. | /\ ’T?% 4

Figure6: Gesturevocahulary.

Thedrawn gestureslo nottypically actasadirectrepresentation
of the motion of ary particularpartof the body For example,the
drawvn arcsusedfor walking andits variationsare evocatie of the
pathtakenby the swingfoot, but arenotanaccurateepresentation
of this motion. The path of the real swing foot begins from the
previous foot-fall location, not the currentone. Similarly, the arc
drawn to represent jump representshe locationof thefeetat the
startandend of the arc, while the middle of the arc representsn
approximatdrajectoryfor the centerof mass.

Becauseavalks andjumpsarebothspeci ed usingarcs,they are
distinguishedby the heightof the sketchedarc. A “jump line” is

overlaid ontothe sceneduring motionsketchingandrepresentshe
maximumarc heightthat is treatedas a walking step. Arcs that
passover this line are treatedas jumps or leaps. Additional de-
tails regardingthe parsingandrecognitionof theinput gesturesre
providedin the next section.

For motionssuchasa jump with a twist, it is dif cult to nd a
2D drawing gesturethatis evocative of whatis fundamentallya 3D
motion. Our systenrecognizes classof moreabstracgesturesn
orderto supportsuchmotions. The four motionsappearingat the
bottomof Figure6 shaws this classof gesturepeingemployedto
controlvariousgymnastionotions.

4.2 Sketch Segmentation

The input sketch is processedn multiple stages. The rst tok-
enizationstageconsistof takinga streamof input pointsfrom the
stylusandproducinga correspondindist of tokens. Figure 7(top)
shaws the six typesof tokensthatareoutputby this rst stageand
Figure 7(middle) shavs an exampleinput sketch which hasbeen
labelled using thesetokens. Oncethe sketch input hasbeento-
kenized,a parsing stageis usedto identify the setof admissable
gesturesasshown in Figure7(bottom).Lastly, the motionidenti -
cation stageidenti es the speci ¢ motionsto be generated.Sey-
menting and recognizinggestureshasedon a regular expression
grammarhasa numberof precedentsa good examplebeingthe
framevork setout in [Hammondand Davis 2003]. We now de-
scribethe segmentatiorstepsin additionaldetail.
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tokens @ er\ / \

cwW ccW
a b e

h

f g

example
token
labeling

VA -

gesture
identification f\
ARC

UP LOOP DOWN LOOP SPIKE HAT LINE
aa. af. ag.  bb.gb, fb, b(bb)*b ef, eg. ee. (flelgab)hh e, f g h
3 eb. bg, bf, of, gg. of. *
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be ff, fe. fg  (flgleab)

Figure7: Segmentingthe motionsketchinput.

Thetokenizationstageprocessea sequencef time-stampedh-
put pointsin six stepsasshawvn in Figure8. In stepone,theinput
pointsare sggmentedbaseduponchangesn the vertical direction
of motion (thusdiscerningoetweerrising anddescendingtrokes).
Steptwo appliesa simple cornerdetectionalgorithm[Cheterikov
and Szab1999]. However, cornersmay be falselyidenti ed for
quickly dravn loopsandarcson slow input devices, resultingin
cunesbeingrepresentedby only a few sparsely-spacepoints. If
thestylusvelocityasmeasuretby nite differencesatacornemoint
exceeds35% of the maximumstylusvelocity, thenthe pointis no
longerregardedasa cornerpoint. Stepfour classi essegmentsas
being either straightor curved. A straightsegmentis de ned as
having r < 1:2, wherer is theratio of thearclengthto thegeomet-
ric distancebetweensegmentendpoints. Also in this step,colin-
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earneighboringstraightsggmentsarememged. Step ve addssey-
mentationpoints at locationswherethe stylus haspausedwhich
areimportantfor motionssuchasshufes andskates.Lastly, step
six assignoneof six tokensto eachresultingsegmentbasedupon
whetherthe segmentis straightor curved, and, if straight,based
uponthe absoluteangleof the line segments. Straightlines that
male anangleof lessthan30 degreeswith thevertical or horizon-
tal are assignedokensg and h, respectiely; otherwisethey are
assignedhetokeneor f, whicherveris closerin termsof angle.

input:
time-stamped
points

NRNRR

Figure8: Tokenizationconsistsf six steps:(1) Roughsegmenta-
tion basecdbn verticaldirectionof motion; (2) Cornerdetectiony3)

Cornerpost-processingi4) Merge colinearsggments;(5) Identify

pauses(6) Tokenassignment.

Given an input sketch that hasbeenlabelled with tokens, the
parsingstagegroupstokenstogethetinto the setof admissablges-
turesshavnin Figure7(bottom).Thisis accomplishedhy matching
theregularexpressiongorrespondingo eachgesturetype. Lastly,
themotionidenti cation stagedetermineshespeci ¢ motionto be
executed.In somecasestheidenti ed gesturesvill mapdirectlyto
particularmotions. For example,the gesturefor a one-lgggedhop
hasa uniqueinterpretation.In othercasesadditionalcriteria are
examinedin orderto disambiguatehe desiredmotion.

In order to further distinguish betweena walking stepand a
jump, the maximum height of the arc is used. An arc of height
h> hyqk is determinedo be a jump or leap; all othersareinter-
pretedassometypeof walking step.In our currentimplementation,
a horizontalline is dravn aty = hy4k, therebyproviding the ani-
matorwith aneasypoint of referencewhile sketching.

An additional criteria is employed to avoid impossibly-lage
walking steps. Any arc of length greaterthan a maximum step
length dmaxstep is interpretedas a jump ratherthan a step. This
avoids the ill-posed inverse-kinematicproblemsthat would oth-
erwisearisein performingsuchsteps. Similarly, if an arc passes
abore y = hyqk but doesnot allow sufcient groundclearancdor
thejumpto becompleteddueto thecharactes geometryavertical
offsetis computedor the ape, allowing for afeasiblejump.

Tip-toe and stompwalking stepsare distinguishedfrom regu-
lar walking stepsby examining the relative position of the ape&
of the sketchedarc with respectto its endpoints,as measurecy
a = (Xapex Xsart)=(Xend Xsart). A tip-toestepis identi ed for
a < 0:35 and stomp-stepfor a > 0:65. At present,the system
performsa discreteclassi cation of eachstepasbeinga regular,
tip-toe, or stompstep. A nal ambiguity exists betweenshufe
stepsand a slides, which are both representedy horizontalline
segments.A shufe stepis assumedf thelengthof the stepis less
thandmaxgep andotherwisebecomesaslide.

If duringa sketchthe penremainsstationaryfor morethan0:5s,
thecharacters broughtto astandingoosture A standingongjump

occursasa resultof a sketchedjump arc wheneer both feet are
together If this is not the case,suchaswhen a walking stepis
followedby ajumparc,thejumpis classi edasaleap.

Becausethe users sketchis always aheadof the motion seg-
mentatiorandsynthesissuccessfulllseggmentednotionactionsare
storedin aqueuefor processinglt is possiblethatthemotionqueue
is exhaustedwhile the next gestureis still in the procesof being
drawn, in which casea pauseis introducedinto the outputmotion.
This pauseexists only asan artifact during the original sketching
processaainddisappearsluringa motionreplay

Animatorscan also sketch motionsdirectly in an ervironment
with otheranimatedobjects. This allows for motionsthat needto
be coordinatedwith existing animatedobjects,suchas executing
aleapover afalling characteior jumping out of the way of a car
Becausewe usethe time at which a motion sketchwasdravn as
thereferencdiming for themotion,coordinationwith existing ani-
matedmotionis easilyaccomodatedThe characteanimationpro-
ducedduringaninitial “live' sketchmay not be properlysynchro-
nizedwith theactionbecaus®f thenecessargelayin recognizing
gestures.However, a motion replay produceghe correctly timed
result.

4.3 Output Motion Synthesis

Onceaninputgesturehasbeenappropriatelyjdenti ed andmapped
to a particularmotion, e.g.,“single back ip”, the key parameters
for thatmotion sgmentare extracted,andthe outputmotion syn-
thesiscanbegin. Commonparametergo all motionsinclude the
startandendpositions,aswell asthe motionduration. Most other
motionsalsoextracta parameterelatingto thelocationandtiming
of theape of the sketchedinput gesture.For example,jumpsand
leapsare parameterizeth termsof durationof ascentdurationof
descentthe maximumheightof thejump, andthe startandendlo-
cations.Frontandback ips have additionalparameterslescribing
the numberanddirectionof rotations. The walk, walk-stomp tip-
toe, stiff-leg walk, hop, andone-footshufe all usethe arc height
parameteto controlthe heightof the swingleg duringstepping.

Oncethe type of motion andthe relatedparametergare known,
thedesiredmotioncouldbesynthesizedh oneof severalways. We
chooseto employ a parameterizetteyframe-baseanotion synthe-
sistechnique Motion-capture-retgretingtechnique®r space-time
optimizationtechnique<ould also be consideredput the kind of
physical realismobtainedwith thesetechniqueds not one of our
goals,nor arethey necessarilyappropriatefor a systemwhich en-
couragexperimentatiorwith cartoon-like superhumanmotions.

Eachtype of motionis implementedby breakingit into a x ed
numberof stagesandthenapplyinga numberof tools: a keyframe
databasea keyframeinterpolator aninverse-kinematicsolver, and
ameango positionthe centerof-massat a speci ed point. As an
example thestagesisedto implementumpsareshovnin Figure9.
A detaileddescriptionof the stagesusedfor all motionsmay be
foundin [Thorne2003].

Thedurationof eachstagds determinedisa x edfractionof the
input-sletchtimesassociateavith themotion. For example ajump
motionhasbothascenainddescentimes,which aredeterminedi-
rectlyfrom theinputsketch.The rst threestageof ajumpmotion
all determinetheir durationasa x ed fraction of the input-sketch
ascentime. Thedurationsof theremainingthreestagesorrespond
to x edfractionsof theinput-sletchdescentime.

All stagef ary particularmotionhave anassociatetteyframe
that de nes tamget joint anglesto be reachedby the characterat
the endof the stage. A Catmull-Rominterpolantis usedbetween
successie keyframes. The global positionof the characteiis con-
trolled separatelyffrom the keyframes. For steps,the root of the
characteflocatedat the hip) is placedhalfway betweertheknown
positionsof the stanceand swing feet. For the airbornephasesf
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Figure9: Statesandkeyframesusedfor jumps.

jumps, ips, andleaps,the centerof-massis directly placedat an
appropriatgositionasdeterminedy two paraboliccenterof-mass
cunes,onefor ascenandonefor descent.Thesecurvesare tted
baseduponthestart,apes, andendlocationsof thesemotions.

Oncethe keyframeshave beeninterpolatedto obtainthe pose
andtheskeletonhasbeenpositioned somestage-speci anodi ca-
tions areimplemented.Thesecanperforma numberof functions,
oneexamplebeingthe modi cations requiredto presere continu-
ity of the centerof-massvelocity uponjump landings,asrequired
whenthe centerof-masstransitionsfrom being controlledby the
descendingparabolicarc to being controlledby the landing-stage
keyframes. Inversekinematicsis appliedto the legsfor all anima-
tion framesinvolving groundcontact,suchaslandingandfollow-
throughfor thejump, or stanceduringwalking.

A key issuein designingmotionsis makingthemrobustto vari-
ationsin the proportionsof the characteibeing animated. Thus,
a charactemwith a shorttorsoandlong legs will potentially move
very differently thana charactemwith a long torsoand shortlegs.
At presentve dealwith thisissueprimarily throughtheappropriate
useof inversekinematicsduring all groundcontactphases.Also,
thelengthof thelargestpossiblestep,dmaxtep. is dependenonthe
charactes leg length. The remainingaspect®of the motionin our
currentsystemareindependentf the characteproportions being
driven purely by joint angles. While generallyrobust, characters
with extreme proportionswill occasionallyexhibit problemswith
body partspassinghroughthe ground.

4.4 Sketching in 3D environments

The basicmechanismsaisedin the 2D systemcan be extendedto

work in a 3D setting, albeit with somecaveats. The addition of

anextradimensionintroducesambiguitiesinto theinterpretatiorof

the 2D input sketch. A motionsketchfor a 3D ervironmentbegins

by positioningthe camerasuchthatit coversthedesiredvorkspace
inits eld of view. Thesketchis thendrawn directly overtopof the

imageproducedy this x ed point of view, asshavn in Figure13.

One can also sketch motion on top of a photographby creating
proxy geometryfor the objectsin the photo,asseenin Figure 14.

The 3D characterfor our systemis modelledin adwanceand not

producedrom a 2D sketch.

The sketchingof walks, jumps,leaps,and ips canbe mapped
to a 3D ervironmentin a relatively straightforvard manner The
sketchis processedo nd thestartandendpointsof eachgesture,
asindicatedby a changein the vertical direction of motion and
the satishctionof the cornermetric. Theidenti ed 2D sketchseg-
mentationpointsarethenback-projectedhto the 3D scendn order
to locatethemin 3D. Given known 3D locationsof the startand
endpoints,theremaining2D sketchpointsareback-projectednto
the vertical planeV thatembedshe 3D startandendpoints. The
sketchpointscannow be processedh the 2D coordinateframe of

V aswith the2D system.In thisway, a properape for themotions
canbeextractedfor arcsthataredravn “in perspectie”.

The abore mappingprocessstill resultsin a numberof limita-
tions. Motions moving directly towardsthe cameraor away from
the cameraremaindif cult to sketch. Additionally, somegestures
becomeambiguouswhen mappedto 3D, asshavn in Figure 10.
In-placestompsand stiff-leggedwalks becomeconfusedwith the
shufe andskatingmotions,giventhatall thesegesturesredravn
with straightlines. Thereis a further ambiguityinvolving the di-
rectionthe characteiis facing;the gesturedor a forward-stepand
backwards-stepcannotbe distinguishedin the 3D ervironment.
Our systemmalesthe particularassumptionshavn in Figure 10
in orderto resohe theseambiguities. Otherassumptionsmodes,
useof contet, or additionalgesturesould equivalently be usedto
helpwith disambiguation.

(@

Figure10: (a) A gesturewhich canbe interpretedastwo slidesor
anin-placestomp,resoledin favor of the stomp. (b) Ambiguity
regardingthefacingdirectionof thecharacters resohedby assum-
ing thatthe charactemalksforwards.

Synthesizingmotion in 3D occursmuch asit doesin the 2D
case- the samefeaturesare extractedfrom the sketchaswith the
2D system. A keyframe databasesenes as a back-endto Il in
detailsof the motionthatarenot provided directly from the sketch
or throughinversekinematics. Our prototype3D systemlargely
useghesamesetof keyframesasin the 2D system.

Therearetwo aspectsn which 3D motionsynthesigliffersfrom
its 2D counterpartfoot placementinddirectionsmoothing.In the
2D systemthestartandendpoint of eachgesturemarkswherethe
foot (or feet) strikesthe ground.In 3D, thefeetareoffsetfrom the
vertical planeembeddinghe sketchin orderto allow for distinct
left andright foot placements.

The facing direction of a characterdoesnot changein the 2D
systembut it may do soin the 3D system.A vectorfrom the start
point to the endpoint of a gesturds usedto de ne the charactes
directionof travel. In orderto have this directionchangesmoothly
someform of smoothingis required. Our systeminterpolateshe
headingdirectionover speci ¢ stagef eachmotion. For walking
motions,this givesthe charactetthe appearancef rotatingon its
heel.For brevity, wereferthereadetto [Thorne2003]for adetailed
explanationof this process.

5 Results and Discussion

Numerousinteractive demonstration®f the systemare showvn in
the video thataccompanieshis paper Sketchingbotha character
and a motion of the type shavn in Figure 1(b) is easily donein
underthirty seconds. The systemcan also be usedto drav and
animatemed-bots asshovn in Figure11. Thesearedravn using
5 links insteadof 7 andare animatedusingthe samemotion data
base,exceptfor the reverseknee benddirection and the lack of
arms.

More abstractgesturesallow for the systemto animatewider
classesof motions. Figure 12 shavs the sketch of a gymnastics
tumbling sequenceAs with all motion gesturesthe motiontype,
height, distance,andtiming of the individual motionsarederived
from themotionsketch.
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Figurell: Animatinga mech-valker: Shufe walk andfront ip.

Figure 12: Sketchinga gymnasticsumbling sequence:ip-with-
twist, butter y, andfront-handspring.

The systemis well suitedfor usewith a varietyof inputdevices.
We have mostcommonlyusedit with amouseduringdevelopment,
but other devices are more suitedto producingfastand accurate
gesturesFigure15 shavs thesystemin useon anelectronicwhite-
boardandaTabletPC.The SMARTboardallowstheuserto directly
draw the desiredmotion sketchon top of the sceneusinga nger,
andsimilarly for the TabletPC with a stylus. Childrenfound the
systemsigni cantly easierto usewith thesedirectinput devices.

5.1 Uses of the system

The animationsystempresentedhereis not a substitutefor the ar
ray of professionalanimationtools and techniqueghat are com-
monly usedin Im andgames.Instead the motion sketchingsys-
tem presentsan alternateand highly-accesibleneansfor usersto
createa certainclassof charactermanimations. The target classof
motionsshouldbe tailoredwith the applicationin mind. The mo-
tionsandgesturesmplementedn our prototypehave beenchosen
to illustrate the motionsthat one might want for a storyboarding
(varietyof locomotionandjumping),for gymnasticshoreograpy
andfor motionsthatareillustrative of whatcanbedone(moonwalk,
ips).

Thereexist anumberof commerciakndresearclanimationsys-
temsthat are capableof synthesizingnotionsfrom a variety con-
straints. The goal of a cursive motion speci cationlanguagss to
malke the speci cation of the constraintsaandtiming a moretrans-
parentprocess- the usersneednot be fully aware of the speci c
parametershat drive the motion synthesigrocess.Unlike acting-
basedinterfaces,the motion gesturegrovide a meaningfulvisual

Figure13: Walking andleapingarounda setof trees.

Figurel4: Stuntsfor a miniaturecharactethathave beensketched
ontop of animagewith modelled3D proxy geometry

Figure15: Sketchingmotionson a SMARTboardanda TabletPC.

recordof themotion,aswell asallowing for “superhumantunptys-
ical andexaggeratednotions.

Over fty peopleof all ageshave usedthesystemijncludingchil-
drenasyoungasthree. A numberof anecdotabbsenationswere
made. Usersrapidly learnedthe gesturevocalulary and enjoyed
experimentingwith the systemin mary ways. The gestureiden-
ti cation wasoccasionallyproblematic,with somegestureseing
interpretedn afashionthatdid notre ect theusersintentions.We
intendto furtherimprove the robustnesof the gesturerecognition
in orderto addresshisissue.

Youngchildrengreatly enjoyed experimentingwith the motion
sketching,but found it dif cult to understandhe restrictionsim-
posedon the charactersketching, namelythe use of seven links
representing sideview of the human gure andthe factthatthe
principal seven links hadto be dravn beforeannotationsould be
added.Perhapsunsurprisingly childrenwould alsoput the system
fully to the testby inevitably draving motion gestureswvhich had
no meaningfulinterpretation.“Garbagein, garbageout” describes
thebehaior of the systemin suchcircumstances.

Adults enjoyedthe ability to sketcha characteandthenbeim-
mediatelyableto animateit. While we have conceved of the sys-
temasprincipallytargetingnovice usersanaccomplisheénimator
remarled that the systemprovided almostinstantaneousatistic-
tion becausef theimmediay of the animatedresults,something
hefelt wasmissingfrom present-dapnimationtools.

5.2 Scalability

Adding a new motionto the systemrequiresthe creationof a new

gesturethat can be identi ed by a novel sequenceof tokens, as
well astheimplementatiorof anappropriatesequencef statesand
keyframesthatis capableof generatingparameterizedersionsof

thedesiredmotion. In the future we wish to addgesturegor ava-

riety of falling motionsaswell asinteractionwith theernvironment.
The systemcanpotentiallybe mademorescalablehroughthe use
of 3D input devicesandthe improved useof contet in specifying
motions.Suchadditionalcontrollability would comeattheexpense
of increasec¢ompleity of theinterface.
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5.3 Limitations

The currentsystemhasa numberof limitations. The systemdoes
not supportthe completegesturevocalulary in 3D dueto theam-
biguitiesintroducedby the 3D mapping. Thesecanbe overcome
in partby makingsomemotionscontet-speci c or by introducing
userspeci edmodego resole suchambiguities For example,in a
gure-skatingcontext, dravn loopsareprobablybetterreseredfor
spinsaroundthe vertical axis ratherthanthe head-@er-heels ips
thatthe currentsystemis capableof.

The systemis not suitablefor animationthatrequiresuniqueor
detailedmotions. A partial solutionwould be to animatea char
acterin a seriesof successie passeswith a motion layering ap-
proach[Sturmari998;Ooreetal. 2002;Dontchera etal. 2003].

A possibleimprovementon our sketch segmentationscheme
would be to develop a systemthat canbe “trained by example”to
recognizespeci ¢ desiredsetsof gestures[Rubin&991]. However,
the work presentedn [Rubine 1991] is not directly applicableto
our problemdomainbecausef the cursive natureof our gestures;
onestroke represents compoundsequencef parameterizedand
thereforevariable)gesturesnsteadof a singlegesture.

6 Summary

As kinematicanddynamicmethoddor synthesizingnotionsfrom
constraintshecomeincreasinglymature,the speci cation of con-
straintshecomes bottleneckparticularlyto novice animators We
have presented cursive languagédor sketching2D and3D charac-
termotions.Thisis implementedn a systemhatallows novicesto
quickly learnto sketch-and-animata humanor “mech-bot” char
acterof their own designin tensof secondsThetechniquds well-
suitedto take advantageof TabletPCsandelectronicwhiteboards.
The systemis simpleenoughfor childrento use,andhasotherpo-
tential applicationsin storyboardingandthe choreograph of ath-
letic routines.It is ourhopethatthis methodandits futurevariations
play arolein makinganimationamoreaccessiblenedia.
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