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Abstract

Realisticmotionsof articulatedbodiesare usuallygeneatedby usingphysically-basednimationmethodsuc
asconstaineddynamics However, thesemethodsnvolveheavycomputationsand complicatechumericalmeth-
ods.We presentan alternativeway of solving constmints of articulatedbodies.Our objectiveis not physically
correctmotionsbut visually plausibleanimation.In our method gac objectof theconstrminedbodyis first moved
accordingto their physicalparametersand externalforces withoutconsideringany constraints. Thenthe objects
aretranslatedandrotatedto satisfythegivenconstiaints.Insteadof strict simulationof physicallaws, we suggest
procedual formulationsfor solvingconstmints. This formulationhasthe powerof geneating visually plausible
motionsaspresentedh our exampleanimationsequencesSinceour methods freefromcomplexnumericalmeth-
ods, it is fastenoughto be usedin real-timeapplicationssuc as virtual reality, computergamesand real-time
simulations Numericalstability is anothermerit of our method This procedual approach canbe an alternative

to strict physically-base@nimationmethods.

1. Introduction

In the areaof computeranimation,we have mary meth-
odsfor generatingealistic motionsof variouskinds of ob-
jects.Among them, articulatedbody animationis regarded
as one of the mostimportant researchtopics, since mary
realworld objectscanbe modeledasarticulatedbodies.So
far, mostof works on the animationof an articulatedbody
are basedon the physically-basednodelingand dynamics
simulation’ 234,567

Figure 1: Interactivecontrol of an articulatedbody
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Thesephysically-basethodelingmethodshave theirown
prosandcons.For example,constrainedlynamicsmethod
canbeusedto generataealisticmotionsof articulatedbod-
ies. It is basedon Newtonian physics,and thus has the
power of producingphysicallycorrectmotions.However, it
usesconstraintequationsalong with the equationsof mo-
tions, andusuallyresultsin heary computationsAddition-
ally, physicalquantitiesof objectsincluding forcesandac-
celerationsare often directly usedto control motionsof ar
ticulated bodies,even thoughit is not an intuitive way of
control.For example,usersfind it difficult to placeanobject
at aspecificlocationby controllingthe forcesappliedon it.
Thus, currently the constraineddynamicsmethodis not so
widely usedeventhoughit is oneof the bestmethoddor the
realisticanimationof anarticulatedoody:®

An alternatve to physically-basedmodeling is the
paradigmof procedual methods In 1980's, someresearch
have focusedon mimicking physicalphenomenaatherthan
strictly simulatingphysicallaws 10 11.12 Although theseap-
proachesvere motivatedbasicallyby the the lack of suffi-
cientcomputingpower, they achievedvisualplausibilityand
alsoprovidedeasycontrolof complex phenomenaEvento-
day, we still donot have sufficientcomputingpower to sim-
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ulate physically-basednodelsof complicatedphenomena
in real time. In virtual reality environmentsand computer
gamesfor example,it is a requiremento display the mo-
tion of objectsin realtime, evenattheexpenseof displaying
physicallyincorrectmotions.

This paperpresentsa methodto solve constraintgproce-
durally to interactively calculatemotionsof articulatedbod-
ies. Our objective is not necessarilyto generatephysically
correctmotionsbut visuallyplausiblemotions Althoughit is
not directly derived from Newtoniandynamics,our method
providesan efficientandnumericallystableway of generat-
ing visually plausiblemotions.Its calculationprocedureis
basedon the positionsandorientationsof the objectsrather
than dynamicspropertiessuchas forcesand accelerations.
Henceit additionally provides an easyway of controlling
the motionsvia specifyingthe desiredpositionsand orien-
tations.Figure 1 shows an exampleof interactve control of
an articulatedbody:. It is especiallysuitablefor presenting
draggingeffects, which often occurwhenthe usermovesa
selectecportionof thearticulatedbody:.

Section?2 is a brief review of relatedworks including
thetraditionalphysically-basegaradigmandtheprocedural
paradigmIn Sections3 and4, we present detaileddescrip-
tion of our proceduramethodandhow to applyit to articu-
latedbodiesandvariousjoint constraintsrespectiely. Sec-
tion 5 demonstratesomeexamplesof imagesequencegen-
eratedby the method.Finally, conclusionsandfuture work
aregivenin Section6.

2. PreviousWorks

Sincethe animationof an articulatedbody is one of the
major topics in computeranimation,there hasbeenmuch
researchdevoted to it. They can be classifiedinto two
catgories: kinematics-basednethodsand dynamics-based
methodsBoth have their advantagesnddisadwantages.

Kinematics-basednethodsare relatively easyto imple-
ment and good for interactvely controlling the motions.
However, sincethey involve positions,orientationsandve-
locities, it is difficult to apply physicallaws involving ac-
celerationslnversekinematicamethodis oneof kinematics-
basedmethodsfor theanimationof anarticulatedoody. Gi-
rard and Maciejavski applied an inversekinematicstech-
niquefor motionsof runningandwalking humans! Badler
et al. developedan inversekinematics-basedlgorithmfor
solving multiple constraintsconcurrently and appliedit for
articulated bodies? Currently several inverse kinematics
systemsare available and somerun at interactive speeds.
Kinematicsmethodsandinversekinematicsmethodsanbe
usedto generateealisticactive motionsof articulatedbod-
ies.However, it is difficult to incorporateexternalandinter
nalforcesto generateealisticpassve motions.

In the caseof dynamics-basedhethods the constrained

dynamicsmethodis widely usedfor the animationof anar
ticulatedbody. Theconstrainedlynamicamethodusesasys-
temof equationswhich consistof equation®f motionsand
constraintequations.The systemsof equationsare usually
too complex to besolvedefficiently, andmuchworksarefo-
cusedon the effective way of solvingthesesystemf equa-
tions.Amongthem,ArmstrongandGreenpresente@recur
sive formulationfor the constraineddynamicsmethodand
introduceda lineartime algorithmfor constrainealynamics
equationsof articulatedbodies!® Presentlythe constrained
dynamicsmethodsareusuallysolvedthroughoneof thetwo
numericaltechniques:coordinatereductiontechniqueand
Lagrangemultiplier technique.Currently a linear time so-
lution for Lagrangemultiplier techniques available!4

Isaacs and Cohen introduced the inverse dynamics
methodas a way of controlling the motionsof articulated
bodies?!® In this method inverseforcesarecalculatedo sat-
isfy userspecifiedaccelerationsNVestenhofeandHahnpre-
senteda motion control systemthat integrateskinematics-
basedcontrolsinto a constrainedlynamicssystemté Con-
straineddynamicsmethodandinversedynamicsmethodare
sufficient to generaterealistic and physically correct mo-
tions of articulatedbodies.However, solving the systemsof
constrainedlynamicsequationss hardto performinterac-
tively, even thoughtherearetheoreticallylineartime solu-
tions. Thusthe dynamics-basedethodis not widely used
for real-timeapplicationssuchas virtual reality and com-
putergames.

In 1980%, someresearchersnimicked dynamicsbehav-
iors of objects using only relatively simple mathemati-
cal equations.For example, Fournier and Reeses® and
Peachg!! both successfullyexpressedceanwavesthrough
combiningsimpletrigonometricequationgatherthanusing
fluid dynamicsormulations Weil alsosucceedeth present-
ing complex shapeof cloth objectsusing simple catenary
functions??

Currently theseproceduraimethodsare being re-visited
dueto their simplicity and their visually plausibleresults.
Milenkovic introduced a position-basedformulation for
non-articulateabjects!” Usingthisformulation,hedemon-
stratedthatsmallsphereparticlescontainedn anhourglass
shapecanbe animatedn a way similar to traditional con-
straineddynamicssimulations.

Gascuél® introducedhedisplacementonstrainto solve
constraintsof articulatedobjectsquickly. The idea of sep-
arating constraintsolving part from equationof motion is
similar with our proceduraimethod.However, their method
is iterative-basednethodandhasseparatingelocity adjust-
ing procedure.

Barzelintroduceda fake dynamicstechniquewhich can
be classifiedasa kind of procedurakinematicmethod8 19
This techniquewassuccessfullyusedto mimic the dynam-
ics behavior of ropesandspringsin the animationfilm “T oy

© TheEurographics\ssociation2000.
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Story” In ourknowledge therehasnotbeenary procedural
methodfor articulatedbodies.

3. Basicldea
3.1. Overview

Generatiorof the motion of an articulatedbody meansde-
cidingthepositionandorientationof eachobjectin theartic-
ulatedbodyfor eachtime instant.From the dynamicspoint
of view, the currentgeometricconfigurationgpositions ori-
entationsetc.)andphysicalparameter¢velocities,accelera-
tions, etc.)arecalculatedrom the configurationof thepre-
vioustime instant.This calculationprocessastwo require-
ments:

1. Themotionof eachobjectshouldbegeneratedccording
to the equationf motions,in which externalforcesare
involved.

2. Thefinal geometricconfigurationsf objectsshouldsat-
isfy constraintglueto thejoints of the articulatedbody.

The constraineddynamicsmethodstartsfrom a systemof

equationsyhich explicitly expressthe above requirements.

Equationsof motions and constraintequationsare usually
integratedinto asystenof equationswhichis usuallysolved
by arelatively complex numericalmethod.

In contrast,the basicidea of our proceduralmethodis
separatinghe whole procesdnto two stagesachof which
concentrate®n one of the two above requirementsin the
updatestage positionsand orientationsof objectsmaking
upthearticulatedbodyareupdatedy solvingtheequations
of motions. The animatorcan specify the positionand ori-
entationof an objectexplicitly, if desired.Notice thatary
constraintequationis not consideredt this time, asshavn
in Figure2.(b).

In the adjustmenstage we adjustthe positionsand ori-
entationsof eachobjectto satisfythe constraintsasshavn
in Figure 2.(c). During this adjustmenprocessa procedu-
ral calculationof requiredtransformfor eachobjectis used
ratherthanthe original constraintequationsNotice thatour
goalis the visual plausibility ratherthan physically correct
motion,andthusthe constraintequationsarenot solved ex-
plicitly.

In comparisonwith traditional constraineddynamics
methodspur proceduraimethodhastwo advantages:

1. It is fasterthanary constrainedlynamicsmethodssince
our adjustmenequationamakeit possibleto satisfythe
constraintswithout consideringcomplex physical prop-
ertiessuchasaccelerationgndvelocities.

2. It canbe integratedinto a directmanipulationsystemin
which anobjectis selectedo changéts positionandori-
entationinteractvely, since our methodsolvesthe con-
straintsbasedon positionsandorientationsin constraint
dynamics,inversedynamicsis requiredto control posi-
tionsor orientations.

© TheEurographicsAssociatior2000.
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Figure 2: Overviav of the procedual constraint solving
method

The updatestageis straightforward We canuseary dy-
namicsmethodsto updatepositionsandorientationsof ob-
jects,sincethe constraintequationsareexcludedduringthis
updatestep.In our implementationwe useEuler’s integra-
tion methodfor this purposemainly dueto its simplicity.

The strictly physically-basedmodeling often includes
friction forcesand drag equationfrom the fluid dynamics.
In our implementationyve add a dampingtermto approxi-
matethem.Lettingx', v' anda' betheposition,velocity and
acceleratiorof anobjectat thei-th time step,Eulerintegra-
tion of Newton's law is expressedsfollows:

Xl =x +vi(At) (1)
and
vt =V 4 d (At )

whereAt is thetime intenal betweeranimationframes.
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CombiningEquationg1) and(2), thepositioncanbeeval-
uatedwith thefollowing singleequation:

X =% 4 (X =X~ 1) +d(at)2.

Since(xi - xi‘l) correspondso the velocity, we multiply a
dampingconstanto it. Thus,thefinal equationfor xt1is:

X =x k(X —x ™ +a(at)?,

wherek € [0, 1] is the dampingconstantBy controllingthe
value of k, we can control the visual illusions of frictions
and/ormotionsin fluid suchaswater Detailsof the adjust-
mentprocesill beexplainedin thefollowing sections.

3.2. Fixed position solution for two-object articulated
bodies

In theadjustmenstage positionsandorientationsof objects
are adjustedto satisfy the joint constraintsWe formulated
this adjustmenprocesdo reflectthe characteristicef con-
straintforces.In thecaseof constrainedlynamicsgconstraint
forcesshouldsatisfythe following two characteristics:

1. Theconstrainforcesappliedto the objectsconnectedby
ajoint have samemagnitude$ut oppositedirections.
2. Constrainforcesshouldbeworkless.

Our adjustmenprocessimsto mimic the constrainforces
as much as possible.Especially we hopeto representhe
motionsof an articulatedbody whenthe userdragsa point
onthebody.

In our approachgconstraintaresolvedby translatingand
rotatingthe objectsto satisfy the constraintsin the update
stage,objectsare moved due to the external forcesand/or
user inputs without consideringary constraints.Thus the
movementsusuallybreakthe joint constraintof articulated
bodies.The majorrole of theconstraintsolvingis to decide
thetranslationabndrotationalmotionsthatsatisfythegiven
constraintsWe call thesetranslationsand rotationsdue to
theconstraintcompulsiveranslationsandcompulsiveota-
tions, respectiely. Compulsivemotionwill be usedto refer
to both compulsve translationandcompulsve rotation.

To formulatethe equationf compulsve translationand
rotation,we will startfrom a simplestcase Supposéahatan
articulatedbody hasonly two objectsand the positionand
orientationof an object O is fixed after the updatestage.
This situationoftenoccurswhenthe userdrags©; to aspe-
cific location.Thenanothembject©®, shouldmove closerto
thedraggedbject,asshovnin Figure3.

Let c; andc, bethe position of the constraintpoint on
01 and 5, respectiely. Our objective is moving ¢, to c;
by applyingcompulsve translationandcompulsve rotation
onto Oy, asshown in Figure4. The armvectorr for c; is
calculatedas:

r=cp— Xupdate7

O,

(a) original configuration

(b) ©1 movesto afixedlocation

[

compulsive rotation

compulsive translation

,
N

(c) constraintsolving

Figure 3: Compulsiveranslationandrotation

Figure 4: Solvingthe constaintthroughmovingthe object

wherex"P9a€js the position of O, after the updatestage.
Now thecompulsvetranslationvectorT andcompulsvero-
tation matrix R shouldsatisfythefollowing equalitycondi-
tion:

r+s=Rr+T, 3)
wherethevectors equalsto ¢; — co.

Notice that the constraintforce should be workless.In
otherwords,we shouldmove O, alongthe shortestpathto
minimize the compulsve motionof O,. In the caseof rota-
tion, R canbe specifiedwith therotationaxis A andthero-
tation angleB. We canintuitively calculatethe rotationaxis

© TheEurographics\ssociation2000.
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rs

Figure5: Thegraphof 6 = e~ &

A from thecrossproductof r ands:

r
A= ﬁ
Irlls|

Calculationof the rotation angle® is indirectly derived
from rotationaldynamicsFor therotatingobjectO,, torque
T with initial configurationcanbe calculatedasfollows:

T=rxf,

wheref is thelinearforceappliedatc,. Thisimaginaryforce
f will move ¢, to ¢;. Assumingf generatesonstanticceler
ationa, it is possibleto approximate asfollows:
2my
f=mpa=——5s5,
M8 lany?
wheremy, is the massof O, andAt is the time intenal be-
tweenanimationframes.Now, themagnitudeof torquet can
be expresseds:
2mp .
T= —5rssin 4
" SSne )
wheres is thelengthof sand @ is the initial anglebetween
r ands. Letting a bethe angularaccelerationt alsocanbe
expresseds:

1'=|2C17 (5)

wherel, isthemomentof inertiafor O,. FromEquationg4)
and(5), the angularacceleratioro canbe approximatecas
follows:

2my

o= Wr Ssing. (6)

Theoretically the rotation angle 8 can also be approxi-
matedfrom the above angularaccelerationHowever, Equa-
tion (6) is available only for the initial configurationsince
the angle@ variesalongwith the rotation of O, dueto the
angularacceleratioro. Thuswe only usethe characteristic
physicalparameterso build up our rotationanglecalcula-
tion formula.

Our startingpoint for approximatingd is the simple ob-
senationthat® is a valuebetweerD and@. Additionally, the

© TheEurographicsAssociatior2000.

anglef is influencedby parameters ands. Thusit is natural
to useexponentialfunctionasfollows:

h
0=qpe s,

wherethe constanth is equivalentto | Z(Z]Zt)z' As showvn
in Figure 5, this formulation shovs thatzthe'rotation angle
0 is nonlinearlyproportionalto r ands, while its valueis
boundedn (0,¢). Whenr and/ors areincreasedthe rota-
tion angle® approacheso @, while 6 goesto near0 with
smallr or svalues.Whenr or sis 0, it meansno rotation
atall andthusthe angle® is trivially 0. The constant is a
usercontrollableparametemwhich decidegheratioof 8 and

ofor givenr ands.

Now wehave theformulationsfor therotationaxisandthe
rotation angle. Thus the rotation matrix R in Equation(3)
can be calculated.The compulsve translationvector T is
calculatedrom Equation(3) asfollows:

T=(1-R)r—s
wherel is the 3-by-3identity matrix.

In this way, we shaved that the compulsve translation
vectorandthe compulsve rotationmatrix canbe calculated
from the given geometricconfiguration.The objectis then
movedin orderto satisfythe constraintlt is thefinal stepof
theadjuststageln thenext subsectionywe will show another
casein which neitherof the objectshasfixedlocation.

3.3. Moving objects solution for two-object articulated
bodies

Supposéhatanarticulatedbodywith two objectsis maving
freely. After the updatestage eachobjecthasits own posi-
tion, and often doesnot satisfy the constraint.In the previ-
oussubsectionye presented simplerexamplein which an
objectis fixed ata specificlocation.In contrastthis subsec-
tion focuseonthecasein whichthearticulatedbodymoves
freely. Only thejoint constraintrestrictsits motion.

The centralideain this caseis calculatingthe position
of the constraintpoint. Thenwe solve two simple casesf
fixed constraintpoint. In otherwords,the original problem
of moving two-objectarticulatedbodyis transformedo two
separatgroblemsof fixed positioncasesasshown in Fig-
ure6.

After theupdatestagewe have two positionsof constraint
pointsfor eachobject.Our objectie is calculatingthe posi-
tion of the new coincidentconstraintpoint from theseposi-
tions. Notice that the constraintforce should be workless.
Thus, it is naturalto selectthe new coincidentconstraint
point c to be locatedalongtheline segmentconnectinghe
two givenpositionsc; andc;.

Anothercharacteristiof the constraintforce is thatit is
appliedto the objectswith the samemagnitudebut opposite



Lee,Baek,Kim andHahn/ A ProceduralApproach

moving
v

-
-

# moving

(a) original configuration

o,

(b) calculatingc

O,

[}
(c) final configuration

Figure 6: Constiint solvingfor a free-movingarticulated
body

direction.Whenforceswith the samemagnitudeareapplied
to objects,the linear movementof eachobjectis inversely
proportionalto its mass.Letting the masse®f O, and O,
bemy andmy, it is intuitive that

My (C1—C) = my(C—Cp).
Sincethe new coincidentconstraintpoint is locatedon the
line segmentc;cy, we caneasilyderive

c= M C1 +MpCp
m+nmp

Now the two objectsof the articulatedbody move to this
coincidentconstrainipoint, aspresentedhn the previoussub-
section.

4. Extensions
4.1. Treelikearticulated bodies

Since an object of an articulatedbody is connectedo its
adjacentobjects, propagationof forcesfrom its neighbors

(a) dragginga singleobject

(b) draggingmultiple objects

pre-selected object

(c) freemovement

Figure 7: Constaint solvingfor tree-likearticulatedbodies

affectsitself. This propagationprocessmakesthe motions
of articulatedbodiesrealistic.Constraintdynamicsmethods
usually achieve the propagationprocessby solving equa-
tionsof all constraintsimultaneouslyEventhoughwe have
somelinear time solutionsfor articulatedbodies,formula-
tions of suchequationsarecomplicatedandtheir solutions
usuallyrequiresophisticatechumericalcomputationg9 14

In this subsectionwe extend our proceduralmethodto
generaltree-likearticulatedbodies,which consistof multi-
ple objects.Constraintsolving for tree-likearticulatedbod-
ies canbe classifiedinto threecateories,asshovn in Fig-
ure?. For thefirst casethepositionof only asingleobjectis
fixed. This caseis basicallysimilar to the singleobjectfixed
casein Section3.2, while the numberof objectsin the ar
ticulatedbody is morethantwo. The next caseis multiple
objectsbeingdraggedyherethepositionsof morethanone
objectare specified.Finally, we also have the free-mwing
casein whichthereareno externalconstraintsEachof these
casess presentedh this subsection.

Thebasicideaof extendingtheproceduramethodto tree-
like articulatedbodiesis groupingadjacenibjectsin order

© TheEurographics\ssociation2000.
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(a) 0 andO;j

( ) o,
G;
mass M,

(b) O; andg;
Figure 8: Objectgrouping

to regardthemasa singleobject,asshovnin Figure8. Sup-
posethatanarticulatedbodyhasn objects, 01, O, - - -, On.

As anexample,supposehatthe positionof ©; is fixed,and
0 is connectedo O} with ajoint constraintWhenthe ob-

jectsOj, Oj41, - - -, O areall connectedogetherwe group
theseobjectsinto G;j. Thenwe simplify this situationasa
two-objectarticulatedbody whoseobjectsare O; and G;.

For efficient calculationwe simply assumehatthegeomet-
ric shapeof G; is identicalto O}, but the massof G; is the
total massof Oj, Oj41, -+, Ox. Then,we cancalculatethe
compulsie motion requiredfor O}, andwe apply the same
ideafor thenext objectO; . 1 throughgroupingOj 1, Oj 42,

coey Ok

Whentherearemultiple objectswvhosepositionsarefixed,
we cannotsimply apply the sameidea. A possiblesolution
canbe a relaxationprocesswhich is similar to Weil's idea
for theclothmodeling?? For eachfixed object,we applythe
above groupingmethodto the entire articulatedbody with
ignoring other fixed objects. Although objectsmay move
from oneplaceto anotherateachstep,they will reacha sta-
ble stateafter a numberof iterations.Of course we should
checkimpossiblecaseswhich resultin infinite loops.

Thelastcasecanbeoccurredvhenthereis nofixedobject
of the tree-like articulatedbody after the updatestage.The
centralideain this caseis fixing a pre-selecteabject. For
example,we canselectthetorsoof a human-likearticulated
body asits pre-selectedne. At the adjustmentstage,we
first calculatethe position of this pre-selecteabject. Sup-
posethat the pre-selectedbject O; hasits neighbors0©j,
Oj41, -+, Oj1k. We apply the two objectarticulatedbody
solutionsfor eachpair of O; andits neighbor Now we have
k locationsfor eachpair, andthe final locationof O is cal-
culatedasthe weightedsumof theselocations.After fixing

© TheEurographicsAssociatior2000.

the pre-selecteabject O;, it is straightforwardto calculate
thelocationsof otherobjects.

4.2. Other kindsof constraints

In constraindynamicshandlingvariouskindsof jointsis an
importantissue!* Our proceduraimethodworks well with
variousjoint constraintssincethe constraintcanbe explic-
itly expressegbrocedurallyTo demonstratéhepowerof our
method,we presentapproacheso handlejoint-anglelimit
constraintsmultiple positionalconstraintsandcontactcon-
straints.

Thejoint-anglelimit constraintis widely usedin the mo-
tion of an articulatedbody. It is a kind of an inequality
constraint,and definesthe acceptablaangeof anglesbe-
tweenconnectedobjects.Iln constraineddynamics,the in-
equalityequationsare usuallysolved by linearcomplemen-
tary methodor quadratigorogrammingwhichrequireheavy
computations#

Thesedifficulties are dueto the fact that the constrained
dynamicsmethodshave to calculateaccelerationsven to
limit ananglein a pre-definedrange.In contrast,our pro-
ceduralmethoddoesnot calculateary accelerationandwe
canexpressthis kind of constraintin an explicit procedural
form. For an articulatedbody, a pair of objectswill be pro-
cessedisingtwo-objectcasesolutions After fixing the two
objects,we checkwhetherthe anglebetweernthemviolates
the pre-specifiedoint-angleconstraintWhenit violatesthe
constraintwe simply limit the angleto an extremevalueof
thegivenconstraintThatis all thatis requiredto satisfythe
joint-anglelimit constraint.

Multiple positional constraintsprovide useful tools for
interactve control of articulatedbodies.For example,user
may wantto dragonehandof a human-likefigure while its
feetarefixed on thefloor. In this case we have threeposi-
tional constraintsone for the handand one for eachfoot.
In inversekinematics,an optimizationmethodwas already
proposeck

However, using our proceduralmethod, it is possible
to speedup its calculationwithout usingary optimization
method.Notice that the multiple positionalconstraintsare
equivalentto the multiple fixed objectcaseof tree-like ar
ticulatedbodies.As explainedin Section4.1, we cansatisfy
the multiple positionalconstraintdy arelaxationprocess.

In dynamics-basedimulations, contact constraintsare
one of the hard-to-sole problems?! They usually require
complicatecomputationsnvolving quadraticprogramming
or Danzig’s algorithmto solve the contactproblem?4 Con-
tact points are calculatedusing collision detectiontech-
niguesandcheckingrelative velocitiesof the objects.Since
mostimplementationsisediscretetime stepstheobjectsare
usuallypenetratingeachotherwhenthecollisionis detected.
Thus, solving contactconstraintis equivalentto remaoving
the penetrationin mostcases.
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Figure 9: Exampleof dragginga chain: the uppermosbb-
jectis draggedinteractively

In Hahns method the penetrationis eliminatedby back-
ing up the penetratingobject with its relatve velocity but
along the oppositedirection??2 Our idea is similar to this
backingup method However, we directly move theposition
of the objectwhile Hahnusesrelative velocity for the same
purpose.

Suppos¢hatanobject(abouncingball, for example)pen-
etratesa stationaryobject(thefloor). After detectingthein-
tersection,we first searchfor a vertex that has penetrated
the deepestamongthe verticesof the penetratingobject.
Thenthepenetratingbjectis compulsvely translatedalong
the surfacenormaldirectionof the penetratedbjectsothat
the two objectsarejust touching.When several objectsare
colliding simultaneouslythe above translationis appliedto
eachpair of objects.

5. Examples

In this section,we presentexamplesof the motionsof ar
ticulatedbodiesto demonstratéhe power of our procedural
method.Figure 9 demonstratehe interactve position con-

2 8

Eﬂ A

B :
(a) (b)

=]
: ; %

() (d) (e)
; i 4

® ) (h)

0

ansunsuEs]

i

0] @
Figure 10: AnotherExampleof dragginga heavychain

trol of articulatedbodies.Userselectsthe uppermosbbject
of the chain-shap&ody anddragsit to thedesiredocation.
Figure10is anotherexampleof the samechain-shapéody,
whosemassand dampingtermsare changedlt is easyto
find the differencesn motionsdueto the changeof physical
parameters.

Figure 11 shavs the motion of a human-likearticulated
body. User can selectan object and move the object, and
thenotherobjectsfollow the selectedbject.Usercangen-
eratemotionssimilar to that of a marionettewhosehandis
dragged.

6. Conclusionsand Future Works

We presenteda proceduralapproachfor motionsof artic-
ulatedbodies.Our aim was to generatevisually plausible
animationsequencegatherthanphysicallycorrectmotions.
Our methoddoesnot solve ary systemsof equationsand
achievesinteractve control of the motionswith numerical
stability. This proceduralapproachcanbe an alternatve to
dynamicssimulation, especiallyfor real-time applications
suchasvirtual reality ervironmentandcomputergames.

© TheEurographics\ssociation2000.
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@) @

Figure 11: Exampleof dragginga human-likeshape

The proceduralapproachesn computeranimationare
a relatively new and promising areaand there are mary
unsohed problems.We plan to extend the proceduralap-
proachto cooperatewith collisions. Integrating our proce-
dural methodwith existing motion control methodsis also
aninterestingproblem.
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