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ABSTRACT

We present novel framework for motion planningof rigid andar
ticulatedrobotsin comple, dynamic,3D ervironmentsanddemon-
strateits applicationto virtual prototyping. Our approachtrans-
forms the motion planning probleminto the simulation of a dy-
namicalsystemin which the motion of eachrigid robotis subject
to the influenceof virtual forcesinducedby geometricconstraints.
Theseconstraintamay enforcejoint connectiity andanglelimits
for articulated-obots,spatialrelationshipdetweemmultiple collab-
orative robots,or have arobotfollow anestimatecpathto perform
certaintasksin a sequenceQur algorithmworkswell in dynamic
ervironmentswith moving obstaclegndis applicableto challeng-
ing planningscenariosvheremultiple robotsmustmove simulta-
neouslyto achieve a collision free path. We demonstratdts effec-
tivenesdor partsremoval, automatectar painting, and assembly
line planningscenarios.

Categoriesand Subject Descriptors

1.3.5[Computer Graphics]: ComputationalGeometryandObject
Modeling; 1.6 [Computing Methodologieg: SimulationandMod-
eling

General Terms
Algorithms, PerformanceDesign,Reliability, Verification

Keywords

Virtual Environmentsand PrototypesManufacturingand Assem-
bly Planning ComputationaSupporfor New ManufacturingTech-
nologies

1. INTRODUCTION

The problemof achieving designflexibility and manufcturing
automatiorusingvirtual environmentsprovidesa new setof chal-
lengesfor computeraided designand manufcturing. Automati-
cally planningthe motion of partsor objects,.e. motionplanning,
canbe a significantaid in a rapid prototypingernvironment. Ex-
amplesof thetasksthatcanbeassistedy motionplanninginclude
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virtual assemblyor desigrverification,partsremoval for maintain-
ability studies,pathgeneratiorfor automategainting,etc. Some
of the commonlyusedcomputeraidedmanugcturingandsimula-
tion packagefike IGRIP from Delmialnc., CimStationfrom Adept
TechnologiesPDMSfrom CADCENTRE,Product\isionfrom GE
CorporateR & D, and THOR Arc Weld from AMROSE include
computationasupportfor motionplanning.Thesepackagesreal-

readyusedfor piperoutingin plantdesign.arcweldingof comple

assembliesspotwelding of car bodies,and other usesof robots
to automatethe manufcturingprocessesThe planningtasksare
typically characterizedy geometricgoal regions,a variety of me-
chanicalconstraintsandoftena partially knowvn environmentwith

uncertaintieandmoving obstacles.

Main Results: In this paper we presenta nev motion planning
algorithmfor virtual prototyping. Our algorithmic framework is
inspiredby constrainedlynamics[26] in physically-basednodel-
ing. We transformthe motion planningprobleminto a dynamical
systensimulationby treatingeachrobotasarigid bodyor acollec-
tion of rigid bodiesmoving undertheinfluenceof all typesof con-
straintforcesin the virtual prototypingernvironment. Thesemay
include constraintsto enforcejoint connectvity and anglelimits
for articulatedrobots,constraintdo enforcea spatialrelationship
betweenmultiple collaboratve robots, constraintso avoid obsta-
cles and self-collision, or constraintsto have the robot follow an
estimatecpathto performcertaintasksin asequence.

Ourconstraint-baseplanningframenork hasthefollowing char
acteristics:

e |t canhandleboth static environmentswith completegeo-
metricinformationor dynamicscenesvith moving obstacles
whosemotionis notknown a priori.

e It isapplicableo bothrigid andarticulatedrobotsof arbitrar
ily highdegreesof freedom aswell asmultiple collaboratve
agents.

e It allows specificationof various types of geometriccon-
straints.

e It runsin realtime for modestlycomple« ervironments.

We demonstrat¢heeffectivenesf our framework for the prob-
lem of virtual assemblyand electronicprototypingwith applica-
tionsin assemblyine planning,automatedtar painting,andmain-
tainability studies.

Organization: The restof the paperis organizedasfollows. In
section2, we briefly discussthe problemof motion planningand
suney relatedwork. Section3 presentsan overview of our plan-
ning framework. We describehe constraintsn our framewvork and
how they canbe usedto represenplanningscenariosn section4.
Section5 presents detaileddiscussiorof the methodwe have im-
plementedo solve the geometricconstraints We demonstrateur



frameawork by applyingit to several virtual prototypingproblems
in section6.

2. RELATED WORK

We first introducethe terminologyusedin this paper provide
somebackgroundnformationon motion planning,andsuney re-
latedliterature.

2.1 Background and Terminology

We assumethe robot(s) and obstaclesare setsof closedand
boundedyeometryandwhoselocationsatary time duringthesim-
ulationareknown andupdateddynamically The obstaclesrefree
to move duringtherobotplanningandmotionexecutionstagetheir
motion acquiredby sensoryinput is thenfed backto the motion
plannerin realtime. Therobot R anda setof obstaclesD move
in a EuclideanspacelV, calledthe workspace The robotmay be
afree-flyingrigid objector anarticulatedobject. A free-flyingob-
jecthasno kinematicconstraintghatlimit its motion. Ontheother
hand,anarticulatedobjectR consistof severalmoving rigid parts
Ri1,R2, ..., Rm, calledlinks, connectedby joints. Eachjoint
constraingherelative movementof thetwo links it connects.

The classicmotion planningproblem,alsoreferredto asthe Pi-
anoMover’s problem,canbestatedasthefollowing: Givenarobot
‘R andaworkspace/V, find a pathfrom aninitial configurationZ
to a goal configurationGg, suchthatR never collideswith ary ob-
stacle®; € O in W alongthe path P, if sucha pathexists. The
pathP is acontinuoussequencef positionsandorientationsof R.

Configuation spaceor C-space20] is a powerful conceptfor
the planningproblem. This formulationrepresentshe robotasa
pointin anappropriatespacej.e. therobot’s configurationspace,
andmapsthe obstaclesn this space.This mappingtransformsthe
motion planningproblemfor an objectinto the problemof plan-
ning the motion of a point in a higher dimensionalspace. For a
rigid body, the configurationis specifiedby six coordinatesthree
determiningthe positionwith respecto somefixedreferencepoint
(the origin) on R, and threedeterminingthe robot’s orientation.
An articulatedobjectcanbeinterpretedasa setof m moving rigid
objectsconnectedy joints. By convention,eachjoint affordsasin-
gle degreeof freedom,anda physicaljoint that allows morethan
onedegreeof freedomis representethy multiple joints ata single
location,sothattherecanbe morejoints thanlinks. With this con-
vention,a configurationef for an articulatedbody is specifiedby
six coordinategleterminingthe positionandorientationof a given
link, the baselink, alongwith an additional coordinatefor each
joint.

2.2 Global vs. Local Planning Methods

Therehave beentwo majorapproacheto motionplanning:global
andlocal methods[19]. Global planningmethods,including the
first RoadmapAlgorithm [4], PRM [15] and other geometricor
“criticality-based”methodq10, 19], areguaranteedo find a com-
pletepath,if oneexists, althoughthey maytake a long time com-
putingit. Many of the global methodswith the exceptionto vari-
antsof PRM, have beenappliedwith limited succesgor mostly
lower-dimensionaplanningqueriesin staticervironments,dueto
high computationatosts.

Ontheotherhand,local methodssuchasartificial potentialfield
methodq16], areusuallyfast,but arenotguaranteetb find a path,
even if oneexists. Algorithms basedon artificial potentialfield
methodsarewidely usedin mary industrialapplicationg5, 23]. In
adynamicernvironment,wherethemotionof obstaclesn thescene
is not know a priori, it is difficult for global methodsto compute
the completesolutionpathin realtime to avoid collision with the

moving obstaclesFor dynamicsceneslocal, or reactve, planning
techniquesreoftenused.However, localmethodshave limitations
aswell. For example,potentialfield methodsareknown for their
entrapmenproblemsatlocal minimaof the potentialfunction.

Our methodis anincrementatonstructiorof aroadmapwhose
thecureslocally satisfyall constraintsmposedontherobotwhile
stayingmaximally clear of nearbyobstacles. At the sametime,
theframeawork canalsotake globalgeometricanalysisinto consid-
erationwhile performinglocal planning,thusalleviating the local
minimaproblem(Sec.4.3.3.

2.3 Planning for Industrial Applications

The basicmotion planningproblemcanbe enhancedy adding
amodelof positionuncertaintyto extendit to motionplanningin a
partially known environment,often encounteredamongindustrial
applicationsBut, it remainsbasicallyunchangedf compliantmo-
tion is notallowed.

Mary specializednotion planningalgorithmshave beendevel-
opedfor differentapplicationsjncluding part orientationand po-
sitioning [9, 11], assemblysequencindg8, 21, 13], sensotbased
planning[22, 6, 7] andmaintainabilitystudieq1, 5].

2.4 Constraint Solving

Geometricconstrainsolvinghasbeenextensiely studiedn mary
differentfields, suchasCAD/CAM, molecularmodeling,andthe-
oremproving [2, 3, 17]. Therearetwo basicstratgies: instance
solves andgenericsolves. Someof the commonapproachei-
cludenumericaklgebraidechniquesgraph-basedlgorithms)og-
ical interferenceand term rewriting, symbolic algebraicsolvers,
and propagatiormethods[2]. Our approachborrons a combina-
tion of ideasfrom someof thesetechniquesandspecializeghem
for motionplanning.

The constraintsolving problemfor motion planningcanbe NP-
hardfor arbitrarily high degree-of-freedonmanipulators Sincewe
are interestedin real-time performancefor dynamic sceneswith
moving obstaclesand multiple robots, we considerthe intended
solution by inferring certainmetric and topological propertiesof
the planningproblemas a dynamicalsystem,and deducea few
heuristicghatsucceedvith high probabilityundertheassumptions
of compatibleconstraintsandtemporalcoherence.The detailsof
our constraintsolvingapproacthwill begivenin Sec.5.

3. FRAMEW ORK OVERVIEW

3.1 Framework Goals

Our planningframework is targetedto enablerapid prototyping
in a3D CAD/CAM environment.This goalimposesseveraldesign
requirementsTheframevork mustbe:

e Portable: It shouldbe ableto plan pathsfor bothrigid and
articulatedrobotsof ary topologyor arbitrarily high degrees
of freedomwithout ary changeto theunderlyingsystem.

e Dynamic: It shouldbe able to plan collision free motion
for anobjectin the presencef moving obstaclesandother
collaboratingrobots,whosemotionis not known a priori.

e General: The systemmustallow the userto easilyspecifya
widerangeof relationshipgandbehaiors betweertherobots
andotherobjectsin thescene.

e Interactive: Thesystemmustrun atinteractve ratesandal-
low the userto tradeexecutionspeedor accurag, to enable
rapiddesignandpathverification.

Thesedesigngoalssuggesta fusion of global and local plan-
ning techniquego capitalizeon the benefitsof both. We proposea



constraint-baseglanningapproactthat providesa local planning
frameavork powerful enoughto handledynamic scenes gfficient
enoughto run at interactve rates,and generalenoughto incor
poratemary typesof geometricconstraintso govern an objects
motion. Theseconstraintcanrepresentomple relationshipde-
tweencollaboratingentitiesand alsolink collectionsof rigid ob-
jectsto behae asarticulatedrobots. This framework alsoallows
naturalextensionto planningof flexible robotsandincorporatiorof
dynamicsaswell asnon-holonomiandothertypesof constraints.

3.2 Simulation Framework

Thebasicessencef ourframenork is to describesachrigid ob-
jectin the planningsceneas a dynamicalsystem,which is char
acterizedby its statevariables(i.e. position, orientation, linear
and angularvelocity). In this framevork, a robot canbe a rigid
body or acollectionof rigid bodies subjectto theinfluenceof var-
iousforcesin theworkspaceandrestrictecby variousmotioncon-
straints.Thistransformsamotionplanningprobleminto aproblem
of definingsuitableconstraintsandthensimulatingtherigid body
dynamicsof thescenewith eachconstraintactingasavirtual force
ontheobjects.Wewill returnto theproblemof definingconstraints
to solve a planningproblemin Sec.4.

Next we'll explain the simulationframenork with the following
notation:

e LetR = {R4,...,Rm} beasetof m rigid objects.

e ForeachR; attimet, let a statevectors! =
(post, rott, lint, ang?) representhe objectsposition, rota-
tion, linearandangularvelocity.

o Let St bethesystemstatevector obtainedby concatenating
the statevectorss! for all 4.

e LetC = {C1,Cs,...,Cn} beasetof n constraints.

e For eachconstraintC;, let F;(S*) be the force inducedby
constraintj giventhe objectsystemstateS®.

Thesimulationstepsrom timet to timet + h andupdateghestate
of eachobjectsubjectto theforcesinducedby the constraints.
BEGIN LOOP
Compute Constraint Forces: Summingupall contribut-
ing forces,F'(S*) = 3-7_, F;(S*).

Update SystemState: ComputeS**” from S* sub-
jectto theforce F(S*) [26].

Update Object States: ForeachobjectR;, updates:*"
from St+h,
IncrementTime: t =t+h
END LOOP

In this framework the solutionto the motion planningproblem,
for a particularobject R, emegesasthe sequencef states,
{st,st*h ... stTR*RY suchthattheobjectisin itsinitial configu-
rationattimet, andachievesthegoalconfiguratiorattime ¢+ kh.
Thesimulationmustrunfor asmary time stepsasnecessarfor all
objects,for which a plannedpathis desired,to reachtheir goal

configurations.

4. PLANNING SCENEFORMULATION

In thissectionwewill describehow to renderaplanningscenario
in the form of constraintdor the constraint-baseglanningframe-
work. Assumethatthegeometryrepresentingherobotsandobsta-
clesis given, aswell asprescribedmotion, simulatedor scripted,
for theobstaclesvertime. Our systenthendefinesconstraintshat
will restrictthe motion of the robotsto meetthe designspecifica-
tions,andalsoguidetherobotsto completethe planningtasks.

4.1 Constraint Classification

To achieve the desiredresultswithout robustnessgproblems,we
classify the constraintsinto two cateyories: soft and hard con-
straints.

Hard Constaints are thosethat absolutelymust be satisfiedat
every time stepof the simulation. Examplesof the high level hard
constraintsinclude object non-penetrationarticulatedrobot joint
connectiity, andarticulatedrobotjoint anglelimits.

Soft Constaints sene as guidesto encounge or influencethe
objectsin the sceneto behae in certainways. Somecommonex-
amplesof soft constraintdnclude having an objectmove towards
a goal configuration,avoid the nearesbbstaclesand move along
somepredefinedpath. Soft constraintsarethe more difficult type
to handlebecauseherecanbe mary competingonesactingon an
object.We provide severalmethodgo resolhe suchconflicts. First,
the soft constrainipenaltyforce scaleswith the degreeto whichthe
soft constraintis violated. Second gachsoft constraintis givena
priority, from [0, 1], which scaleghe constrainfforce.

4.2 Hard Constraints

To ensurethat the simulationenforcesthe high level hard con-
straintswe usethreeatomichardconstraints:

o Non-PenetratiofConstraints
e PointDistanceConstraints
e PointPlanarAngle Constraints

4.2.1 Non-Renetation Constaints

Assumingthatall rigid objectsin thescenerepresentlosedvol-
umes,we considera non-penetratiorconstraintbetweentwo ob-
jectsto be satisfiedaslong astheir volumesaredisjoint. In most
casesthis constraintcanbe wealenedto only requirethatthe ob-
jects’ boundariesdo not penetrateeachother In mostplanning
scenariosnon-penetratiorconstraintsshouldbe applied between
all objectsin the scenegensuringthatthe objectsbehae asif they
aresolid, althoughit is possibleto have objectsthatareselectvely
solid, or completelypermeableif desired.

Unlike the non-penetratiomonstraintsthe secondandthird cat-
egoriesof hardconstraintareindependentf the objectgeometry;
they insteadenforcerelationshipshetweenpointsand vectorsde-
finedin the scene.Thesepointsandvectorscanbe fixedin world
coordinate®r expressedelative to thecoordinatdramesof objects
in thescene.

4.2.2 Point DistanceConstaints
Theseconstraintsenforcea fixed separatiorbetweenpairs of
points. Thusatatimet, given:

e p1 € R?, andits world transformatioril}

e p» € R®, andits world transformatioril
e d € R, theconstraintistance.

the constraints satisfiedwhendist (Tt (p1), T4 (p2)) = d, where
dist() is the Euclideardistance.

4.2.3 Point Planar AngleConstaints

Theseconstraintenforcethe anglebetweertwo points,abouta
specifiedaxis of rotation. To definetheseconstraintave require,at
timet:

e p1 € R2, andits world transformatioril}

e py € R2, andits world transformatioril’y

e 0 ¢ R? theorigin of thejoint, andits world transformation
Tt

o



. M € R3, theaxis of rotationfor the joint, andits world
transformatiori?!
® Omin, Omaz € R3, theanglelimits.
Wedefinetheangled astheplanaranglebetweerthevectorsTy (p1)—
T!(0) andT% (p2) — TE(o) in theplanenormalto Tj(c?is)). The
constraintis satisfiedaslong asé is in theintenal [0:min, Omaz],
seeFig. 1.

12

axis

pointing

out of the
O PEC

Figure 1: An angular constraint betweentwo points.

4.2.4 CombiningPoint Constiints

In this sectionwe will illustrate how point constraintscan be
combinedto link rigid objectsto form articulatedobjects. Our
methodusesarigid structure suchasa tetrahedronwhich we de-
fine using point distanceconstraintsto representhe coordinate
frame of eachrigid object. We chosefour linearly independent
pointsin theobjects coordinatesystemandsetdistanceconstraints
distancedetweernthemto enforcetheir initial separationsWhen
theobjectis transformedherigid structureis alsotransformecdand
its distanceconstraintgemaintrivially satisfied At the sametime,
aslong asthe constraintshat definethe rigid structureare satis-
fied we can uniquely determinethe objects transformationfrom
the world locationsof the four points of the rigid structure. To
constraintherelative motion of objectsin the scenewe definecon-
straintsbetweerthe pointsof their rigid structures At eachframe
of thesimulationthe constraintdbetweenrall of thesepointsareen-
forced, possibly changingtheir locations. From thesenew point
locationswe updatetheworld stateof theassociatedigid objectto
a statethatrespectshe constraints.

H’ﬂ‘f‘”

p2

Example: A Ball Joint Supposehatwe have two rigid objects,
R1 andR», andwish to constrainthemto only two relative rota-
tional degreesof freedomii.e. aball joint, aboutsomeworld point
o betweenthem. We would thendefinep; = o in the coordinate
frameof R, andp2, = o in the coordinateframeof R». Thenwe
would link p; andps to therigid structuref R, andR» respec-
tively, usingthreelinearly independentlistanceconstraintseach.
Theseconstraintensurehatp; is rigidly attachedo thestructure
representingR,1 andp. is rigidly attachedo the structurerepre-
sentingR2. We thendefinea distanceconstraint,with constraint
distanceof 0, betweerp; andp,, sothattheir world positionsare
constrainedo coincide. This ensureghatwhenall constraintsare
satisfiedhetwo objects,;R1 andR, arerigidly attachedo acom-
mon rotation point at o, whoseposition is now expressedn the
coordinateframesof thetwo objects seeFig. 2.

R

T

0=p;=p>

Figure 2: A ball joint, built from distance constraints linking
therigid structur esof the two objects.

Example: A Revolute Joint We canextendthe formulationfor a
ball joint to obtaina revolute joint betweentwo rigid objectsfrom

the specificationof the joint location, axis of rotation,and angle
limits. To definearevolutejoint betweertwo rigid objects,R1 and
R, we usetwo ball joints. As long asthe two ball joints have
distinctcenterf rotationthatlie ontheintendedrotationaxis, the
constraintsvill limit therigid objectsto only onerelative rotational
degreeof freedomabouttheaxis. For additionalstability we define
aredundantlistanceconstraintbetweerthetwo rotationcenterso
maintaintheir separatioralongtherotationaxis.

To limit the angleof the revolute joint, we usea point planar
angleconstraint,definedto limit the angleaboutthe rotationaxis
betweenone point attachedo the rigid structureof R,, andone
pointattachedo therigid structureof Ro.

Therehasbeenprevious work, in the field of robot control, on
specifyingjoints usingconstraints[25]. The adwantageof our ap-
proachis that, usingtherigid structureformulation,we reducethe
problemof solvingconstraintdetweerrigid objectsto amuchsim-
pler problemof solving constraintsbetweenpoints. As we will
shav in Sec.5.1.2 thisallows for avery fastandstableconstraint
solvingmethodto beused.

Figure 3: A revolute joint, built from distanceconstraintslink-
ing the rigid structur esof the two objects.

4.3 Soft Constraints

Soft constraintdn our framework are userspecifiedconstraints
thatgeneratgenaltyforcesto guidethe motionof objectswithout
imposingstrict motionrestrictions.Thetypesof soft constraintsn
our currentsystemare:

e GoalAttraction
e Surfacerepulsion
e Pathfollowing

4.3.1 GoalAttraction

If therobothasnotreachedts goalconfigurationthis constraint
generates penaltyforce that attractsthe robot towardsits goal.
This constrainttouldbeappliedto onecomponenbf anarticulated
robot, suchasthe end effector, or to multiple componentof the
robot.

4.3.2 SurfaceRepulsion

Theseconstraintareusedto have therobotberepelledfrom the
surfacesof nearbyobstacles. To definea surfacerepulsioncon-
straintfor arigid body R, relative to a secondrigid object , we
specifya distancethreshold, , anda force coeficientk € [0, 1].
The distancethresholdis the minimum distanceallowed between
the objectsbeforethe R actsto move away from . If R is fol-
lowing an estimatedpath, often the pathwill have an associated
minimumdistanceolerancedor staticobstacleswhich canbeused



to initialize . Thepriority specifieshe relative importanceof re-
pulsionconstraintssothatif R is trappedbetweertwo obstaclesit
will give morepriority to evadingonethantheother Softconstraint
prioritiesareall by default equalto 1, unlessthe userspecifiesan-
othervalue.

4.3.3 EstimatedPaths

Onewell-known problemwith usingthepenaltyforcesto achieve
planninggoalsis thattherobotcanbecaughtin alocalminimaand
fail to reachthe goal. To addresghis issuewe integrate global
geometricanalysis,generatecaheadof time by a high-level task
planner[21], into our planningframework. Thereare mary well
known techniquedor obtaininganestimatecpathfor arobotbased
on the static obstaclesn the scene,suchas a medial axis based
planner[10, 14], a ProbabilisticRoadmapPlanner[15], a binary
spacepartitioningof theworkspacg23], or simply by takinginput
from auser[5]. A pathfrom ary of thesecanbeintegratedinto the
simulationusinga pathfollowing constraint.

To specify a path constraintfor somerigid body R, we re-
quire an orderedlist of pointsp1, p2, ps, ...., pn, Which represent
the milestonesalongthe path, a distancethreshold , anda force
coeficient £ € [0,1]. In our system,it is assumedhat the last
point on the pathis the goal location that we wish the object R
to reach,andall otherpointsare only landmarksguiding the ob-
ject asto how this goal may be achieved. This assumptiorcould
berelaxedif we addweightsto every pathlocationindicatinghow
importantit is for R to reachthatlocation. Thedistancehreshold,

, is usedto determingf R is closeenoughto a milestoneto con-
siderthat milestonereached.The default valuefor is the radius
of the smallestsphereenclosingR. As in the caseof surfacere-
pulsionconstraintsSec.4.3.2 the default valueof & is 1, which
canbe changedf someparticularpriority rankingbetweerforces
is desired.In our currentsystemthe objects orientationalongthe
pathis left arbitrary sothatit canbedeterminedy othersoftcon-
straints,suchassurfacerepulsion. For a scenewith anarticulated
robot,we canassignapartof therobot, suchasthe endeffector, to
follow the high-level pathsequence.

5. CONSTRAINT IMPLEMENT ATION

5.1 Solving The Constraints

We usetwo main constraintsolving techniquesin our current
framework: penalty-basednethods,usedto representsoft con-
straints,and iterative relaxation,usedto enforcehard constraints.
Thealgorithmfor updatingthe statef objectsin our simulationis
quitesimple. Wefirst applythepenaltyforcesdueto theactive soft
constrainteandupdatethe simulationstate.Next we applyanitera-
tive relaxationtechniguewhich modifiesthe objectstatego ensure
thatall hardconstraintaresatisfiedat theendof thetime step.

5.1.1 ApplyingPenaltyForces

We requirethat eachtype of soft constraint,C;, hasa method

t_P nalt _For (C;, R;, S, t) which returnsthe force and
torquegeneratedby the constrainC;, on objectR;, attime ¢, with
the scendn the stateS®. Thetotal force on anobjectis the sumof
all penaltyforcesactingon thatobject. To updatethe objectstate,
for eachobject, we integratethis total force using the Midpoint
Method [26]. We usethis methodbecausesomeof the penalty
forcesarecomputationallyintensve to evaluate,andthe midpoint
methodprovidesstableintegrationwith only two force evaluations
pertime step.

5.1.2 lterative Relaxation

Onceobjectsin the sceneare updatedasa resultof the penalty
forcesdue to the soft constraints their statemay violate one or
more of the hardconstraints.To efficiently ensurethatthesecon-
straintsaresatisfiedwe usethewell known NonlinearGause-Siedel
iterative relaxationmethod[24]. For eachhardconstraintCy, we
definethe residual,R s(Cs, S*), to be a real numberwhich rep-
resentsthe degreeto which C;, is violated whenthe systemis in
stateSt. For eachtype of hard constraintCy,, we requirean in-
stancesolver R lax(Ch, S*), whichreturnsanew stateS in which
R s( n,S) = 0. Thespecificmethodsusedto relax eachtype of
hardconstraintwill beexplainedin Sec.5.2.

Theiterative relaxationmethod,describedn Algorithm. 5.1, re-
laxeseachconstraintin sequenceepeatedlyuntil the objectscon-
verge to a statefor which the sumof the residuals,over all con-
straints,is zero. Particularcaremustbe taken to ensurethat point
distanceconstraintslescribedn Sec.4.2.2andpointplanarangle
constraintslescribedn Sec.4.2.3aresatisfiedfirst, becausenly
when theseconstraintsare satisfiedcan we readback the result-
ing transformation®ntherigid objectsto beusedin theremainder
of the constraintsolving iteration. We call the procedurewhich
updatesthe statesof the rigid objectsin the systemfrom the lo-
cationsof the pointsthat make up their associatedigid structures

pdat _ j t_Stat s_From_Points(S) in Algorithm.5.1.

5.1.3 Corvergenceof the RelaxationMethod

Thereasorthatwe usetheiterative relaxatioomethod Sec5.1.2
insteadof othertechniquege.g. Lagrangiarformalism)for satisfy-
ing all thehardconstraintsis becaus®f its simplicity andbecause
it allows ourimplementatiorto achie/e interactve performancen
most practicalscenarioseven with a large numberof active con-
straints. This rapid corvergencecan be attributedto two factors:
temporalcoherenc@ndcompatibleconstraints.

Our systemis ableto take advantageof temporalcoherencée-
cause,as a physical simulation, it usessmall time stepsduring
which the objectsin the scenemove very little. Moreover, if we
assumehatall hard constraintsare satisfiedat the beginning of a
time step, the fact that the object motion due to soft constraints
is small ensureghatwhenthe iterative methodbegins the objects
arenot far from a configurationthat satisfiesthe hard constraints.
This all but ensureghattheiterative methodconvergesto the solu-
tion. It alsoallows corvergenceto take placein arelatively small
numberof iterations,providing stableinteractive performancen
mary practicalscenariosOf courseijt is possiblefor themethodto
never corvergewhen,for example therearetwo incompatiblecon-
straints suchthatsatisfyingonenecessarilyiolatestheother This
situationdoesnotoccurin practicebecaus¢hehardconstraintare
typically definedsothatthey arecompatiblewith eachother Fur-
thermore,in practicalsituationsthe hard constraintsare satisfied
beforethe planningsimulationstarts allowing the systemto bene-
fit from temporalcoherencdrom the beginning.

Oneof thegoalsof our planningframevork wasto allow theuser
to tradeperformancdor accurag to enablebothvery rapid proto-
typing and exact path computation. We can achieve this goal by
allowing anupperboundto beimposedonthe numberof iterations
usedin relaxation to guaranteg¢hatthe simulationrunsat therate
desired If thesystentailsto convergewithin thespecifiechumber
of iterations,the simulationcontinuesasif it hadconverged. The
resultis error that manifestsas small violationsin the hard con-
straints. Despiteof this problem,we have found thatin practice
the computedsolutionis a good approximationof the error free
pathobtainedwhenno limit is placedon the numberof constraint
solving iterations. This canbe consideredas a useful featurefor



rapid prototypingof CAD designswhena quick estimationof the
plannedmotion is requiredto provide real-time userfeedbackin
thedesignprocess.

Relax_Constraints

Input ThestateS®, attimet, of all rigid objects pointsandvectors
in thesimulationthesetC of pointhardconstraintsandthe
setC of rigid objecthardconstraints.

Output New statevectorS which satisfiesall hardconstraints.

LetS S
While 3>, R s( S+, Rs( ;5 O
{

While >, R s( ,S) O

for eachpointhardconstrainC :
S R laz( ,S).
}

S pdat - j t.Stat s_From_Points(S)

for eachhardrigid objectconstraintC :
S R lax( ,S).

}

return ThestateS.

ALGORITHM 5.1: RelaxHard Constraints

5.2 SolvingHard Constraints

To satisfy eachof the hard constrainttypesof Sec.4.2: point
distance point planarangle and non-penetrationye have a cor
respondingR lax solver thatis usedin the iterative algorithmof
Sec.5.1.2 For the constraintghatacton rigid objectsthe solver
updateghe state positionandorientation of the objects while for
point constraintghe solver modifiesthe positionsof the points.

5.2.1 Point DistanceConstrints

Giventheformulationof a pointdistanceconstrain{Sec.4.2.2
betweentwo points, p; and p», with correspondingvorld trans-
formation, T{ andT%, and a distancethresholdd, we definethe
residualof thedistanceconstraint:

Rs( i4,S) = =dist(Ti(p1), Ts(p2)) — d,
where  representshe linear distancethat the two points must
travel to reachthe requiredseparation.To solve the distancecon-

straintwe simply move eachpointa straightline distanceof
towardseachother

5.2.2 Point Planar AngleConstaints

Giventheformulationof a point planarangleconstraintbetween
pointsp: andp-, with anglelimits 8,,;, andf;,q., we computethe
angled asdefinedSec.4.2.3 Theresidualof theangleconstraint
is thendefinedas:

Omaz 110 Omax
Omin 1f0  Omin

9 —
R s( an,S)= 06—
0 otherwise

To satisfy the angelconstrain,if = R s( an ,t) = 0, the
pointTy (p:) is rotatedanangle , andT¥ (p2) rotatesanangle
- abouttherotationaxis, T (axis).

5.2.3 Non-Renetation Constmaints

In our currentimplementationthesearethe only constraintsor
whichthe R laz methoddirectly modifiesthe transformation®f
rigid objectsin thescene We useanin-houseproximity (collision)
querypackagePQP[18, 12], to detectwhentwo objectspenetrate.
The residualfor a non-penetratiortonstraintis thenjust O if the
objectaredisjointandl if theobjectsarenot. The problemof sep-
aratingobjectsthat penetratein a physicalsimulation,is onethat
hasbeenaddressedh mary ways[26]. The approactthatwe use
to implementthe R lax solver for non-penetratiorconstraintsis
theimpulse-basedgid bodydynamicsimulation[26]. Theadwan-
tagesof this methodis thatobjectsareguaranteedo be disjoint at
theendof everytime step,andthatobjectsreboundrom collisions
in themostnaturalpossibleway.

5.3 Solving Soft Constraints

Foreachsoftconstrainiverequireamethod, ¢_P nalt _For
which producesaforce alongthe gradientvectorof the constraint.

Figure 4: A portion of the distancefield of R, which generates
forcesthat acton R; pushingit away from Ry.

5.3.1 SurfaceRepulsion

To apply a surfacerepulsionconstraintbetweenobject R, and
a secondobjectR», asdescribedn Sec.4.3.2 we first perform
somecomputationsisingaxis-alignecboundingboxesasapprox-
imationsfor the objectsinvolved. For objectR» we take the axis-
alignedboundingbox and expandit by the distancethreshold,
(Fig. 4). Weintersecthis expandedboundingbox with the bound-
ing box of R, to performa quick rejectiontestto determinef the
two objectsarefurther thanthe distancethreshold apart. If this
is the case thenwe canterminatethe computatiorwith no penalty
forceapplied.If thetestfailsthenwe computetheintersectioncall
it , of thetwo boundingboxes. We thenusea hardwareacceler
ateddistancefield computation[14], to generatehe distancefield
for the surfacefeaturesof objectR» in theregion . Thefactthat
this computatioris performedusinggraphicshardwareenableghe
distancdield of the objectto begeneratedn realtime withoutary
precomputatioror assumptionsboutthe geometry As a prepro-
cessasamplingof the surfaceof objectR 1, atsomeuserspecified
resolution,is computed. The default resolutionis the pixel res-
olution. For eachsamplepointon R; thatliesin , we checkthe
distancdrom thatpointto thenearespointonthesurfaceof R» by
referencinghe distancdield. For eachsamplepointwe generate
forcein the directionof the gradientof the distancefield, propor
tional to the distancebetweerthatsamplepointandR 2, asseenn
Fig. 4. Thisforceshouldbe zerofor samplepointsbeyondthe dis-
tancethreshold andincreasdo infinity asthedistancebetweerthe
surfacesdecreasesln our systemtheforce for eachsamplepoint,
pi, is:

1 — L if dist(pi,R2)
. — it
or (pi,R2) = 0 otherwise

And, the force inducedby this constrainton R, is the sumof all



forcesonall I samplepointson R;. Thisis aforcethatmovesR,
away from R, enforcingthe surfacerepulsionconstraint.

5.3.2 GoalAttraction

As describedn Sec.4.3.], if therobothasnotreachedts goal
configurationthis constraintgyenerates penaltyforcethatattracts
the robot towardsits goal. The strengthof this force is directly
proportionalto the distancebetweertherobotandthe goal,andits
directionis simply the directionbetweerthe centerof massof the
robotandthelocationof thegoal.

5.3.3 PathFollowing

Currentlywe implementa pathfollowing constraintSec.4.3.3
by first finding the closestpoint on the path, p;, to the centerof
massof therobotR. If this point is not within the pathdistance
threshold, , from the centerof massthenwe considerthat R has
not reachedp; andwe apply a force at the centerof massof R to
pushit towardsp; . If R is within the distancethresholdof p;, we
applyaforceatthecenterof massof R in thedirectionof p;+1 —p:
to pushR alongthe path.

6. APPLICATIONS TO PROTOTYING

6.1 Implementation

Our systemwasimplementedn an object-orientedramevork
using C++. We usethe Proximity Query Package [12, 18] for
collision detectionto enforcenon-penetratioronstraintsandour
in-houselibrary HAVOC3D [14] to generatedistancefields for
surfacerepulsionconstraints.

6.2 SystemDemonstration

We have testedour motion planningsystemin the following vir-
tual prototypingapplications:

Scenel: Maintainability Study
In assemblymaintainabilitystudies,motion planningis usedto

find whetherit is possibleto remove a particularpartfrom an as-
sembly andif so, to find one possibleremoval path[5]. In our
example,shovn in Fig. 5(a), a bolt anda washemustavoid each
otherin the confinesof tight compartmeninside a pump assem-
bly. The goal,to remove the bolt from the assemblyrequiresboth
objectsto maneuer aroundeachotherwithout colliding.

Scene2: Automated Car Painting

In this exampleseenin Fig. 5(b), anarticulatedrobotarm, with
6 degreesof freedomjis usedto tracea pathalongthe bodyof acar
for painting. Therobotis composedf rigid componentshat are
heldtogetheiby constraintsFor all of thecomponentsf therobot,
theplannemustcomputepathsthatsatisfythejoint constraintsgo
not collide with the obstaclesor the car, andleadthe endeffector
alongthe prescribedpath.

Scene3: AssemblyLine Planning

In this example,shawvn in Fig. 5(c), therobotarmfrom scene2
mustaccessa part moving pastit on a corveyer belt. The factory
floor containsa piping structurethatis moving over the corveyer
beltin the oppositedirectionto the part's movement. The moving
obstructioncausegherobotto reactively modify its pathto avoid
collision.

The timings for thesescenariosare presentedn Table1l. The
timingsweretakenon a PCwith a933MHz Pentiumlll processar
256MB RAM andannVidia GeForce3graphicscard. The motion
sequencesapturedn MPEG areavailableat:

http://gamma.cs.unc.edu/cplan

Scene Poly | Cons
(1) Maintainability | 20470 4
(2) Auto Painting | 25738 43
(3) AssemblyLine | 16962 43

Per Step | Total

0.093sec | 67sec

0.038sec | 18sec
0.0085sec | 16sec

Table 1: Benchmark timings in secondson three example
scenesPoly: The number of polygonsin eachscene.Cons. The
total number of active constraintsin eachscene.Per Step: The
averagetime for the planner to compute one time step of the
simulation. Total: The total time taken to completethe plan-
ning task.

6.3 Discussion

The planningtasksin the examplescenesxecute,on average,
betweenl0 and 120 time stepsper second. The primary bottle-
neckin our currentimplementatioris the distancefield computa-
tion usedto determinethe penaltyforcesfor the surfacerepulsion
constraints.We usea one-level boundingbox culling to limit the
applicationof thiscomputatiorto areasearpotentialsurfacecolli-
sions.We alsousesimplified geometryfor computingthe distance
field wherever appropriateo speedup the proximity queries.This
approachworks well, unlessthe scene asin the caseof Scenel,
hashighly non-cowex complex geometrythat is poorly approxi-
matedby theboundingboxes. In suchcaseshierarchicabounding
box culling couldbe usedto furtherlimit theapplicationof thedis-
tancefield computationto increaseruntime performance.We are
currentlyworking on this optimization,aswell asacceleratinghe
3D distancdield computation.

The constraintsolver we have developedfor the currentsystem
usesaniterative relaxationmethodthatis specializedo providein-
teractize performancavhenplanningthe motion of rigid andartic-
ulatedrobotsin dynamicsceneslt workswell for overconstrained
and consistensystemssuchasthoseproducedby our methodof
modelingrobotjoints usingconstraintsandin our planningframe-
work wherethe dynamic simulationtypically adwvancesin small
time stepsallowing it to take advantageof temporalcoherenceo
achieve performanceandstability. However, it is possiblefor our
framework to incorporateother very efficient, constraintsolvers
basecdbn theextensiornof [2, 3, 17], aswe extendthis work to plan
the motion of flexible bodiesand also include different types of
constraintsn our system.

7. CONCLUSION AND FUTURE WORK

We have presenteda novel framavork for motion planningin
virtual prototypingapplications.We reformulatethe motion plan-
ning probleminto a physicalsimulationwhere constraintson the
robot's motion guideit from its startingconfigurationto its goal.
Theseconstraintscan enforcenon-penetratiorconstraintsamong
objects theanglelimits andconnectiity of articulatedobotjoints,
the avoidanceof collision, the following of estimatedpaths,and
mary other possiblerelationshipshetweenthe robotsand objects
in thescene Theflexibility of our framework offersthe possibility
of naturalextensionin thefollowing areas:

e Inclusion of Additional Constraints: suchasnon-holonomic
constraintson objectmotion, aswell asconstraintghaten-
force more comple interactions(e.g. maintainingline of
sight) betweercollaboratingrobots.

e Extensionto Flexible Geometry: sinceourplanningframe-
work assumesofixedorrigid geometrythroughoutheplan-
ning simulation.

e Incorporating Dir ectHuman Interaction: toallow theuser
to directly control the motion of partsof the robotor obsta-



Figure 5: From left to right, Maintainability Study Scene: the planner must extract the bolt fr om the pump assembly Both the bolt
and the washer must be moved simultaneouslyaround eachother to avoid collision; Automated Car Painting Scene: the robot arm
follows a path over the car body while avoiding obstacles;Assembly Line Planning Scene: the robot arm avoids the moving pipesto
reacha moving part passingon the corveyer belt.
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