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Abstract

We presenta route planningalgorithmfor cableandwire layouts
in comple ervironments. Our algorithm precomputesa global
roadmapof the ervironmentby usinga variantof the probabilistic
roadmapmethod(PRM) and performsconstrainedsamplingnear
the contactspace. Given the initial andthe nal con gurations,
we computean approximatepathusingthe initial roadmapgener

atedon the contactspace.We re ne the approximatepathby per

forming constrainedsamplingand useadaptve forward dynamics
to computea penetration-fregoath. Our algorithmtakesinto ac-
countgeometricconstraintdik e non-penetratiomndphysical con-
straintslike multi-bodydynamicsandjoint limits. We highlightthe
performanceof our planneron differentscenario®f varyingcom-
plexity.

Keywords: motionplanning,adaptve dynamics articulatedbod-
ies,cablerouteplanning

1 Intro duction

Designingcableand wire layoutsis often a comple andtedious
processn building construction.Incorrectcableandwire layouts
canbecostlydueto poorplanningandmayrequiresigni cant mod-
i cations anddesignreviews. Currentpracticesncludescaledpro-
totypesontowhich the cable(or wire) layoutis constructedy us-
ing route planningalgorithmsfor motionlessigid cablesegments.
CAD systemsare often usedto assistthe processduring the early
designstage.In thesesystemsthe pathsof the cablesor wiresare
rst calculatedthenrigid segmentsare put throughthesepathsto

simulatecableor wire layout. However, currentCAD systemsdo
nottake into accountthe cables or wire's dynamicspropertiesand
their interactionwith the environment. It shouldbe notedthatin

someapplicationsdynamic, or even quasi-static simulation may
not be necessaryBut, while actuallylaying a cableor simulating
theprocessforcessuchasfriction or gravity mayin uencethepath
takento arrive atthe goal con guration. For instancejn pulling or
pushingalong cabletowardagoalcon guration,thefriction of the
cablewith a passager cornermay in uence what pathis taken.
Or, if aninteractive visualizationfor rapid prototypingis required,
it would beimportantto modelthe bendingor saggingof the cable
betweensupportsdueto gravity. In thesecasesdynamicsis nec-
essaryto generatephysically plausiblepaths,con gurations, and
motion.

To thebestof ourknowledge thereis very little or nowork doneon
cable(or wire) routing thatincludesbothrealisticphysical simula-

tion andmotion planning. Cableandwire routing canbe posedas
arobotmotion planningproblemto computethe pathfor a highly
articulatedanddeformableobot,i.e. the cable(or thewire). How-
ever, the dimensionalityof the con guration spaceof sucha de-
formablerobotis very high. In addition, the simulationof highly
articulatedanddeformablebodiescanbe expensve andtime con-
suming.

1.1 Main Results

In this paperwe presentnovel approactfor cableroutingin com-
plex ervironments. We assumehat the cablecan be modeledas
a highly articulatedrobotwith multiple links andmary degreesof
freedom(dofs).

Our route planningalgorithmis basedon a variantof PRM that
samplesearthe surfacesof the obstaclesn the workspace t ini-
tially generatesandomsamplesatthe cornersandedgesof theen-
vironment.If apathcannotbefound,it sample®ntheobstacleby
usingaray shootingapproachTheresultingglobalroadmapcom-
putedthis way lies nearthe C-obstacle$n the con guration space,
alsoknown asthe contactspacellLatombe1991]. This roadmagps
thenusedasthe guiding pathto plan the motion of the entire ca-
ble. During the simulationphasewhenever a collision occursbe-
tweenthe rst link of thecableandtheenvironment theinitial path
is adjustedbasedon “constrainedsampling”, which recomputes
new nodenearthe contactspace. Our methodexpandsthe initial
roadmapfrom a nodebelongingto the contactspace(computed
from a contactpoint) and nds a new nodearoundthe neighbo#
hoodof the contactinghodeusingthe projectionmethodWilhelm-
senl976]. In orderto simulatecabledynamicswe useanadaptve
forward dynamicsalgorithm[Redonet al. 2005] with quasi-static
numericalintegrationthat selectshe mostimportantjoints to per
form boundederror dynamicsimulationin a hierarchicalmanner
Thequasi-statiéntegrationremosesunnecessargscillationdueto
inertiawhich helpsprovide smootherrobot motion. Moreover, we
develop efcient collision handlingtechniquego resohe the con-
tactsfor theremaininglinks duringthe simulation.

Our algorithm achieves realistic simulation resultsand performs
eachsimulationstepatinteractve rates.We have implementedand
testedour systemon Alienware AMD Athlon™ 64 X2 Dual-Core
with 2:41 GHz Processo#4800++and2GB of RAM. Ouralgorithm
cansimulatea pathfor cablesconsistingof 200-300links (or dofs)
at interactve rates(averagingabout17 ms per simulationstep)in
modestlycomplex environmentswith tensof thousandsof poly-
gons. Our adaptve dynamicsalgorithm provides signi cant per
formancegain comparedo the prior lineartime forward dynamics
algorithms. In addition, our constrainedsamplingtechniquegen-
erateseffective andusefulsamplesearthe obstaclessuchasthe
walls, doorways,andaroundothersupportstructures.



1.2 Overview

The restof the paperis organizedas follows. In Section2, we

briey sunwey the prior work on motion planningfor deformable
robots, cablesimulationand cablerouting. We give an overview

of our approachin Section3. We presentour cable simulation
algorithm basedon adaptve forward dynamicsin Section4. We

describeour planningalgorithmin Section5 andhighlightits per

formancen Section6.

2 Previous Work

In this sectionwe give a brief overview of prior work in cablesim-
ulation, cableroutingandmotionplanningfor deformableobjects.

2.1 Cable Simulation

Cablesimulationhasbeenstudiedin therecentyears.Hergenrother
andDahnepresentnalgorithmfor thereal-timesimulationof vir-
tual cables[Hergenrotherand Dahne2000]. Their simulationis
basedon inversekinematics. They modelthe cableby usingcon-
secutve cylinder sgmentsthatareconnectedy ball joints. Given
the startandgoal positionsof the cable,their algorithmcalculates
theshapeof thecableby consideringenegy minimization.In prac-
tice, their algorithm s fastand applicableto interactize applica-
tions. However, their approachdoesnot simulatethe dynamicsof
the cableanddoesnot performcollision handling,which is essen-
tial for realisticapplications.

Loock and Schomerdescribean applicationof rigid body simu-

lation to assemblytasksin virtual ervironmentsand extend their

systemto real-time simulation of deformablecables[Loock and

Schomer2001]. They model the cable as a chain of rigid seg-

ments. The cable simulationis achieved by using mass-spring
modelwith generalizedsprings. They usestiff linear springsand

torsionspringsto presere thelengthof the cable.

Gregoireand Schomerpresent numericallystableandphysically
accuratesimulationtool for one dimensionalcomponentsn [Gr-
goireandSchomer2006]. They modelthe bendingandtorsionus-
ing the Cosseramodelandthey usea generalizedpring-massys-
temwith a mixed coordinatesystemfor the simulation. However,
their simulationis slow for modelinglong cables.For example the
simulationtime for cablethathas300 pointsis around128 msper
step.

2.2 Cable Routing

The designof a cable harnesss a complex and costly process.
Many approachebave beenproposedo automatethe designpro-
cess. Conru[Conru 1994] describea systemto routea cablehar
nessusinggeneticalgorithms. The geneticalgorithmsare usedto
searchor routeswhich arecloseto theglobalminimum. Thecable
harnesgouting problemis decomposedhto generatinga harness
con gurationandcomputinga routefor the harnessn theerviron-
ment.Both of theseproblemsaresolvedusinggeneticalgorithms.

Holt et al.[Holt et al. 2004] presenta virtual reality systemto aid
cableharnesslesignersTheirapproactHocuseonusagef human
engineersknowledgein thedesignprocessTheirgoalis to provide
an engineerwith interactve tools to designa human-in-the-loop
system.

Both of theseapproachedo not consideithe physical propertieof
thecable.They assuméhatthecableis composeaf rigid segments
andthe numberof sggmentscanbe adjustedy the user

2.3 Motion Planning for Articulated and De-

formable Robots

Motion planningis awell studiedproblemin robotics.Most of the
work hasbeenon rigid or articulatedrobotswith a few degreesof
freedom. Our variantof PRM andconstrainedamplingis similar
to the OBPRM algorithm [Amato et al. 1998] and local planning
in the contactspacelRedonandLin 2005], althoughour realiza-
tion is quitedifferent.In addition,we incorporatephysicalandme-
chanicalconstraintsusing adaptve forward dynamicsand contact
handling,whereagprior algorithmmostly dealwith geometriccon-
straintssuchasnon-penetration.

Thereis relatively lesswork on motion planningfor deformable
objects. Someof the earlierwork on deformablerobotsincluded
specializedalgorithmsfor bendingpipes[Sun et al. 1996], cables
[Nakagaki andKitagaki 1997]andmetalsheet§NgugenandMills
1996]. Hollemanet al. [Hollemanet al. 1998] presenta proba-
bilistic plannercapableof nding pathsfor a e xible surfacepatch,
modeledasalow degreeBezierpatch,usinganapproximatenegy
functionto modeldeformationof the part. Guibaset al. [Guibas
etal. 1999] describea probabilisticalgorithmfor a surfacepatch,
modeledasthe medial axis of the workspace.Anshel&ich et al.
[Anshelevich et al. 2000] presenta path planning algorithm for
simple volumessuchas pipesand cablesby using a mass-spring
representationLamirauxet al. [LamirauxandKavraki 2001] pro-
posea probabilisticplannercapableof nding pathsfor a e xible
objectundermanipulationconstraints The object's deformationis
computeddy usingtheprinciplesof elasticenegy from mechanics
whichmakesthemotionplanningdif cult for handlingtheendcon-
straintsand nding minimumenengy curves.In [Moll andKavraki
2004], a differentcurve parametrizationechniques usedfor han-
dling low-enegy con gurations. In addition, contactpoints with
simpleobstaclesareconsideredn nding a minimal enegy curve
con guration. However, nding theexactcontactpointsthatmakes
the curve at minimum enegy is still a dif cult task. Bayazitetal.
[Bayazit et al. 2002] describea two-stageapproachthat initially
computesan approximatepathandthenre nes the pathby apply-
ing geometric-basettee-formdeformationto the robot. Gayleet
al. [Gayle et al. 2005] presentan algorithmfor path planningfor
a e xible robotin complex environments.Thealgorithmcomputes
collision free pathsbasedon physical and geometricconstraints.
Thecollisiondetectiorbetweerdeformableobjectandtheernviron-
mentis acceleratedby usinggraphicsprocessorsSahaet al.[Saha
andlsto 2006]present motionplanningtechniqueor the manipu-
lation of deformabldinearobjects.Theapplicationof theirmethod
in self-knottingandknotting aroundsimple staticobjectsby using
coordinatingdual robot armsis illustratedin the paper The mo-
tion planningalgorithm dependsn the geometricaimodel of the
deformableobject and the robot arms. It doesnot considerary
physical propertiesof the deformabldinear object. Many of these
algorithmsexploit geometricpropertiesand often do not consider
thephysicalconstraint®f therobot,suchascollision detectiorand
contacthandling. Somerecentapproachesleal with generalde-
formablerobotsandenvironments[Rodriguezet al. 2006], but do
not modelfriction andmotion constraintge.qg. joint limits) which
could be necessaryo realistically model the interactionbetween
thecableandtherestof theenvironment.

3 Overview

In this section,we give an overview of our planningalgorithm.
We introducethe notationusedin the remainderof the paperand
presentour framework to solve motion planningasa constrained
dynamicalsystemandmodeltherobotasanarticulatedchainwith
ahigh numberof dofs.



3.1 Notation

We assumehateachcablecanbemodeledasa sequencef mrigid
bodiesconnectedoy m 1 2-dof revolute joints. The joints are
implementedastwo 1-dof revolute joints, one of which is rotated
90 degreesaboutthe centralaxis of the cable. The con guration,
C(t), of the cableat time t canbe describedas a vector of joint
anglesalong with the position and orientationof the baseof the
robot. Thepositionof thehead( rst link) of thecableis represented
by Chead(t), Which is the positionandorientationof this link.

We assumehat the setof obstaclesarerigid andthey arerepre-
sentedasO = f0y;0y;:::9 in theworkspaceW. A roadmapG =
fV;Eg, in the free workspacethe spaceexternalto the obstacles,
consistof amilestoned/ = fvy;v,;:::igandlinks E = fe;; e;:::0.
A pathin this roadmapis an agyclic sequencehat connectswo
milestones.

ProblemFormulation: Theproblemcanbestatedasfollows: Find
a sequentiaketof cablecon gurationsC(t;),...C(t;) suchthatno
C(t;) intersectswith ary obstaclen O, andC(t;) is nearthe obsta-
cles,whereC(t;) andC(t;) aretheinitial and nal con gurations
of therobot(cable)respectiely.

3.2 Cable Simulation

When simulating a cable, there are a numberof considerations
which mustbetakeninto account.First, to modelarealisticcable,
we assumehat its lengthwill not changeduring the simulation.
This holdssincelittle or no stretchingwill occurin mostwiresand
cableswhenforcesareappliedto the ends.

In addition, our simulationmustpresere geometricand mechan-
ical propertiesof the cableitself. This accountsfor penetrations
with the ervironmentand alsowith itself aswell as preventinga
cablefrom bendingtoo much. To ef ciently simulatethe cable,we
take advantageof adaptve forwarddynamicsfor articulatedoodies
[Redonet al. 2005]anddevelop a new collision handlingmethod.
Sincemary constraintscanintroduceunwantedoscillationin the
robotmotiondueto large penaltyresponsédorces,we usea quasi-
staticvariationof Eulerintegrationin orderto advancethe simula-
tion.

Our plannerappliesseveral constraintgo the cablein orderto en-
surethatit cansuccessfullyeachits goal. Pathconstraintareused
to move it alonga speci ed path,and collision constrainteensure
thatit is penetratiorfreeandalsoenforcegoint angles.

3.3 Motion Planning

Our planningalgorithmbuilds uponconstraint-basethotion plan-
ning (CBMP) proposedy [GarberandLin 2002].

This approachinvolves two main stages;a roadmapgeneration
stageand an executionstage. The rst stageis largely doneasa

precomputatiorstepandis responsibl€or nding a guiding path

throughthe environment. This guiding path doesnot needto be

completelycollision free with respectto the robot. The second
stageusesconstraineddynamical simulation to move the robot
alongthis guiding pathtoward the goal. This allows the robotto

locally adaptthe guiding pathto its own structure.

Thereareseveraladvantageso the CBMP approachGuiding path
generationis both ef cient and simple, while the pathitself also
automaticallyensureghatboth geometricand physical constraints
arepresenred. For our problem this allows thecableto move along
asimpleguiding pathwithout violatingits constraints.

4 Cable Simulation

The geometricandphysical characteristicef the cablesshouldbe
simulatedrealisticallyandef ciently for real-timeapplications.In
this section,we rst stateour assumptiongandthe basicrepresen-
tationfor modelingcablesthenwe describeour approachor sim-
ulating cabledynamics.

4.1 Assumptions and Representations

Cableshave variousmaterialpropertiesdependingon its type and
usageln thiswork, we assumehatacableconseresits lengthdur-

ing the simulation. A cableconsistsof rigid segmentsthat cannot
be stretchedor shearedlts lengthremainsconstanwwhendragged
or pulled. Its crosssectionis undeformableandthe massof each
segmentis samealongthe entirecable. To modeleachcable,the
lengthof thecablecanbespeci edby thenumberof rigid segments
or the lengthof eachrigid segment. By changingoneof thesepa-
rametersthe usercanmodelcablesof varying lengths. Basedon

theseassumptionswe canmodeleachcableasa chainof articu-
latedlinkages,i.e. asa highly articulatedrobot.

The optimal algorithmfor computingthe dynamicsof a kinematic
chaintakeslineartime [Redonetal. 2005]. To approximatea cable
well usinga highly articulatedchainwould requiremary linkages.
This computatiorcanbecomerathercostlyfor long cables.There-
fore,we usetheadaptiveforward dynamicsalgorithm[Redonetal.

2005]for cablesimulation.The mainadwantageof this approachs

thatit lazily recomputeshe forward dynamicsof a cableby only

simulatingthe joints that bestapproximatethe overall motion of

the entire chainwith boundederrors. The adaptve dynamicsau-
tomatically selectsactive joints, or thosewhich will be simulated,
basednmotionerrormetricsto computeanerrorboundedapprox-
imationof thearticulated-bodylynamics.The usercanchangehe
motionerrormetricfor controllingthenumberof joints thatwill be
active or rigidi ed duringthe simulation.

Thecontacthandlingis alsoanimportantissuein cablesimulation.
The cableshoulddeformrealisticallydueto contactsandthe pen-
etrationshouldbe preventedwhenthereis a collision betweerthe
cableandthenearbyobstaclesWe developapenalty-basedontact
responseapableof handlingjoint limits and otherexternalforces
alongwith afastcollision detectionmethodto achieve sub-lineas
time collision handlingfor multi-body systems.

Next we will describethe basiccomponent®f the adaptve multi-
bodydynamicsandcontacthandlingfor our cablesimulation.

4.2 Articulated-b ody dynamics

The adaptve dynamicsalgorithm is built upon Featherstons'
divide-and-conquer algorithm (DCA) [Featherstone 1999a],
[Featherstonel999b]. Featherstone'algorithmis a linear time
algorithmto computethe forward dynamicsof anarticulatedoody
basedon the forces appliedto it. The algorithm relies on the
following articulated-bodyequation:
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whered; isthe6 1 spatialacceleratiorof link i, fisthe6 1

spatiatforceappliedto link i, B; isthe6 1 biasacceleratiomf link
i (theacceleratiotink i would haveif all link forceswerezero),



Assembly Tree for C

Figurel: Constructiorof anarticulatedoody An articulatedbody
A is connectedo body B atthe principaljoint, j,, to form body
C. Theassemblyreefor C is shavn beneathithebody Forcesand
accelerationsvhich governC's motionareshawn.

isthe6 6 inversearticulated-bodynertiaof link i, and ;; is the
6 6 cross-couplingnverseinertiabetweerlinks i andj.

TheDCA emplg/s arecursve de nition of anarticulatedbody: an
articulatedbodyis a pair of articulatedbodiesconnectedy ajoint.
Theforward dynamicsof the articulatedbody arecomputedn es-
sentiallytwo steps: main passand badk-substitutionpass When
the DCA completesall joint accelerationgindall kinematiccon-
straintforcesareknown.

In orderto adwancethe stateof the simulation,a quasi-statio/ari-
ation of Euler integrationis used. In this variation, the body is
consideredo be at restthroughoutheintegrationstep. Thus,both
angularand translationalvelocities are zero and integration only
considerghenetacceleration.

4.3 Adaptive articulated-b ody dynamics

Featherstone'DCA is linearin the numberof joints in the articu-
latedbody Determininga pathor resolvingcontactsfor a highly

articulatecbodycouldbeprohibitively slow usingatypicalforward
dynamicsalgorithm. In orderto improve the performanceof the
plannerwe incorporatehe adaptve dynamicsalgorithmby Redon
etal. [Redonetal. 2005]to lazily simulatethe articulatedbody
motion that bestrepresentghe overall motion of the robot with

an errorboundedapproximation. Essentially this enhancedlgo-
rithm allows usto systematicallichoosethe appropriatenumberof

joints that are simulatedin the articulatedbody, by automatically
determiningwhich joints shouldbe simulatedjn orderto provide a
high-qualityapproximatiorof the articulated-bodynotion.

4.4 Collision Handling

The collision detectionbetweenthe cableandthe ervironmentis

performedusinga hybrid boundingvolumehierarcly. We perform
two culling steps pasedon axis-alignedboundingboxes(AABBS)

andorientedboundingboxeq OBBSs),to helplocalizepotentialcol-

lisions,beforeperformingintersectiortestsatthetrianglelevel. We
pre-comput@ndstoreonehierarcly of orientedboundingboxesfor

eachrigid cablelink andeachrigid ernvironmentobstacle We also
precomputeneaxis-alignedboundingbox for eachobstaclen the
environment. The OBB hierarchiesand AABBs of ervironment
obstacleglo not have to beupdatedduringplanning.

At runtime,we determinethe intersectiondetweenthe cableand
the ervironmentobstacleausing the following collision detection

algorithm:

AABB hierarchiesupdate: For eachmobilerigid link, we
determineaboundingAABB usingtherootOBB of the OBB-
TreeqGottschalketal. 1996]. We thencomputeanAABB for
eachnodeof the assemblytree (i.e. for eachsubassemblpf
the articulatedbody) usinga bottom-uppass.We thusobtain
oneAABB hierarcly perarticulatedbody, whosestructureis
identicalto theassemblyreeof the articulatedbody.

AABB culling: Usingthe AABB hierarchieswe detectpo-
tentially colliding rigid links andobjects.

OBB culling: Whentwo rigid objectsarefoundto potentially
intersectafterthe AABB culling step,we recursvely andsi-
multaneouslytraversetheir OBB hierarchiesto help local-
ize potentialcollisionsbetweerpairsof triangles[Gottschalk
etal. 1996].

Triangle/triangle intersection tests: Wheneer two leaf-
OBBsarefoundto overlap,atriangle/triangléntersectiortest
is performedto determinewhetherthe trianglescontainedn
theleaf-OBBsintersect. Whenthey do, we reportthe corre-
spondingntersectiorsegment.

After collisionsbetweenrthe cableandthe obstaclesave beende-
termined thecollision responsés computedisinga penalty-based
approachasdescribedn Sec.4.5.2.

4.5 Constraint Forces

In our simulation, along with internal forcesfor kinematic con-
straints,we apply external constraintforcesfor makingthe cable
move alongthecomputegathandfor handlinginteractionbetween
thecableandtheobstaclesNext, wewill describeheformulations
of theseconstrainfforces.

45.1 Attraction Force to the Goal

To make therestof the cablefollow the computedpath,we apply
attractionforcesto the rst link of the cablealongthe directionof
thepath.Thisforceis basicallya springforcebetweerthe rst link
of thecableandthe computedpath.

fiAttradion - k(L, L res) (2)

In this formulation, k is the springconstantL ; is the distancebe-
tweenthepathandthe rst link of thecable,andL 4 istheintended
distancebetweerthe rst link of the cableandthe path.

4.5.2 Contact Handling Forces

Whenacollisionis detectedetweerthecableandthe obstaclewe
apply a force in the directionof contactnormalto keepthe cable
apartfrom the surface of the obstacle. Let x; be the position of

contactlink i, X is the projectionof x on the obstacleand N;

is the normalvectorat positionx”®'. Thenthe collision response
forcewill beproportionalto the penetratiordistanced, where

d= (" x)N; (3)

andthe contacthandlingforcewill be

foma® = kN d 4)



wherek is thecollision coefcient.

Giventhebasicstepsof our cablesimulationmodule,we will next
describeour motion planningalgorithmand shav how our cable
simulationis usedin our cablerouteplanning.

5 Motion Planning for Cable Layouts

Our cable route planning algorithm is composedof three key
phases:

1. GlobalRoadmapGeneration
2. GuidingPathEstimation
3. PathAdjustmentandConstrainedynamicsSimulation

(a) If thereexistsa collision betweerthe rst link andthe
ervironment, computethe next milestoneusing con-
strainedsamplingandmodify the pathaccordingly;

(b) Fortheremainindinks, simulatethecablemotionusing
adaptve forward dynamicswith ef cient contacthan-
dling andpositionalconstraints.

Next, we will describesachstepin moredetail.

5.1 Global Roadmap construction

The probabilisticroadmapPRM) algorithmis commonlyusedfor
robotmotionplanning.We developavariantof PRMfor computing
theroadmapof the ervironment. For simplicity andef ciency, we
rst treatthecableasapointrobotandthenmake pathadjustments
using constrainedsamplingand constraineddynamicssimulation.
This stratgy makestheroadmagpconstructiorfastandeffective.

5.1.1 Contact-Space Sampling

Oneof theimportantaspectof ary randomizedoadmapplanner
is the methodusedto generatesamplesn the con guration space.
Sincetypically cablesandwiresshouldbeplacedn suchawaythat

they attractaslittle attentionaspossible oneof our samplinggoals

isto nd samplesn thefree spacewhich arecloseto the obstacles
(e.g.onor nearthewall) andnearthe cornersof the buildings.

We achieve this goalby systematicallynding “corners”of alarge
structure.Thisis doneby rst computingtheintersection®f three
or moreconstrainiplanegwalls), thentheintersection®f two con-
straintplanes. Randomsamplesare rst taken at theselocations.
Thesepoints are shifted awvay from the walls by an amountd to
ensurethatthelocal planningcanconstructhe roadmapof theen-
vironment. After generatinghe samplesearthe cornerswe con-
structour roadmapand we checkwhethera valid path exists. If
thereis no viable path from the initial to the goal con guration,
thenextra milestonesaregeneratedby shootingrayson thesecon-
straintplaneg(walls), which typically arethexy-, yz-, or xz planes
for abuilding.

5.1.2 Local Planning

Anotherimportantstepin PRM is local planningwhich connects
collision-freenodes.We usea distance-basedpproactor nding

the edgesin the roadmapfrom a milestonev;. All milestoneghat
arewithin somesearchradiusof v; areplacedinto a neighborset,
N. For eachmilestonev; in N, we determineif thereis a straight

line sgmentbetweeny; andv; thatdoesnot intersectwith ary ob-
staclein O. For connectingheinitial and nal con gurationto the
roadmapyve alsoplacethemin the milestonesetandperformlocal
planningfor themaswell.

5.2 Computing a Guiding Path

Once we have generateda roadmapthat provides the desired
amountf caveragewe useit to generatgpathsbetweersomegiven

startandgoal con gurations. We rst link the startandgoal con-
gurations to theroadmap.In particular we addthe startandgoal

con gurationsto our graphas query nodesand createedgesbe-
tweenthesenodesandall othernodesreachabldrom them. After

thesenodeshave beenaddedwe canexecuteary graphsearchto

nd a pathfrom the startto the goal. We useDijkstra's shortest
pathalgorithmwith distancevaluesasweightsfor computingthe
initial path.

5.3 Simulation and Runtime Path Mo di cation

Onceanestimatedathis computedwe begin our simulationloop
with therobotin its initial con guration. To make the cablefollow
the pathduringthe simulation,we apply our attractionforce to the
rst link of the cablein the directionof the path. This makesthe
rst link of thecablemove alongthedirectionof the path,however
the restof the cabledoesnot alwaysfollow the approximatepath
dueto the dynamicsof the cable. In orderto constrainthe motion
of the entirecable,we apply additionalpath constraintforcesto a
subsetof the links of the cablewhich are selectecbasedon their
position with respectto the curved regions of the path segments
followed by the rst link of the cable. This approachs similar to
xing portionsof thecableagainstawall to ensurdt remainghere.

As thecabletraverseghepath,we checkthecollisionsbetweerthe
cableandtheobstaclesl|f thereexistsacollision betweerthecable
andthe obstacleswe apply collision handlingalgorithmto avoid
thepenetrationsln addition,if thereis a collision betweerthe rst

segmentof the cableandthe obstaclesye updatethe currentpath
segmentby computinganew, constrainednilestoneasdescribedn

Sec.5.4.

For eachsimulationor path-querystep,we apply the following al-
gorithm:

1. Apply attractionforce(Sec.4.5.1)tothe rst link of thecable;

2. Sumall forcesand deformthe cableusingadaptve forward
dynamicy(Sec.4.3);

3. Performcollision detection(Sec.4.4) betweencableandob-
stacles;

4. Apply contactresponséSec.4.5.2)to resohe the collisions;

5. If thereexistsacollisionbetweerthe rst segmentof thecable
andthe obstacle updatethe currentpathsegmentbetweenv;
andvi, ;.

(@) Computenenv milestonev,g, Using constrainedsam-
pling (theapproachs presentedh section5.4);

(b) Updatethe positionof milestonev: 1 t0 Vhew;

(c) Checkecollision betweenthe new pathsegmentv;-vi, |
andtheervironment.

Werepeastepq1) - (4) until apathis foundbetweertheinitial and
nal con gurations,v; andv;. If no pathis found, it is reportedand
theusercaneitheraddmoremilestoner concludethatthereis no



safepath. Otherwisewe endthesimulationwhenit is reportecthat
the objectis sufciently closeto the nal con guration.

5.4 Constrained sampling

Giventhecontactnformationbetweerthe rst sggmentof thecable
andthe obstacle we candeterminethe local tangentspaceof the
obstacledor a given pair of sampledhodesnearthe obstaclesWe
usethis tangentspaceto constrainthe searchof a nev nodewhen
we foundanintersectiorbetweerthe rst link of thecable.andthe
obstacles.

Assumey; is a point on the pathandan externalforce toward this
pointis appliedto therobot. Let P = (P;; B,; P,)T denotethe Carte-
siancoordinate®f thecontactpointin theworld frame.Thecontact
point P correspondso a pointon the rst link of therobot, andis
a3-vectorP(C;) dependingnthecon gurationC; of thecableand
the environment. Let n = (ny; ny;n,)T denotethe Cartesiarcoordi-
natesof thecontactnormalin theworld frame,andassumehatthis
normalis directedtoward the exterior of the obstacle. The local
non-penetratiogonstraints:

dP(C) n ©; (5)

wheredP(G;) is thesmallvariationin thepositionof P correspond-
ing to a small variationd(C;) aroundthe con guration C; of the
robot. This non-penetratiortonstraintde nes a polyhedralsetof
valid variations. Provided the robotin the con gurationC; is in a
consistenstatewith no interpenetrationthe valid variationssetis
non-empty

Becausave uselinearconstraintsthe setof valid variationsis only
alocal piecavise-linearcharacterizatiomf the valid spacearound
v;. Thissetof valid variationscanbeef ciently usedfor local plan-
ning. At runtime,wheneer thereexist a contactbetweerthe rst
link of therobotandthe obstaclewe usethe setof valid variations
to help determinea new nodev,g,, by projectingthe intentional
variationon thesetof valid variations.More speci cally, whenaer
anew tentatve nodeyv; is randomlychosenn the neighborhooaf
thecontact-spacrode we performthefollowing operationdefore
checkingits validity with a discretecollision checler:

1. Computethecorrespondingentatve variationdv; = v, ;.

2. Projectthetentatve variationdv; onthesetof valid variations
to obtainthe new variationdv.

3. Setthenew milestonev,egy = Vi + dv

The projectionof the intentionalvariationdyv; onto the polyhedral
setof constraintds performedby usingthe Wilhelmsenprojection
algorithm[Wilhelmsen1976].

Finally, we notethatthecombinatiorof constrainedamplingn the
contactspaceandsamplingoy ray shootingallows usto accumulate
obstacleconstraints:when&er a new nodev,g, is determinedoy
extendinganodev;, we checkwhetherthenearobstacleconstraints
of v;, arestill valid in the new con guration v,e,. This occursfor
examplewhentherobotcomesin contactwith anobstacle.

6 Results

In this section,we presenthe resultsof our approacton threedif-
ferentbenchmarkof varying compleity. Below are our bench-
markscenarios:

Bridge Model- This modelconsistsof over 5,000 polygons
andthe cableis representeds a 280-link robot with 5,000
polygons.

House Model-This model consistsof over 14,500polygons
andthe cableis representecs a 280-link robot with 5,000
polygons. The househasfour roomsandthereis only one
entryto thehouse.Thehousedoesnot have a ceiling.

Building Model-Thismodelconsistof over 18,200polygons
andthe cableis representecs a 280-link robot with 5,000
polygons. The building hasseven oors andeach oor has
different shapesand dimensions. In order to illustrate the
cable simulationand planningvisually, we place the cable
aroundthe outsideof the building.

Car Model-This modelconsistof over 19,668polygonsand
the cableis representedsa 280-link robot with 5,000poly-
gons.This modelis obtainedrom the MPK modeldatabase.

Our algorithmrunsatinteractve rates averagingabout60 fps. Ta-
ble.lillustratesthetimingsof our planningandsamplingtechnique
in detail.

We alsobenchmarlour algorithmby changingthe samplingtech-
niguein our simulation. Insteadof constrainedsampling,we use
randomsamplingin 3D. In constrainecbasedsampling,we gen-
eratedsamplesearthe corners,edgesandwalls, and we applied
constraintsamplingduring the simulation. However, in random
samplingthesamplesirerandomlygeneratedh 3D. It is important
to note that eachsamplingsteptakes longer but ensureno colli-
sionbetweersamplesisingour constrainedampling.Whenusing
randomsampling,eachsteptakes muchlesstime, but mary sam-
plesgeneratedire not necessarilyn free spacethuscanresultin
longer simulationtime to computea collision free path. In this
benchmarkingsxperiment,we useour adaptve dynamicssimula-
tion framework andcollision handlingmethodin bothcasedor ca-
ble simulations.Table.2 shawvs thetiming comparisorof two sam-
pling techniquesln all casesthe precomputatirusingconstrained
samplingtakesroughly sameamountof time asrandomsampling.
But, the simulationtime is lessusingroadmapgomputedrom our
constrainedamplingmethod.

To demonstratehe path quality generatedy our algorithm with
constrainedsamplingin the contactspacevs. usingrandomsam-
pling for only the rst segmentof the cablein our approachwe
shav acomparisorimagehighlightingthedifferencan pathquality
for theHousein Fig. 2. Noticethatconstrainedamplingresultsin
bettercableplacementhanrandomsamplingfor cablerouteplan-
ning. The computedpathusingconstrainedsamplingtendto stay
aroundthecornerstheedgesandwallsasrealcablesshould;while
the computedpathusingrandomsamplingmay be a valid onebut
canbe obtrusve or unsafefor humanoperatingin the samework
space.

It is alsoimportantto notethatwe cannotapply standard®RM di-

rectly asthe plannemmustknow the nal con gurationsof all cable
segmentsjn orderto nd theintermediateon guratonsfor theen-

tire cable,which hasa very high degreesof freedomandcantake

avery long time to plan ary path. The nal con guration of the

entirecableis whatwe alsoaimto computeatthe sametimein this

paper And, the nal con gurationof all cablesggmentscanbe au-

tomaticallycomputedandsimulatedusingour integratedapproach
presentedhere.

We also include additional sequencesaken from our simulation
runs (seeFig. 3). Our cableroute planningalgorithmis able to
automaticallycomputerealistic pathsfor thesemodestlycomple
models. Our algorithmusing constrainedsamplingsystematically
nds milestonesvhich areeitheron or nearto the obstaclegwalls,
corners,structuralsupports,etc.) andthe cablemovesalongthe
pathnaturallyusing our adaptve multi-body dynamicsat interac-
tive rates.Pleaseaeferto the projectwebsite,



Table2: ComparisorbetweernConstrainedasedSampling(CBS)andRandomSampling

Scene #of Tri. in Cable | #of Tri. in Ervironment | Totaljoints | Motion ErrorMetric | Avg. Time Dynamics(s) Avg. Time Simulation(s) | Total Sim. Time (s)
Bridge 5,600 5,000 280 0.01% 0.0026 0.0045 27.03
0.1% 0.0019 0.0040 23.67
0.5% 0.0013 0.0034 20.07
House 5,600 14,500 280 0.01% 0.0030 0.0051 49.98
0.1% 0.0022 0.0048 47.04
0.5% 0.0017 0.0041 40.01
Building 5,600 18,200 280 0.01% 0.0031 0.0051 41.31
0.1% 0.0025 0.0047 38.07
0.5% 0.0019 0.0040 32.40
Car 5,600 19,668 280 0.01% 0.0034 0.0055 32.49
0.1% 0.0020 0.0040 23.66
0.5% 0.0016 0.0037 22.23
Tablel: Performancéor differentbenchmarks
ConstrainedasedSampling RandomSampling
Scene | Totaljoints | Motion ErrorMetric | Roadmap+Queryime | Total SimulationTime | Roadmap+Querf¥ime | Total SimulationTime

Bridge 280 0.5% 12.31 20.07 8.82 26.82

House 280 0.5% 36.42 40.01 53.26 49.86

Building 280 0.5% 41.64 32.40 39.74 42.93

Car 280 0.5% 46.21 22.23 43.25 26.23

http://gamma.cs.unc.edu/CABLH AN

for morepathsequencegeneratedby our cablerouteplanner

7 Conclusion

We presentnovel algorithmfor planningof cablelayoutsin com-
plex ervironments We proposeavariantof PRMusinganovel con-
strainedsamplingcoupledwith afastadaptve forwarddynamicsal-
gorithmandef cient collisionhandling.Ourapproachs applicable
to mary applicationssuchaswire routing. We have demonstrated
ouralgorithmonfour interestingscenariogindtheinitial resultsare
ratherpromising.

Our currentapproachhassomelimitations. We rst performcon-
strainedsamplingfor the headof the cableandthenthe restof the
cablefollows by adaptvely computingits forward dynamicswith

contacthandlingfor theentirecable.This algorithmdoesnot guar

anteephysically-accuratenotionatall times,but anerrorbounded
approximation Neverthelesstheresultingpathis alwayskinemat-
ically valid andcollisionfree.

Thereare several directionsfor future investigation. It is possible
thatwe cantightly integratethe adaptve forward dynamicsframe-
work with constrainedsampling. This mayresultin a morerobust
systembut athighercomputationatosts.We canapplycontinuous
collision detectionto the cablesimulationduring the pathfollow-

ing.

We would alsolik e to explore cablerouteplanningfor cableswith

multiple brancheswhich canbe usefulin somereal-world appli-
cations.In addition,we planto apply our algorithmto morecom-
plex ervironments suchasa power plant. We would lik e to further
improve theroadmagpconstructiorandcollision detectionfor mas-
sive modelsconsistingof mary millions of geometricprimitives.
And, we would like to apply our simulationin a wider variety of
situations,suchasbundledcables,addingsupportsfor a single or
multiple cablesandalsoto includeawider variety of constraints.
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