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Cable Route Planning in Complex Environments Using Constrained Sampling

Abstract

We presenta route planningalgorithmfor cableandwire layouts
in complex environments. Our algorithm precomputesa global
roadmayof the environmentby 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-body dynamicsandjoint limits. We highlightthe
performanceof our planneron differentscenarioof 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 routeplanningalgorithmsfor 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.

To thebestof ourknowledge thereis very little or nowork doneon
cable(or wire) routing thatincludesbothrealisticphysical simula-
tion andmotion planning. Cableandwire routing canbe posedas
a robotmotion 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
articulatedand deformablebodiescanbe expensve andtime con-
suming.

1.1 Main Results

In this paperwe presentanovel approacHor cableroutingin com-
plex ervironments. We assumehat the cablecanbe modeledas
a highly articulatedrobotwith multiple links andmary degreesof
freedom(dofs).

Our route planningalgorithmis basedon a variantof PRM that
samplesearthe surfacesof the obstaclesn theworkspacelt ini-
tially generategsandomsamplesat the cornersand edgesof the
ervironment.If apathcannotbefound,it samplesontheobstacles
by usingray shootingapproachTheresultingglobalroadmapgom-
putedthis way lies nearthe C-obstacleén the con guration space,
alsoknown asthe contactspacelLatombe1991]. This roadmagps
thenusedasthe guiding pathto planthe motionof theentirecable.
Duringthesimulationwhene&eracollisionoccurshetweerthe rst
link of the cableandthe ervironment,the initial pathis adjusted
basedon “constrainedsampling”, which recomputesa nev node
nearthe contactspace. Our methodexpandsthe initial roadmap
from anodebelongingto the contactspacgcomputedrom a con-
tact point) and nds a new nodearoundthe neighborhoodf the
contactingnode using the projectionmethod[Wilhelmsen1976].
In orderto simulatecabledynamics,we usean adaptve forward
dynamicsalgorithm[Redonetal. 2005]thatselectshemostimpor
tantjoints to performboundederror dynamicsimulationin a hier
archicalmanner Moreover, we developef cient collision handling
techniqueso resole thecontactdor theremaininglinks duringthe
simulation.

Our algorithm achieves realistic simulation resultsand performs
eachsimulationstepatinteractive rates.We have implementedand
testedour systemon Alienware AMD Athlon™ 64 X2 Dual-Core
with 2:41 GHz Processo#800++and2GB of RAM. Ouralgorithm
cansimulatea pathfor cablesconsistingof 200-300links (or dofs)
at interactive rates(averaging60 fps) in modestlycomple envi-
ronmentswith tensof thousandof polygons. Our adaptie dy-
namicsalgorithmprovidessigni cant performancegain compared
to the prior lineartime forward dynamicsalgorithms. In addition,
our constrainedsamplingtechniquegenerateeffective and useful
sampleseartheobstaclessuchasthewalls,doormays,andaround
othersupportstructures.

1.2 Overview

The restof the paperis organizedas follows. In Section2, we

brie y 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

formancein Section6.

2 Previous Work

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

2.1 Cable Simulation

Cablesimulationhasbeenstudiedin therecentyears.Hemgenrother
andDahnepresentanalgorithmfor thereal-timesimulationof vir-
tual cables[Hergenrotherand Dahne2000]. Their simulationis
basedninversekinematics.Thg modelthe cableby usingconsec-
utive cylinder sgmentsthatareconnectedy ball joints. Giventhe
startandgoal positionsof the cable,their algorithmcalculateghe
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shapeof the cableby consideringenegy minimization. In prac-
tice, their algorithmis fastand applicableto interactve 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 achiezed by using mass-spring
modelwith generalizedsprings. They usestiff linear springsand

torsionspringsto presere thelengthof thecable.

Greggoireand Schomempresenta numericallystableand physically
accuratesimulationtool for onedimensionacomponentsn [Gre-
goireandSchomer2006]. They modelthe bendingandtorsionus-
ing the Cosseramodelandthey useageneralizedpring-massys-
temwith a mixed coordinatesystemfor the simulation. However,
their simulationis slow for modelinglong cables For example the
simulationtime for cablethathas300 pointsis around128ms.

2.2 Cable Routing

Thedesignof cableharnesss acomplex andcostlyprocessMany
approachesiave beenproposedto automatethe designprocess.
Conru[Conru 1994] describea systemto route cableharnessus-
ing geneticalgorithms. The geneticalgorithmsare usedto search
routeswhich arecloseto the global minimum. The cableharness
routing problemis decomposednto generatinga harnesscon g-
urationand computinga routefor the harnessn the ervironment.
Both of theseproblemsaresolvedusinggeneticalgorithms.

Holt et al.[Holt et al. 2004] presenta virtual reality systemto aid
cableharnesslesignersTheirapproachHocuseonusagef 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 sggmentscanbeadjustedby 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 andconstrainedsamplingis similar
to the OBPRM algorithm[Amato et al. 1998] andlocal planning
in the contactspace[RedonandLin 2005], althoughour realiza-
tion is quitedifferent.In addition,we incorporatephysicalandme-
chanicalconstraintsusing adaptve forward dynamicsand contact
handling,whereagrior algorithmmostly dealwith geometriacon-
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

function to modeldeformationof the part. Guibaset al. [Guibas
et al. 1999] describea probabilisticalgorithmfor a surfacepatch,
modeledasthe medial axis of the workspace.Ansheleich et al.

[Anshelevich etal. 2000]present pathplanningalgorithmfor sim-
ple volumessuchaspipesandcablesby usinga mass-springep-
resentationLamirauxetal. [LamirauxandKavraki 2001] propose
a probabilisticplannercapableof nding pathsfor a e xible ob-
ject undermanipulationconstraints.The deformationof objectis
computedy usingthe principlesof elasticenegy from mechanics
which makesthemotionplanningdif cult for handlingtheendcon-
straintsand nding minimumenengy curves.In [Moll andKavraki
2004], a differentcurve parametrizationechniquds usedfor han-
dling low-enegy con gurations. In addition, contactpoints with
simpleobstacleareconsideredn 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-baseftee-formdeformationto the robot. Gayleet
al. [Gayle et al. 2005] presentan algorithmfor path planningfor
a e xible robotin comple environments.Thealgorithmcomputes
collision free pathsbasedon physical and geometricconstraints.
Thecollisiondetectiorbetweerdeformableobjectandtheenviron-
mentis achieved by using graphicsprocessors.Sahaet al.[Saha
andlsto 2006]present motionplanningtechniquefor the manipu-
lation of deformabldinearobjects.Theapplicationof theirmethod
in self-knottingandknotting aroundsimple staticobjectsby using
coordinatingdual robot armsis illustratedin the paper The mo-
tion planningalgorithm dependn 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
thephysicalconstraintof therobot,suchascollision detectiorand
contacthandling. Somerecentapproachesleal with generalde-
formablerobotsandenvironments[Rodriguezet al. 2006], but do
not modelfriction andmotion constraintge.g. joint limits) which
could be necessaryo realistically modelthe interactionbetween
thecableandtherestof theenvironment.

3 Overview

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

3.1 Notation

We assumeéhateachcablecanbe modeledasa 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 timet canbe describedas a vector of joint
anglesalongwith the position and orientationof the baseof the
robot. Thepositionof thehead( rst link) of thecableis represented
by Chead(t), Whichis the positionandorientationof this link.

We assumethat the setof obstaclesarerigid andthey arerepre-
sentedasO = f0;;0,;:::9 in the workspaceW. A roadmapG =
fV;Eg, in the free workspacethe spaceexternalto the obstacles,
consistf a milestoned/ = fvy;v,;::igandlinks E = fey; &;:::0.
A pathin this roadmapis an agyclic sequencehat connectstwo
milestones.

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

3.2 Cable Simulation

When simulating a cable, there are a numberof considerations
which mustbe accountedrst. First, to model a realistic cable,
we assumethat its length will not changeduring the simulation.
This holdssincelittle or no stretchingwill occurin mostwiresand
cablesvhenforcesareappliedto theends.

In addition,our simulationmustpresere geometricand mechani-
cal propertiesof the cableitself. This primarily accountdor pen-
etrationswith the ervironmentandalsowith itself aswell aspre-
venting a cable from bendingtoo much. To efciently simulate
the cable,we take advantageof adaptie forward dynamicsfor ar

ticulatedbodies[Redonet al. 2005] and develop a new collision

handlingmethod.

Our plannerappliesseveral constraintgo the cablein orderto en-
surethatit cansuccessfullyeachits goal. Pathconstraintareused
to move it alonga speci ed path,andcollision constraintseensure
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 doneas
a precomputatiorstep and is respondsiblgfor nding a guiding

path throughthe ernvironment. This guiding path doesnot need
to be completelycollision free with respecto the robot. The sec-
ondstageusesconstrainealynamicalsimulationto move therobot
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 geometricandphysical constraints
arepresenred. For our problem this allows the cableto move along
asimpleguiding pathwithoutviolatingits constraints.

4 Cable Simulation

The geometricand physical characteristicef the cablesshouldbe
simulatedrealisticallyandef ciently for real-timeapplications.In
this section,we rst stateour assumptiongndthe basicrepresen-
tationfor modelingcablesthenwe describeour approactor sim-
ulating cabledynamics.

4.1 Assumptions and Representations

Cableshave variousmaterialpropertiesdependingn its type and
usageln thiswork, we assuméhatacableconseresits lengthdur-

ing the simulation. A cableconsistsof rigid segmentsthat cannot
be stretchedbr shearedlts lengthremainsconstantwwhendragged
or pulled. Its crosssectionis undeformableandthe massof each
segmentis samealongthe entire cable. To modeleachcable,the
lengthof thecablecanbespeci edby thenumberof rigid segments

or the lengthof eachrigid segment. By changingoneof thesepa-
rametersthe usercan modelcablesof varying lengths. Basedon
theseassumptionswe canmodeleachcableasa chainof articu-
latedlinkages,i.e. asahighly 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 recomputeghe forward dynamicsof a cableby only
simulatingthe joints that bestapproximateghe overall motion of
the entire chainwith boundederrors. The adaptve dynamicsau-
tomatically selectsactive joints basedon motion error metricsto
computean errorboundedapproximationof the articulated-body
dynamics.Theusercanchangeghemotionerrormetricfor control-
ling the numberof joints thatwill beactive or rigidi ed duringthe
simulation.

Thecontacthandlingis alsoanimportantissuein cablesimulation.
The cableshoulddeformrealisticallydueto contactsandthe pen-
etrationshouldbe preventedwhenthereis a collision betweerthe
cableandthenearbyobstaclesWe developapenalty-basedontact
response&apableof 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 19994a],
[Featherstonel999b]. Featherstone'algorithmis a linear time
algorithmto computethe forward dynamicsof anarticulatedoody
basedon the forces appliedto it. The algorithm relies on the
following articulated-bodyequation:

2313 2 1 12 lm32?132613
gh3. 5 ¢ THRLESY
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@
whered; isthe6 1 spatialacceleratiorof link i, fisthes 1
spatialforceappliedtolink i, B; isthe6 1 biasacceleratiomf link
i (theacceleratiotink i would haveif all link forceswerezero),
isthe6 6 inversearticulated-bodynertiaof link i, and j is the
6 6 cross-couplingnverseinertiabetweerlinksi andj.

TheDCA emplgys arecursve de nition of anarticulatedbody: an
articulatedbodyis a pair of articulatedoodiesconnectedy ajoint.
The sequencef assemblyoperationss describedn an assembly
tree eachleaf nodeof the assemblytree represents rigid body
while eachinternal node describesan assemblyoperation,i.e. a
subassemblyf thearticulatecbody Therootnodeof theassembly
treerepresentshe completearticulatedbody:

Theforward dynamicsof the articulatedbody arecomputedn es-
sentiallytwo steps. First, the main passrecursvely computeshe
inverseinertias,theinversecross-couplingnertias,andthebiasac-
celerationof eachnodein the assemblytree,from the bottomup.
Thenthe badk-substitutiorpasscomputeghe acceleratiorandthe
kinematic constraintforcesrelative to the principal joint of each
internalnodein the assemblytree,in a top-dovn way. Whenthe
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DCA completesall joint accelerationandall kinematicconstraint
forcesareknown.

4.3 Adaptive articulated-b ody dynamics

Featherstone'DCA is linearin the numberof joints in the articu-
latedbody: all nodeshave to be processeth eachpassof thealgo-
rithm, andeachjoint acceleratiomasto be computed Determining
a pathor resolvingcontactsfor a highly articulatedoody could be
prohibitively slow usinga typical forward dynamicsalgorithm. In
orderto improve theperformancef theplannerweincorporatehe
adaptve dynamicsalgorithmby Redonet al. [Redonet al. 2005]
to lazily simulatethe articulatedbody motion that bestrepresents
the overall motion of the robotwith an errorboundedapproxima-
tion. Essentially this enhancedlgorithmallows us to systemat-
ically choosethe appropriatenumberof joints that are simulated
in the articulatedbody, by automaticallydeterminingwhich joints
shouldbe simulated,n orderto provide a high-qualityapproxima-
tion of thearticulated-bodynotion.

Essentiallythe adaptve algorithmrelieson the proofthatit is pos-
sibleto computeanacceleration metricvalue

A@C)= 3 9g A 2

i2C

i.e. aweightedsumof thejoint accelerations thearticulatecbody,
befoe computingthe joint acceleationsthemselvesSpeci cally,
they shav thattheacceleratiometricvalueA (C) of anarticulated
bodycanbecomputedrom theforcesappliedto it:

2 312 32 3 2 312
12 im ?l
E éé | Z"éE“%E %E
A(C)= . .
.m2 m ?m
(3)
where jand jjare6 6matricesp;isa6 1vectorandh is

in IR. Thecoefcients j, jj, p; andh arecalledtheacceleation
metriccoefcients of thearticulatedbody.

The acceleratiormetric is usedto predictwhich nodeshave the

largestoverall acceleratiorduring the top-davn back substitution
pass. Computationof joint accelerationsre restrictedto these
nodeswhile implicitly assuminghat the otherjoint accelerations
arezero. In effect, this allows us to determinean error-bounded
approximationof the articulated-bodyaccelerationandevolve the

setof active joints accordingly

In summarythe adaptve algorithmis ableto automaticallydeter
minewhich joints move themost,accordingo theacceleratiomnd
asimilarvelocitymotionmetrict, basecntheforcesappliedto the
articulatedbody,

4.4  Collision Handling

The collision detectionbetweenthe cableand the ervironmentis
performedusinga hybrid boundingvolumehierarcly. We perform
two culling steps basedon axis-alignedboundingboxes(AABBS)
andorientedboundingboxeg OBBSs),to helplocalizepotentialcol-
lisions,beforeperformingintersectiortestsatthetrianglelevel. We
pre-comput@ndstoreonehierarcly of orientedboundingooxesfor
eachrigid cablelink andeachrigid ervironmentobstacle We also
precomput@neaxis-alignedoundingbox for eachobstaclen the

1In ourimplementationyve useidentity weightmatrices.

Assembly Tree for C

Figurel: Constructiorof anarticulatedbody An articulatedbody
A is connectedo body B at the principal joint, j,, to form body
C. Theassemblyreefor C is shavn beneattthebody Forcesand
accelerationsvhich governC's motionareshavn.

ervironment. The OBB hierarchiesand AABBs of ervironment
obstacleglo not have to be updatedduring planning.

At runtime, we determinethe intersectiondetweenthe cableand
the environmentobstacleausing the following collision detection
algorithm:

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

% N identicalto theassemblyreeof thearticulatedbody.
+h;

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 reportthethecor
respondingntersectiorsegment.

After collisionsbetweenrthe cableandthe obstaclesave beende-
termined thecollision responsés computedisinga penalty-based
approachasdescribedn Sec.4.5.3.

updatedateachframe.Initially, the AABB of eachlink in thecable
is updatedusingtheroot OBB of the OBB-tree.

4.5 Constraint Forces

In our simulation,in additionto the internalforcesfor kinematic
constraintsyve alsoapply externalconstrainforcesfor makingthe
cablemove alongthe computedpath andfor handlinginteraction
betweenthe cableandthe obstacles. Next, we will describethe
formulationsof theseconstrainfforces.
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45.1 Attraction Force to the Goal

To malke the restof the cablefollow the computedpath,we apply
attractionforcesto the rst link of the cablealongthe directionof
the path. Initially, we discretizethe pathinto a sequencef very
closemilestonesy; andthenwe apply attractionforce to the rst

link of thecableto constrairit alongthepath. Thisforceis basically
aspringforce betweerthe rst link of the cableandthe computed
path,andits magnitudes proportionalto the distancebetweerthe
rst link of the cableandtheintermediategoalq; onthe path.

fiAnraﬁiO” = k(L; Lres) “)

In this formulation, k is the springconstantL ; is the distancebe-
tweenthe milestoneq; andthe rst link of the cable,andL (eq is
the intendeddistancebetweenthe rst link of the cableandthe
milestoneq;. When this force becomedessthan a userde ned
thresholdwe concludethatthe cablereachedhe milestoneq; and
weresettheintermediategoalto q;. ;.

4,5.2 Path Constraint Forces

In orderto constrainthe motion of the entirecablealongthe com-
putedpath,we apply pathconstrainfforcesto a subsebf thelinks

of the cable,asapplyingforceto eachlink is computationallyex-

pensve andinef cient. We selectthelinks to be constrainedased
ontheir positionwith respecto thecurvedportions(suchasaround
thecorners)of the pathfollowedby the rst link of thecabledueto

the attractionforcesto thegoalcon guration.

At eachiteration,we nd thenearestinks to thecurvedportionand
we apply constrainfforcesto theseinks (seeFig. 2):

(P xi)

f_Conslraint — Wcurvaure ]
' kxP ik

©)

wherew ¢iVaure is g weight dependson the curvature of the path
segmentthatnodei is constrainedy; is the positionof nodei and
x P is the projectionof x; on pathsegment.

Figure2: Pathconstrainforce

4.5.3 Contact Handling Forces

Whenacollisionis detectedetweerthecableandtheobstacledur

ing the “Exact ContactDetermination”stepof the collision detec-
tion algorithm,we applyaforcein thedirectionof contactnormal
to keepthecableapartfrom thesurfaceof theobstacleLet x; bethe

positionof contactlink i, x™* is the projectionof x on the obsta-
cle andN; is the normalvectorat positionx”®. Thenthe collision
responsdorce will be proportionalto the penetrationdistanced,
where .

d= """ xj)N; (6)

andthe contacthandlingforcewill be
foortad = kN ;d ©)
wherek is the collision coefcient.

Giventhebasicstepsof our cablesimulationmodule,we will next
describeour motion planningalgorithm and 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. GlobalRoadmagGeneration
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 efcient contacthan-
dling andpositionalconstraints.

Next, we will describeeachstepin moredetail.

5.1 Global Roadmap construction

The probabilisticroadmap(PRM) algorithmis commonlyusedfor
robotmotionplanning.We developavariantof PRMfor computing
theroadmapof the ervironment. For simplicity andef ciency, we
rst treatthe cableasa pointrobotandthenmalke pathadjustments
using constrainedsamplingand constraineddynamicssimulation.
This stratgyy makesthe roadmapconstructiorfastandeffective.

5.1.1 Contact-Space Sampling

Oneof theimportantaspectof ary randomizedoadmapplanner
is the methodusedto generatesampledn the con guration space.
Sincetypically cablesandwiresshouldbeplacedn suchaway that

they attractaslittle attentionaspossible pneof our samplinggoals

isto nd samplesn thefreespacewhich 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 moreconstrainplanegwalls), thentheintersection®f two con-
straintplanes. Randomsamplesare rst taken at theselocations.
Thesepoints are shifted away from the walls by an amountd to

ensurehatthelocal 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,
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thenextra milestonesaregeneratedby shootingrayson thesecon-
straintplanes(walls), which typically arethe xy-, 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 segmentbetweenv; andv; thatdoesnotintersectwith ary ob-
staclein O. For connectingheinitial and nal con gurationto the
roadmapye alsoplacethemin the milestonesetandperformlocal
planningfor themaswell.

5.2 Computing a Guiding Path

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

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 Modi cation

Onceanestimatedathis computedwe begin our simulationloop

with therobotin its initial con guration. To make the cablefollow

the pathduringthe simulation,we apply our attractionforceto the
rst link of the cablein the direction of the path. This makesthe
rst link of thecablemove alongthedirectionof the path,howvever
the restof the cabledoesnot alwaysfollow the approximatepath
dueto the dynamicsof the cable. In orderto constrainthe motion
of the entire cable,we apply additionalpath constraintforcesto a
subsetof the links of the cablewhich are selectedbasedon their
position with respectto the curved regions of the path segments
followed by the rst link of the cable. This approachis similar to

xing portionsof thecableagainstawall to ensurdt remainghere.

As thecabletraverseghe path,we checkthecollisionsbetweerthe
cableandtheobstacleslf thereexistsacollision betweerthecable
andthe obstaclesye 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)to the rst link of thecable
and positional constraintforces (Sec.4.5.2) to the selected
links in thecable;

2. Sumall forcesand deformthe cableusingadaptve forward
dynamicgSec.4.3);

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

4. Apply contactresponséSec.4.5.3)to resolhe thecollisions;

5. If thereexistsacollisionbetweerthe rst segmentof thecable
andthe obstacle updatethe currentpathsegmentbetweenv;
andvis 1.

(@) Computenen milestonev,q, using constrainedsam-
pling (theapproachs presentedh section5.4);

(b) Updatethe positionof milestonev; 1 t0 Vpey;

(c) Checkecollision betweenthe new pathsegmentv;-vi, 1
andtheervironment.

Werepeastepq1) - (4) until apathis foundbetweertheinitial and

nal con gurations,v; andv;. If no pathis found, it is reportedand
theusercaneitheraddmoremilestonesr concludethatthereis no
safepath.Otherwisewe endthesimulationwhenit is reportedhat
theobjectis sufciently closeto the nal con guration.

5.4 Constrained sampling

Giventhecontactinformationbetweerthe rst segmentof thecable
andthe obstacle we candeterminethe local tangentspaceof the
obstacledor a given pair of samplechodesnearthe obstaclesWe
usethis tangentspaceto constrainthe searchof a new nodewhen
we foundanintersectiorbetweerthe rst link of thecable.andthe
obstacles.

AssumeC; is a con guration pointin theroadmapandan external
force toward this con guration is appliedto the robot. Let P =
(PR P,)T denotethe Cartesiancoordinatesof the contactpoint
in the world frame. The contactpoint P correspondgo a point
on the rst link of the robot, andis a 3-vector P(C;) depending
on the con guration G; of the cableandthe ervironment. Let n =
(ny;ny; n,)T denotethe Cartesiarcoordinate®f the contactnormal
in theworld frame,andassumehatthis normalis directedtowards
theexterior of theobstacle Thelocal non-penetratioconstrainis:

dP(C) n 0, ®)

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

Becauseve uselinearconstraintsthe setof valid variationsis only
alocal piecavise-linearcharacterizatiomf the valid spacearound
the con gurationC;. This setof valid variationscanbe ef ciently
usedfor local planning.At runtime,wheneer thereexist a contact
betweerthe rst link of the robotandthe obstaclewe usethe set
of valid variationsto helpdeterminea nev nodeC,qy, by projecting
theintentionalvariationon the setof valid variations.More specif-
ically, wheneer a new tentative nodeC,; is randomlychosenin the
neighborhoof the contact-spaceode, we perform the follow-
ing operationseforecheckingits validity with a discretecollision
checler:

1. Computethe correspondindentatve variationdC; = C; G,.

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

3. Setthenew milestoneCe, = G+ dC

The projectionof the intentionalvariationdC; ontothe polyhedral
setof constraintds performedby usingthe Wilhelmsenprojection
algorithm[Wilhelmsen1976].
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Finally, we notethatthecombinatiorof constrainedamplingn the
contactspaceandsamplingby ray shootingallows usto accumulate
obstacleconstraints:wheneer a nev nodeC,q, is determinecby
extendinganodeC;, we checkwhetherthenearobstacleonstraints
of G;, arestill valid in the new con gurationC,e,. This occursfor
examplewhentherobotcomesn 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 representecs a 280-link robot with 5,000
polygons.

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

Building Model-Thismodelconsistof over18,200polygons
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 simulation and planning visually, we placethe cable
aroundthe outsideof the building.

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

Our algorithm runs at interactve rates, averagingabout 60 fps.
Fig. 3 illustratesthe timings of our planningand samplingtech-
niquein detail.

In our simulation,in orderto make the cablefollow the exactpath,
we applied positional constraintsto the selectedjoints basedon
their position insteadof applying constraintto eachlink. Fig. 4
illustratesthe comparisorof the simulationtime for positionalcon-
straints.

We also comparedour algorithm by changingthe samplingtech-
niquein our simulation. Insteadof constrainedsampling,we use
randomsamplingin 3D. In constrainechasedsampling,we gen-
eratedsamplesearthe corners,edgesandwalls, andwe applied
constraintsamplingduring the simulation. However, in random
samplingthe samplesarerandomlygeneratedn 3D. Fig. 5 shavs
thetiming comparisorof two samplingtechniques.

To demonstrateéhe path quality generatedy our algorithm with
constrainecsamplingin the contactspacevs. usingrandomsam-
pling in our approachwe shav a comparisorimagehighlighting
the differencein pathquality for the Bridgein Fig. 6. Notice that
constrainedamplingresultsin bettercableplacementhanrandom
samplingfor cablerouteplanning.

We also include additional sequencesaken from our simulation
runs(seeFig. 7-10). Our cablerouteplanningalgorithmis ableto
automaticallycomputerealistic pathsfor thesemodestlycomple
models. Our algorithmusing constrainedsamplingsystematically

nds milestoneshich areeitheron or nearto the obstaclegwalls,
corners,structuralsupports,etc.) andthe cablemovesalongthe
pathnaturallyusing our adaptve multi-body dynamicsat interac-
tive rates.

Figure6: Path quality comparisoron the Bridge Model usingour
algorithmwith constrainegamplingin the contactspacgTop) and
with randomsampling(Bottom). Notice that the cableis better
placednearthe supportstructureson the bridge with constrained
sampling.Usingrandomsampling the cableis simply routedfrom
its initial con guration to the nal con guration throughunclut-
teredspaceandthe placemenbf the cableappearsatherawkward.

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 interestingscenariogndtheinitial resultsare
ratherpromising.

Our currentapproacthassomelimitations. We rst performcon-
strainedsamplingfor the headof the cableandthentherestof the
cablefollows by adaptvely computingits forward dynamicswith
contacthandlingfor theentirecable.This algorithmdoesnot guar
anteea physically-correctmotion and deformationat all time, but
an errorboundedapproximation. Neverthelessthe resultingpath
is alwaysvalid andcollision free.

Thereare several directionsfor future investigation. It is possible
thatwe cantightly integratethe adaptve forward dynamicsframe-
work with constrainedampling. 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 canbeusefulin somereal-world applica-
tions. In addition,we planto applyour algorithmto morecomple

ervironmentssuchasa power plant. We would like to furtherim-

prove theroadmapconstructiorandcollision detectiorfor massve
modelsconsistingof mary millions of geometrigorimitives.
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Scene #of Tri. | # of Tri. in # of Total | Motion Avg. Time Avg. Time Total Sim.
in Environment | Positional joints | Error Dynamics(s) | Simulation{s) | Time (s)
Cable Constraints Metric
Bridge 6,600 6,000 6 280 0.01% 0.0026 0.0046 27.03
0.1% 0.0019 0.0040 2367
0.5% 0.0013 0.0034 2007
House 5,600 14,500 9 280 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 6 280 0.01% 0.0031 0.0051 4131
0.1% 0.0026 0.0047 3807
0.5% 0.0019 0.0040 3240
Car 5,600 19,668 7 280 0.01% 0.0034 0.0085 3249
0.1% 0.0020 0.0040 23.66
0.5% 0.0016 0.0037 2223
Figure3: Performancéor differentbenchmarks
Positional Constraint Positional Constraint
Scene # of Motion to Selected Links To Every Link
Positional Error - - - -
Constraints | Metric Avg. Tlrne A_vg. Sim. | Avg. Tlrne Avg. Sim.
Dynamics(s) | Time (s) Dynamics(s) | Time (s)

Bridge 6 0.01% 0.0026 0.0045 0.0063 0.013

0.1% 0.0019 0.0040 0.0041 0.011

0.5% 0.0013 0.0034 0.0032 0.008

House 9 0.01% 0.0030 0.0051 0.0062 0.018

0.1% 0.0022 0.0048 0.0052 0.017

0.5% 0.0017 0.0041 0.0043 0.016

Building | 6 0.01% 0.0031 0.0051 0.0062 0013

0.1% 0.0026 0.0047 0.0066 0.013

0.5% 0.0019 0.0040 0.0044 0.011

Car 7 0.01% 0.0034 0.0055 0.0074 0.014

0.1% 0.0020 0.0040 0.0049 0012

05% 0.0016 0.0037 0.0040 0.011
Figure4: Comparisorof applyingpositionalconstraintdo eachlink in thecablevs. selectedinks
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Figure5: ComparisorbetweenConstrainedasedSampling(CBS)andRandomSampling

Figure7: Cablerouteplanningon the Bridge Model

Figure8: Cablerouteplanningon the HouseModel

Figure9: Cablerouteplanningon the Building Model
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Figure10: Cablerouteplanningonthe CarModel
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