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Abstract

Thisarticle discussethebasiccapabilitiesneededo enablerobotsto operatein human-populatedn-
vironmentgor accomplishinghoth autonomousasksand human-guidedasks. Thesecapabilitiesare
key to manynew emeging robotic applicationsin service construction, eld, underwaterand space
An important characteristic of theserobotsis the “assistance” ability they can bring to humansin
performingvariousphysicaltasks. To interact with humansand operate in their environmentsthese
robotsmustbe providedwith the functionality of mobility and manipulation. Thearticle presentde-
velopment®f models stratggies,and algorithmsconcernedvith a numberof autonomougapabilities
that are essentiafor robotoperationsin humanervironments.Thesecapabilitiesinclude: integrated
mobility andmanipulation coopeative skills betweermultiplerobots,interactionability with humans,
andefcient tedniquedor real-timemodi cation of collision-freepath. Thesecapabilitiesare demon-
stratedon two holonomicmobile platformsdesignedand built at Stanfod University in collaboration
with OakRidge NationalLaboratoriesand NomadicTednologies.

1 Intr oduction

A new eld of roboticsis emeging. Robotsaretodaymoving towardsapplicationdheyondthe struc-
turedervironmentof a manufcturingplant. They aremakingtheir way into the everydayworld that
peopleinhabit— hospitals pf ces, homesconstructiorsites[6, 22, 23], andotherclutteredanduncon-
trolled environments.While advancinginto thesenew areasthe currentgeneratiorof serviceand eld
robotssuffer majorshortcoming®ecausef theirlimited abilitiesfor manipulatiorandinteractionwith
humans.Their operationsare mostly concernedvith transportationandrarely involve morethanthe
simplestmanipulationtasks.

The successfuintroductionof roboticsinto humanenvironmentswill rely onthedevelopmenif com-
petentandpracticalsystemghataredependablesafe,andeasyto use. The valueof their contrikution
to the work ervironmentwill have to be unquestionablandtheir task performancenustbe asreli-
ableasthatof a humanworker. Typical operationsarecomposedf varioustasks,someof which are
sufciently structuredo be autonomouslyperformedby a robotic systemwhile mary othersrequire
skills thatarestill beyond currentrobot capabilities. Today thesetaskscanonly be executedby a hu-



manworker. Theintroductionof arobotto assista humanin suchtaskswill reducefatigue,increase
precisionandimprove quality; whereaghehumancanbring experienceglobalknowledge andunder
standingto the executionof task. During an assistanceéask,the robot mustbe capableof performing
basicautonomou®perationsnvolving both navigationandmanipulation.For moreelaborateanddel-
icate operationsthe assistantin its supportingrole, mustbe ableto interactand cooperatewith the
humanwhenperforminga guidedtask. The discussiorin this article focuseson the basiccapabilities
neededor manipulationandposturebehaiors, cooperatiorbetweermmultiple robots,interactionwith
thehumansandef cient techniquedor real-timecollision-freepathmodi cations.

The developmentof robotsin humanenvironmentswill dependargely on thefull integrationof mo-

bility andmanipulation.Mobile manipulationis a relatively new researcharea. Thereis, however, a
largebodyof work devotedto the studyof motioncoordinationn thecontext of kinematicredundany.

In recentyears thesetwo areashave begunto memge, andalgorithmsdevelopedfor redundantnanip-
ulatorsarebeingextendedto mobile manipulationsystemg28, 4, 19]. Typical approache$o motion
coordinationof redundansystemsely onthe useof pseudoor generalizednversedo solve anunder

constrainedr degeneratesystemof linear equationswhile optimizing somegiven criterion. These
algorithmsareessentiallydrivenby kinematicconsiderationandthe dynamicinteractionbetweerthe
endeffectorandtherobot's self motionsareignored.

Our effort in this areahasresultedin a task-orientedramenork for the dynamiccoordinatior{14] of

mobile manipulatorsystemsThedynamiccoordinationstrategy we developeds basedn two models
concernedvith the effector dynamicg11] andthe robot self-posturebehaior. The effector dynamic
behaior modelis obtainedby a projectionof therobotdynamicsnto thespaceassociatewvith thetask,
while the posturebehavior is characterizethy the complemenbf this projection.To controlthesetwo

behaiors, a consistentontrolstructureis required. The article discusseshesemodelsandpresenta
uniquecontrolstructurethatguaranteedynamicconsisteng anddecouplegosturecontrol[12], while

providing optimalresponsienesat the effector.

Anotherimportantissuein mobile manipulationconcernsthe developmentof effective cooperation
stratgiesfor multiple robots[25, 7, 24, 1, 8]. Our earlierwork on multi-arm cooperatiorestablished
the augmentedbject model, describingthe dynamicsat the level of manipulatedobject[15], and
the virtual linkagemodel[26], characterizingnternalforces. Effective implementatiorof cooperatie
manipulatiorreliesontheavailability of ahigh-rateforcesensoryfeedbackrom thecooperatingobots
to the controller While force feedbackis easily accessibldor multi-arm systemsthe accesdo this
datais dif cult for mobile platforms. The article presents decentralizedooperatiorstratgy thatis
consistenwith the augmenteabjectand virtual linkagemodels,preservingthe overall performance
of the system.

A robotic systemmustbe capableof sufcient level of competencéo avoid obstaclesluring motion.
Evenwhena pathis provided by a humanor otherintelligent planner sensomuncertaintieandunex-
pectedobstaclesanmalke the motionimpossibleto complete.Our researchon the arti cial potential
eld method[10] hasaddressethis problematthecontrollevel to provide ef cient real-timecollision
avoidance. Due to their local nature,however, reactve methods[10, 17, 2, 18] arelimited in their
ability to dealwith complex ervironments.Using navigationfunctions[16] the problemsarisingfrom
thelocality of thepotential eld approactcanbeovercome.Theseapproached)owever, donotextend
well to robotswith mary degreesof freedom,suchasmobile manipulatord5, 29]. Our investigation



of a framework to integratereal-timecollision avoidancecapabilitieswith a global collision-freepath
hasresultedin the elasticbandapproach21], which combinesthe bene ts of global planningand
reactve systemsn the executionof motiontasks. The conceptof elasticbandswasalsoextendedto
nonholonomiaobots[9]. Thearticlediscussesur ongoingwork in this areaandpresentsa novel ap-
proachtheelasticstrip[3], which allowstherobot's freespaceo becomputedandrepresentedirectly
in its workspaceratherthanin its high-dimensionaton guration space.The resultingalgorithmsare
computationallyef cient andcaneasilybeappliedto robotswith mary degreesof freedom.
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Figurel: The StanfordRoboticsPlatforms:two holonomicplatforms,eachis equippedvith a PUMA
560 arm, varioussensorstwo computersystemsa multi-axis controlle; andsufcient batterypower
to allow for autonomou®peration.

The discussionn this article focuseson the variousmethodologiesievelopedfor the integration of
mobility andmanipulationthecooperatiorbetweermultiple roboticplatforms theinteractionbetween
humansandrobots,andfor thereal-timemodi cation of collision-freepaths.Thearticlealsopresents
theimplementatiorof thesedevelopmenton the Stanfordrobotic platforms,shavn in Figurel.

2 Mobility and Manipulation

The ability to interactwith the environmentis animportantcapabilityfor robotic systemsgrabbing,
lifting, pushing,andmanipulatingobjects,while maneueringto reach,avoid collision, and navigate
in theworkspaceThe controlof thetwo functionalities,mobility andmanipulationmustaddres$oth
their complex kinematic coordination,and their strongdynamicinteractionand coupling. Another
critical aspecobf mobilemanipulationrdynamicss the higherrequirementsnanipulationtaskshave on
therobotresponsienessomparedvith thoseof mobility.

Mobile manipulatosystemsharemary of thecharacteristicef macro/ministructure$12]: coarseand



slow dynamicresponsesf the mobile base(the macromechanism)andtherelatively fastresponses
andhigheraccurag of the manipulator(the mini device). Inspiredby thesepropertiesof macro/mini
structureswe have developeda frameawork for the coordinationand control of mobile manipulator
systems.This framewvork providesa uniquecontrol structurefor decouplednanipulationandposture
control,while achiezing optimalresponsienessat the effector This control structureis basedon two
modelsconcernedvith the effectordynamicbehaior andtherobotself-posturéoehaior. The effector
dynamicbehaior modelis obtainedby a projectionof the robot dynamicsinto the spaceassociated
with the effector task, and the posturebehaior modelis characterizedy the complementof this
projection.

We rst presenthe basicmodelsassociatedavith the endeffector In a subsequergectionwe present
thevehiclearmcoordinatiorstratgy andposturecontrolbehaior.

2.1 Effector Dynamic Behavior

Thejoint spacedynamicsof a manipulatoraredescribedy

1)
where isthe joint coordinates, is the Kinetic enegy matrix, is the vectorof
centrifugaland Coriolis joint forces, is the vectorof gravity, and is the vectorof generalized

joint forces.

For a non-redundantobot, the effector dynamicbehaior is describedoy the operationakpaceequa-
tionsof motion[11]

2)
where , is thevectorof the operationakoordinatesiescribingthe positionandorientationof the
effector, isthe kinetic enegy matrix associateavith the operationakpace. ,
and arerespectrely the centrifugaland Coriolis force vector, gravity force vector and generallzed
forcevectoractingin operationakpace.

Basedon this model,the control structurefor end-efectordynamicdecouplingandmotioncontrolis

®3)

where : , and representhe estimatesof , , and . The vector
representshe input to the decoupledsystem. The generalizedoint forces requiredto producethe
operationaforces are

(4)

where is the Jacobiammatrix. With perfectestimate®f the dynamicparametershe closedlioop
systemis describedy the

where is the identity matrix. The useof the forcesgeneratedt the endeffector to control motions
leadsto a naturalintegrationof motionandforce control[11].



2.2 Vehicle/Arm Dynamics

An importantcharacteristiof mobile manipulatorsystemss the macro/ministructurethey possess.
Our study hasshawvn [12] that, in any direction, the inertial propertiesof a macro/mini-manipulator
systemare smallerthan or equalto the inertial propertiesassociatedvith the mini structurein that
direction. A moregeneralktatemenbf this reducedeffective inertial propertyis thattheinertial prop-
ertiesof aredundantobotareboundedabore by the inertial propertiesof the structureformedby the
smallestistal setof degreesof freedomthatspanthe operationakpace.

Thereduceceffectiveinertialpropertystateghatthedynamicperformancef avehicle/armsystencan
be madecomparabldgo and,in somecasesbetterthanthatof the manipulatorarmalone. A dynamic
coordinationstrategy that allows full utilization of the mini structure$ high bandwidthis essential
for achieving effective task performanceparticularlyin compliantmotion operations.The dynamic
behaior at the end-efector of a mobile manipulatoris obtainedby the projectionof its joint-space
dynamicg(1) into operationakpace

)
where
a (6)
is the dynamicallyconsistentjeneralizednverse [12], whichminimizestherobotkinetic enegy,
and
(7)
In the caseof non-redundananipulatorsthe matrix reducego

The increasen the responsienessof the robotic systemis achieed by a control structureidentical
to the oneusedin the non-redundantase.For redundantobots,this control structureproducegoint
motionsthatminimizetherobot'sinstantaneoukineticenegy. As aresult,ataskattheeffectorwill be
carriedout by the combinedactionof the setof joints that possesshe smallesteffective inertial prop-
erties.This givesa prominentrole to thearmof a mobile manipulatorfor performingthe effectortask.
However, typical operation®f a mobilemanipulatorextendmuchbeyondthelimited workspaceof the
arm,giving themobile baseanimportantrole in providing coverageof wide areasof theworkspace.

2.3 Posture Control Behavior

The posture the robot's relative con guration to the mobile base,is key to extendingthe workspace
of amobile manipulator An importantconsiderationn the developmentof posturecontrol behaiors
is the interactionsbetweenthe postureandthe effector. It is critical for the effector to maintainits
responsienessandto be dynamicallydecoupledfrom the posturebehaior. The posturecanthen
be treatedseparatelyfrom the effector task, allowing intuitive task speci cationsand effective robot
control. In our approachthe overall control structurefor the integrationof mobility andmanipulation
is basedon thefollowing decompositiorof joint torques

(8)



with
9)

This relationshipprovidesa decompositiorof joint forcesinto two control vectors: joint forcescor-
respondingo forcesacting at the effector, , andjoint forcesthat only affect the robot posture,

. To controlthe robotfor a desiredposture the vector will be selectedasthe gra-
dientof a potentialfunctionconstructedo meetthe desiredposturespeci cations.Theinterferenceof
this gradientwith the end-efectordynamicss avoidedby projectingit into the dynamicallyconsistent
null spaceof ,l.e. .

Collision avoidancecanbe alsointegratedin the posturecontrol asdiscussedn section4. With this
posturebehaior, theexplicit speci cationof theassociatethotionsis avoided,sincedesirecbehaiors
aresimply encodednto specializedpotentialfunctionsfor varioustypesof operations.This is illus-

tratedin the simulationresultsfor a 24-degree-of-freedonmumanoidsystemshowvn in Figure2, whose
taskwasgeneratedrom simplemanipulationandposturebehaiors.

Figure2: ManipulationandPostureBehaviors: a sequencef threesnapshotérom the dynamicsimu-
lation of a 24-degree-of-freedonmumanoidsystemwhosetaskis generatedrom simplemanipulation
andposturebehaiors.

3 Cooperative Manipulation

The developmentof effective cooperatiorstratgiesfor multiple robotplatformsis animportantissue
for boththe operationgn humanenvironmentsandthe interactionwith humans.Humanguidedmo-
tions mayinvolve tightly constrainecooperatiorperformedthroughcompliantmotionactionsor less
restrictedasksexecutedhroughsimplerfree-spacenotioncommandsSeveralcooperatre robots for
instancemay supportaload while beingguidedby the humanto anattachmentor visually following



theguideto adestinationln this sectionwe focuson constrainedooperatiorbetweermultiple robots
anddescribeour approacHor a decentralizedtrateyy for robotcooperation.

Our approachs basedon the integration of two basicconcepts:The augmenteabject[15] andthe
virtual linkage[26]. The virtual linkagecharacterizesternalforces,while the augmenteabjectde-
scribesthe systems closed-chairdynamics.Thesemodelshave beensuccessfullyusedin cooperatre
manipulationfor variouscompliantmotion tasksperformedby two andthree x ed-basePUMA 560
manipulatord27]. Firstwe will presenthesetwo modelsandthe correspondingooperatiorcontrol
stratgy. Theextensionto mobile manipulatorspresentedn asubsequergection,is basedna decen-
tralizedcooperatiorstratgy thatis consistentith the augmente@bjectandvirtual linkagemodels.

Figure3: TheVirtual Linkage:for athree-graspnanipulatiortask,a twelve-deyree-of-freedonmech-
anism(threesphericajoints andthreeprismaticjoints) is usedto describeheinternalforces.

3.1 AugmentedObject

Theaugmentedbjectmodelprovidesadescriptiorof thedynamicsattheoperationapointfor amulti-
armrobotsystem.Thesimplicity of theseequationss theresultof anadditive propertythatallowsusto
obtainthe overall dynamicmodelfrom the equation®f motionof theindividual mobile manipulators.

Theaugmentedbjectmodelis

(10)
with

(11)
where and arethekinetic enegy matricesassociateavith the objectandthe  effector,

respectrely. Thevectors, and alsohave theadditive property Thegeneralizedpera-



tionalforces  aretheresultantof the forcesproducedoy eachof the effectorsat the operational
point.

(12)

The dynamicdecouplingandmotion control of the augmenteabjectin operationakpacds achiered
by selectinga control structuresimilar to that of a single manipulator The dynamicbehaior of the
augmenteabjectof equation(10) is controlledby thenetforce . Dueto theactuatoredundang of
multi-effectorsystemsthereis anin nity of joint-torquevectorsthatcorrespondo this force.

3.2 Virtual Linkage

Objectmanipulationrequiresaccuratecontrol of internalforces.We have proposedhe virtual linkage
[26], asa model of objectinternalforcesassociatedvith multi-graspmanipulation. In this model,
grasppoints are connectedoy a closed,non-intersectingset of virtual links (Figure3.) For an -
graspmanipulationtask,the virtual linkagemodelis a degreeof freedommechanisnthathas

linearlyactuatednembersand sphericallyactuatedoints. By applyingforcesandmoments
atthegrasppointswe canindependentlgpecifyinternalforcesin the linearmembersalong
with internalmomentsat the sphericaljoints. Internalforcesin the objectarethencharacterized
by theseforcesandtorquesin a physicallymeaningfulway. Therelationshipbetweenappliedforces,
their resultantandinternalforcesis

(13)
where is theresultanforcesatthe operationapoint, is theinternalforces,and istheforces
appliedatthegrasppoint . isthegraspdescriptionrmatrix. It relatesforcesappliedat eachgraspto

theresultantandinternalforcesin the object.
3.3 DecentralizedControl Structure

The virtual linkageand augmenteabjectmodelshave beensuccessfullyusedin the cooperatre con-
trol of two andthree x edPUMA arms.For thesex ed-bas€non-mobile)robots,the controlstructure
wasimplementedisinga centralizedtontrolschemeln acentralizeccontrolsetup eacharmsendsts
sensorydatato a centralcontrollerwhichthencommandshe motionof eacharmbasedninformation
from all the armsin the system.However, this type of controlis not suitedto the moreautonomous
natureinherentin mobile manipulationsystemswherea decentralized@ontrol schemes moreappro-
priate.

For systemsof a mobile nature,a decentralize@ontrol structureis neededo addresghe dif culty of
achiezing high-ratecommunicatiorbetweerplatforms.We have developeda new control structurefor
decentralizecdtooperatre mobile manipulation[14]. In this structure,the objectlevel speci cations
of the taskare transformednto individual tasksfor eachof the cooperatre robots. Local feedback



controlloopsarethendevelopedat eachgrasppoint. The tasktransformatiorandthe designof the
local controllersareaccomplishedh consisteng with the augmenteabjectandvirtual linkagemodels
[15, 26].

4 Path Modi cation Behaviors

To performmotiontasks,arobotmustcombinethe abilities of planningmotionsandexecutingthem.
Sincea plannedmotionis basedon a priori knowledgeof the environment,it is dif cult to carry out
sucha motion whenuncertaintiesandunexpectedobstaclesareto be considered Reactve behaiors

soughtto dealwith dynamicervironmentsare, by their local nature,incapableof achieving global
goals. Our investigationof a framework to connectreal-timecollision avoidancecapabilitieswith a
global planningsystemhasresultedin a new approachbasedon the elasticbandconcept{21]. This

approactbecomesomputationallydemandinghowever, asthe dimensionof the con guration space
associatedvith the robot increases.the speci cation of tasksfor robotsis mostnaturally donein

workspaceElasticbands however, represeng pathin thecon gurationspace.

Figure4: ElasticTunnel: the protectve hulls coveringa trajectoryfor the Stanfordplatformsform an
elastictunnelof free space.

The elasticstrip [3] operatesentirely in the workspace.The characterizatiorof free spacebecomes
moreaccuraten theworkspacehanthatin con gurationspaceresultingin amoreef cient description
of trajectories. In addition, by avoiding con guration spacecomputation,the framevork becomes
applicableto robotswith mary degreesof freedom. The trajectoryandthe taskare both describedn
workspaceAn elasticstrip representsheworkspacesolumethatis sweptby the entirerobotalongits
trajectory The basicideaof the elasticstrip is to incrementallymodify this workspacevolumeasif it
wereelastic,expandingandcontractingin orderto maintaina shortandsmoothpath. Objectsin the



ervironmentexertrepulsve forces,ensuringa safedistanceo obstacles.

Figure 5: Interactionbetweenthe two Platforms: the elastic strip of the rst platform is modi ed
incrementallyin orderto maintaina valid pathwhile avoiding the secondmoving platform.

An elasticstrip canbe seenasa grid of links and springs. The internalforcesactingon the elastic
strip aregeneratedby the virtual springsattachedo control pointsin subsequenton gurationsalong
thetrajectory Theseforcescausethe elasticstrip to contract,maintaininga constantatio of distances
betweerevery threeconsecutie con gurations. Theexternalforcesarecausedy arepulsve potential
associatedavith the obstacles.

4.1 Motion Behaviors

Givenaplannedmotion,theelasticstrip allows arobotto dynamicallymodify its motionto accommo-
datechangesn theenvironment.For amobilemanipulatoithismodi cation is notuniquelydetermined
andmaybechoserdependingnthetask.A transportatiotaskfor amobile manipulatoyfor instance,
canbe describedoy the motion of the mobile base while only a nominalpostureof thearmandload
arespeci ed. For amanipulationtask,the descriptionconsistof the motion of the endeffectorandits
contactforces,while only a nominalpostureof the mobile baseandarmis given. In bothcasesome
degreesof freedomareusedfor taskexecution,while otherscanbe usedto achieve task-independent
motionbehaior.

Theelasticstrip alsoprovidesaneffective approachor executingpartially describedask. If only those
degreesof freedomnecessarjor executionhave beenspeci ed, reactve obstacleavoidancecombined
with an attractve potentialto the desiredposturecancompletethe robot controlin real-time. With a
partialplan,however, the elasticstrip canbe subjectedo local minima.

Theframewvork for combiningmotionbehaior andtaskexecutionreliesonthe effector/postureontrol



structurediscussedhbove in 2.3. Simple obstacleavoidancebehaior can be easily augmentedy
specifyinga desiredposturefor therobot. This posturecanbe choseraccordingto someoptimization
criterion. Thisis achieved by selecting

(14)

and projectingthesetorquesin the dynamically consistentnull spaceto guaranteghat the posture
controltorqueswill notaltertheend-efector's dynamicbehaior.

An exampleof the the elasticstrip implementationis shavn in Figure5. In this example,all links of
therobotaresubjectedo the moving obstacle The elasticstrip is representetly a setof intermediate
con gurations,displayedaslinesconnectingoint frames.Theapproachingbstacleleformstheelastic
strip to ensureobstacleavoidance.As the obstaclemovesaway, internalforcescausethe elasticstrip
to assumehestraightline trajectory

5 Stanford Mobile Platforms

In collaborationwith Oak Ridge NationalLaboratoriesandNomadicTechnologiesywe designedand
built two holonomicmobile manipulatomplatforms.Eachplatformis equippedvith aPUMA 560arm,
varioussensorstwo computersystemsamulti-axiscontroller andsuf cient batterypowerto allow for
autonomousperation.Thebaseconsistof three“lateral” orthogonalniversal-wheeassemblie§20]
which allow the baseto translateandrotateholonomicallyin relatively at of ce-lik e ervironments.

The StanfordRobotic Platformshave beenusedin the implementatiorandveri cation of the differ-
entstratgiesdiscusse@bore. We have demonstratedeal-timecollision avoidancewith coordinated
vehicle/armmotion,andcooperatie tasksinvolving operatordirectedcompliantmotion[13].

The elasticstrip frameavork wasalsoimplementedandtestedon the Stanfordrobotic platforms. For
example onerobotwascommandedo performastraightline motion,while keepingthearm’s posture.
During the executionof this plananunforeseembstaclethe secondlatform,forcesthe rst robotto
deviatefrom its original plan. Two differentperspectiesof thesimulatednodi cation of thetrajectory
areshavnin Figure5.

The Stanfordroboticplatformshave beenalsousedin avarietyof mobilemanipulatiortasksincluding
ironing, openinga door, and vacuuming,asillustratedin Figure 6. The dynamicstrategy for inte-
gratedmobility andmanipulationdiscusse@bove hasallowedfull useof the bandwidthof the PUMA
manipulator Object motion and force control performancewith the Stanfordrobotic platformsare
comparablavith theresultsobtainedwith x edbasePUMA manipulators.

6 Conclusion

Advancegowardthe challengeof roboticsin humanenvironmentsdependon the developmentof the
basiccapabilitiesneededor bothautonomou®perationsandhuman/robotnteraction.In this article,
we have presentednethodologiedor the integration of mobility and manipulation,the cooperation
betweemmultiple robots,the interactionbetweerhumanandrobots,andthe real-timemodi cation of
collision-freepathto accommodatehangesn the ervironment.



Figure6: Experimentswith the StanfordRoboticPlatforms:Vacuuming openinga door, andironing
are examplesf tasksdemonstatedwith the Stanfod robotic platforms.

For vehicle/armcoordinationand control, we presentedh framenork that providesthe userwith two

basictask-orientectontrol primitives,end-efectortaskcontrolandplatform self-posturecontrol. The
major characteristiof this control structureis the dynamicconsisteng it guarantees implementing
thesetwo primitives: the robot posturebehaior hasno impacton the end-efectordynamicbehaior.

While ensuringdynamicdecouplingandimprovedperformancethis controlstructureprovidestheuser
with a higherlevel of abstractionn dealingwith taskspeci cationsandcontrol.

For cooperatre operationdetweemmultiple platformswe have presenteé decentralizedontrolstruc-
ture. This structurerelies on the integration of the augmentedbjectwhich describeghe systems
closed-chairdynamics andthe virtual linkagewhich characterizemternalforces. This decentralized
cooperatiorapproachprovidesthebasisfor aneffective stratgyy for human/robotnteraction.

Thenotionof anelasticstrip encapsulatewhatmustbe known aboutthe ervironmentfor bothexecut-
ing globalmotionsandadjustingthemto dynamicchangesndunforeseertircumstanceguickly and
safely Thegeneralityof this notionmakesit theappropriateabstractiorat all levelsin the controlof a
teamof cooperatingobots. An elasticstrip representshe workspacevolume sweptby arobotalong
a pre-plannedrajectory This representations incrementallymodi ed by external repulsie forces
originatingfrom obstacledo maintaina collision-freepath. Internalforcesact on the elasticstrip to
shorterandsmootherthetrajectory

Vehicle/armcoordination,cooperatre operations human/robotinteraction,and the elastic strip ap-
proachhave beendemonstratedn the mobile manipulatomplatformsdevelopedat StanfordUniversity.

Acknowledgments

The nancial supportof NSF (grantsiRI-9320017)is gratefully acknavledged. The authorswish to
thankAlan Bowling, Bob Holmbeg, andDiego Ruspinifor their valuablecontritutionsto this work.



References

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

J. A. Adams,R. Bajcsy J. Kosecka,V. Kumar R. MandelbaumM. Mintz, R. Paul, C. Wang,
Y. YamamotoandX. Yun. Cooperatre materialhandlingby humanandroboticagents:Module
developmentandsystensynthesisin Proceeding®f the InternationalConfeenceon Intelligent
Robotsand Systemgpages200-205,1995.

R. C. Arkin. Motor schema-basenhobile robot navigation. International Journal of Robotics
Reseath, 8(4):92-1121987.

O. Brock andO. Khatib. Elasticstrips: Real-timepathmaodi cation for mobile manipulation.
In Proceedingsof the International Symposiunof RoboticsReseath, pagesl117-122,1997.
Preprints.

J. M. Cameron,D. C. MacKenzie,K. R. Ward, R. C. Arkin, and W. J. Book. Reactve con-
trol for mobile manipulation. In Proceedingsf the International Confeenceon Roboticsand
Automation volume3, pages228-235,1993.

WayneF. Carriker, PradeefX. Khosla,andBruceH. Krogh. An approachor coordinatingmo-
bility andmanipulation.In Proceeding®f theInternationalConfeenceon System&ngineering
pagesH9-63,1989.

J.F. Engelbeger Robotican Service Biddles,Guilford, 1991.

S. Hayati. Hybrid position/forcecontrol of multi-arm cooperatingobots. In Proceeding®f the
InternationalConfeenceon Roboticsand Automation pagesl375-13801987.

D. Jung,G. Cheng,andA. Zelinsky. Experimentsn realizingcooperatiorbetweerautonomous
mobilerobots. In Proceeding®f the International Symposiunon ExperimentaRobotics pages
513-5241997.

M. Khatib, H. Jaouni,R. Chatila,and J.-P Laumond. How to implementdynamicpaths. In
Proceedingsof the International Symposiunon ExperimentalRobotics pages225-36,1997.
Preprints.

0. Khatib. Real-timeobstacleavoidancefor manipulatorandmobilerobots.InternationalJour-
nal of RoboticsResearh, 5(1):90-8,1986.

O.Khatib. A uni ed approactio motionandforcecontrolof robotmanipulatorsTheoperational
spacdormulation. InternationalJournal of RoboticsReseath, 3(1):43-53,1987.

O. Khatib. Inertial propertiesn roboticsmanipulation:An object-level framework. International
Journal of RoboticsReseath, 14(1):19-36,1995.

0. Khatib, K. Yokoi, K.-S. Chang,and A. Casal. The stanfordrobotic platforms. In Video
Proceeding®f the InternationalConfeenceon Roboticsand Automation 1997.



[14] O. Khatib, K. Yokoi, K.-S. Chang,D. Ruspini, R. Holmbeg, and A. Casal. Coordination
and decentralizeccooperationof multiple mobile manipulators. Journal of Robotic Systems
13(11):755-641996.

[15] O.Khtaib. Objectmanipulationin amulti-effectorrobotsystemin R. BollesandB. Roth,editors,
RoboticsReseath 4, pagesl37-144MIT Press;]1988.

[16] D. E. Koditschek. Exactrobot navigation by meansof potentialfunctions: Sometopological
considerations.In Proceedingsf the International Confeenceon Roboticsand Automation
pagesl-6,1987.

[17] B. H. Krogh. A generalizegotential eld approacho obstacleavoidancecontrol. In Robotics
Reseath: TheNext Five Years andBeyond 1984.

[18] J.-C.Latombe.RobotMotion Planning Kluwer AcademicPublishersBoston,1991.

[19] E.PapadopouloandS.Dubaownsky. Coordinatednanipulator/spaecraftmotioncontrolfor space
robotic systems. In Proceedingsof the International Confeenceon Roboticsand Automation
pagesl696-17011991.

[20] F. G.PinandS.M. Killough. A new family of omnidirectionandholonomicwheeledplatforms
for mobilerobots.IEEE Transactionson Roboticsand Automation 10(4):480-4891994.

[21] S.QuinlanandO. Khatib. Elasticbands:Connectingpathplanningandcontrol. In Proceedings
of the InternationalConfeenceon Roboticsand Automation volume2, pages802—7,1993.

[22] G. Schmidt,U. D. HanebeckandC. Fischer A mobile servicerobotfor the hospitalandhome
ernvironment.In Proceeding®fthel ARP Secondnternational\Workshopon ServiceandPersonal
Robots:Tedhnologiesand Applications 1997.

[23] R.D. SchraftandM. Hagele.ServicerobotsExamplesof the state-of-artn productsprototypes,
andproductvision. In Proceeding®f the IARP SecondnternationalWorkshopon Serviceand
PersonalRobots: Technolagiesand Applications 1997.

[24] T.-J.Tarn,A. K. Bejczy, andX. Yun. Designof dynamiccontrolof two cooperatingobotarms:
Closedchainformulation. In Proceedingf the International Confeenceon Roboticsand Au-
tomation pagesr—13,1987.

[25] M. UchiyamaandP. Dauchez. A symmetrichybrid position/forcecontrolscheméor the coordi-
nationof two robots.In Proceeding®fthelnternationalConfeenceon Roboticsand Automation
pages350-356,1988.

[26] D. Williams andO. Khatib. Thevirtual linkage: A modelfor internalforcesin multi-graspmanip-
ulation. In Proceeding®f the InternationalConfeenceon Roboticsand Automation volume1,
pagesl025—-30,1993.

[27] D. Williams andO. Khatib. Multi-graspmanipulation.In Video Proceeding®f the International
Confeenceon Roboticsand Automation 1995.



[28] Y. YamamotoandX. Yun. Coordinatingocomotionandmanipulationof a mobile manipulator
IEEE Transaction®n AutomaticControl, 39(6):1326—321994.

[29] Y. Yamamotoand X. Yun. Coordinatedobstacleavoidanceof a mobile manipulator In Pro-
ceeding®f thelnternationalConfeenceon Roboticsand Automation volume3, page2255-60,
1995.



