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Abstract

A new field of roboticsis emeging Robotsare today

movingtowardsapplicatimsbeyondthestructueden-
vironmentof a marufacturing plart. They are mak-
ing their way into the everydgy world that pele in-

habit. The paper focuseson models,strategies, and
algorithmsassociatedvith the autcmomos behaviors
neededor robotsto work, assist,and coopeste with

humars. In addtion to the new capabilities they bring

to thephysicalrobot,thesemodelsandalgorithms and
more generlly thebodyof develgpmentsn roboticsis

havinga significart impacton thevirtual world. Hap-
tic interaction with an accumate dynamic simulation
providesuniqueinsightsinto the real-world behaviors

of physical systemsThepoterial apdications of this
emepging technology include virtual prototypng, ani-

mation,surmery, robotics,coopesgtive design,anded-
ucationamongmanyothers. Hapticsis oneareawhere

thecomputgional requirementssociateavith theres-
olutionin real-timeof the dynamicsandcontactforces
of thevirtual ervironmet is particularly challerging.

Thepaper describessarious methodégiesandalgo-

rithmsthataddresshecomptationd challergesasso-
ciatedwith interactive simulationsinvolving multiple
contactsandimpactsbetweerhuman-like structuies.

1. Intr oduction

Thesuccessfuintroductionof roboticsinto humanen-
vironmentswill rely on the devdlopmentof compe-
tent and practical systemsthat are depewlable, safe,
and easyto use. To work, coogerate, assist, and
interact with humans, the newv gereration of robd
must have meclanical structues that accommadate
the interactionwith the human and adequeely fit in
his unstrut¢ured and sizable ervironmen. Human-
compatilbe robotic structues mustintegrate mobility
(legged or wheeled and maripulation (preferablybi-
manual) while providing the neededaccesgo percep-

tion andmonitaing (headcamea) (Hirai etal. 1998;

Takanishiet al. 1998 Khatib et al. 1999 Asfour
etal. 199; Nishiwaki et al. 2000Q. Theserequite-

mentsimply robds with brarching structures- tree-
like topology involving much larger numters of de-

greesof freecbm thanthoseusuallyfound in corven-
tionalindustrialrobads. The substantialncreaein the
dimersionsof the correspondiry configurationspaces
of theserobotsrendesthesetof fundamentaprodems
associatedvith their modelirg, programning, plan-
ning, andcortrol much morechallengng.

Thefirst of thesechallengsis the whole-obot mod

eling, motion coodination anddynanic contrd. For

robotswith human-like structurestasksarenotlimited

to the specificatiorof the positionandorientation of a
singleeffector For theserobots,taskdescripionsmay
involve comhbnations of coodinatesassociatedvith

one or both arms, the head-cenera, and/orthe torso
amoryg othes. Theremainng freedomof motionis as-
signedto various criteria relatedto the robot posture
andits interral andenvironmental constraits.

Thereis alarge body of work devoted to the study of
motioncoodinationin thecontext of kinematicredun
dang. Inrecentyearsalgotithmsdevelopedfor redun
dantmanipuators have beenexterdedto mobile ma-
nipuation robds (Cameroret al. 1998; Umetam and
Yoshidal989 UllmanandCannam 1989; Papaapou
los andDubowsky 1991). Typical appra@achesto mo-
tion coordnationof redundarn systemgely ontheuse
of pseudoor genealized inversesto solve an uncer-
constraird or degereratesystemof linear equatims,
while optimizing somegiven criterion. Thesealgo-
rithms are essentiallydriven by kinemaic considea-
tionsandthe dynamic interactionbetweerthe endef-
fectorandtherobad’s self motiors areignared.

Our effort in this areahasresultedin a task-oriemed
framewvork for whole-obotdynanic coodinationand
contol (Khatib et al. 199%). The dynamic coord-

nationstratgy we develgpedis basedon two models
concenedwith thetaskdynamics(Khatib 19873 and



Figurel: Manipulationand PostureBehaviors: a sequene of threesnapsbtsfrom the dynamicsimulationof a 24-degree-
of-freedomhumanad systemwhosetaskis generatedrom simplemanipulationandposturebehaiors.

theroba posturebehaior. The taskdynamic beha-
ior mockl is obtainedby a projedion of the roba dy-
namicsinto the spaceassociatedvith the task, while
the postue behaior is charaterizedby the comple-
mentof this projedion. To contrd thesetwo beha-
iors, a consistentontrd structureis required. Thepa-
perdiscusseshesemodelsandpresets a uniquecon-
trol structurethatguarateesdynanic consisteng and
decouwled postue contrd (Khatib 1999, while pro-
viding optimal responsienesdor the task. The paper
alsopresentgecentlydevelopedrecursve algorithms
whichefficiently addresshecompuationalchallengs
associateavith brarchingmechanismsDynanic sim-
ulation of virtual ervironmerns is anotler importar
areaof apgications of thesealgaithms. The paper
alsodiscusse®ur ongoing effort for the developmen

of a generalframevork for interactve haptic simula-
tion thataddressethe problemof contactresolution.

A robdic systemmustbe capableof sufiicient level
of competenceo avoid obstaclesluring motion. Even
whenapathis providedby ahumanor otherintelligert
plannersensouncetaintiesandunexpectedobstacles
canmake the motionimpossibleto compete. Our re-
searchon the artificial potenial field method(Khatib
1986 hasaddressedhis problematthecontrd level to
provide efficient real-timecollision avoidarce. Dueto
their local nature,however, reactve method (Khatib
1986 Krogh 1984; Arkin 1987 Latombe199l) are
limited in their ability to dealwith compex erviron-
ments. Using navigation functions (Koditschek1987)
the problens arisingfrom the locality of the poterial
field apprach can be overcome. Theseappraches,
however, do not extendwell to robots with mary de-
greesof freecbm, suchas mobile manipuators (Car
riker, Khosla, and Krogh 1989 Seraji 1998; Ya-

mamdo andYun 19%). Our investigationof a frame-
work to integrate real-timecollision avoidancecapa-
bilities with a globalcollision{ree pathhasresultedn
the elasticbandappoach(Quirlan andKhatib 1993)
whichcombiresthebenefitsof global planring andre-
active systemsin the execution of motion tasks. The
concet of elastichandswvasalsoexterdedto nontolo-
nonic robas (Khatibetal. 1997. Thepaperdiscusses
our ongadng work in this areaandpresets extersions
to the elasticstrip appoach(Brock andKhatib 1997)
which enablereal-time obstacleavoidarce in a task-
consistentmanrer. Task behaior can be suspendé
andresumedn resposeto changsin theernvironment
to ensurecollision avoidanceunderall circunmstances.

2. Whole-Robot Control: Task and Pos-
ture

Humarnlik e structuressharemary of the charateris-
tics of macrdmini structures(Khatib 1999: coarse
and slov dynanic respomesof the mobility system
(the macro mechaism), and the relatively fast re-
sponsesndhigheraccurag of thearms(themini de-
vice). Inspiredby thesepropertiesof macrdmini struc-
tures,we have developed a framework for the coor

dination andcontrd of robds with human-like struc-
tures.This framevork providesa unique contiol struc-
ture for decoyled manipilation and posturecontrd,

while achieving optimal resposivenessfor the task.
This contrd structureis basedon two mocels con-
cernedwith the task dynamic betavior andthe robot

postue behaior. Thetaskbehaior mode is obtaing

by a projedion of the robot dynanics into the space
associatedvith the effector task, andthe posturebe-



havior modelis charactarzed by the complenent of

this prgection. We first presehthe basicmodelsasso-
ciatedwith thetask.In asubsequersectionwe preseh
thewhole-rdbot coordnationstrateyy andpostue con-

trol behaior.

2.1. TaskDynamic Behavior

The joint spacedynamics of a manipulator are de-
scribedby

A(q)d +b(q,q) +g(q) =T 1)

whereq is then joint coodinates A(q) isthen x n ki-
neticenegy matrix,b(q, q) is thevecta of centrifugal
andCoriolis joint forces,g(q) is thevectorof gravity,
andr is thevectorof generalizd joint forces.

The opemtional space formulatin (Khatib 1987)
provides an effective framavork for dynanic mod-
eling and contiol of brarching mechaisms (Rus-
salow, Khatib, and Rock 19%), with multiple oper
ational points. The genealizedtorque/brcerelation-
ship(Khatib 198'b; Khatib 1995 providesthedecom-
position of the total torque, T’ (equatim 1) into two
dynanically decopled commai torque vectas: the
torque correspading to the task behaior command
vectorandthetorquethatonly affectsposturebehaior
in thenull space:

T'=Ty + Pposture (2)

Foraroba with abranding structue of m effectorsor
operatimal points, thetaskis representby the6m x 1
vector x, andthe6m x n Jacobiamatrixis J(q). This
Jacobiarmatrix is formed by vertically concateating
them 6 x n Jacobiarassociatedvith them effectors.

The taskdynamic behaior is describedby the opera-
tional spacezquatios of motion(Khatib 19%)

A(x)X + p(x,%) + p(x) = F (3)

wherex, is the vectorof the 6m operatimal coadi-
natesdescriling the positionandoriertation of them
effectors, A(x) is the 6m x 6m kinetic enegy ma-
trix associatedvith the operdional space. u(x,x),
p(x), andF arerespectiely the centrifugal andCori-
olis forcevecta, gravity force vector andgenealized
forcevecta actingin opeationalspace.

The joint torque correspading to the task command
vectorF, actingin theoperaional spacds

Tiask = JT(q)F (4)

The taskdynamic decoyling andcortrol is achieved
usingthecontrd structure

Fiask = AX)Flotion + A(X,%) +B(X)  (5)

where, Ff, . represets the inputs to the decaipled
systemand- represets estimate®f themodelparam

eters.
2.2. Posture Behavior

An importantconsideationin thedevelopmer of pos-
ture behaiors is the interadions betweenthe posture
andthe task. It is critical for the taskto maintainits

resposivenessandto be dynanically decaipledfrom

the postue behaior. The posturecanthenbe treated
separatelyfrom the task, allowing intuitive task and
postue specificatios and effective whole-obot con-
trol. Theoverall controlstructue for taskandposture
is

= I‘itask + I‘lposture (6)
where
1—‘posture = NT(Q)rdesired—posture (7)
with _
N(q) = [I = J(a)J(q)] (8)

where.J(q) is the dymamically consistengeneralizd
inverse (Khatib 1999, which minimizesthe roba ki-
neticenegy

J(q) = A7 (q@)J" (q)A(a) )

and

A(a) = [J(@A™ (@) ()] (10

This relatiorship provides a deconposition of joint
forces into two control vectors: joint forces corre-
spondng to forcesactingat the task, J7'F, andjoint
forcesthatonly affect the robot posture,V TI‘posmre.
For a given taskthis contol structue prodwesjoint
motiors that minimize the robad’s instantaneos ki-
netic enegy. As a result,a taskwill be carriedout
by the combired actionof the setof joints thatreflect
thesmallesteffective inertial properties.

To controlthe roba for a desiredpostue, the vecta
T gesired—posture Will be selectedas the gradiert of a
poterial functionconstrictedto meetthe desiredpos-
ture specificatios. The interferenceof this gradent
with thetaskdynamicsis avoidedby projectirg it into
the dynamically corsistentnull spaceof J7(q), i.e.
NT(q)rdesired—posture-

Dynamicconsistencys the essentiapraperty for the
task behaior to maintain its resposivenessand to
be dynanically decoyled from the postue behaior
sinceit guarateesnot to produceary couplirg accel-
erationin the operatimal spacegiven ary 7. In



Figure2: DynamicConsisteng andPostureBehaviors: asequeneof snapsbtsfrom thedynamicsimulationof a24-degree-
of-freedomhumanoidsystem.Ontheleft, thetaskis to maintaina constanpositionfor thetwo hands, while achieving hand-
eye coordination The posturemotion hasno effect on the task. On theright, the taskalsoinvolveshandeye coordindion
andmotion of the commonhandposition. This positionis interactizely driven by the user The postureis to maintainthe

robottotal centerof-massalongthe z-axis.

figure 2 (left), the robot (a 24-degree-d-freedom hu-
manoidsystem)wascommailedto keepthe position
of both hards corstant(task behaior) while moving
its left andright in the null space(postue behaior).
Noticethatdynanic consisteng enatbestaskbehaior
andposturebehaior to be specifiedindependetly of
eachother providing an intuitive control of compex
systems.

For instance,the robot postue can be contrdled to
maintainthe robot total centerof-massalignedalong
thezq axisof therefeirenceframe.This postue canbe
simplyimplemenedwith a postureenegy function

1
Vposture—energy((]) = §k($g}oM + yéoM) (11)

wherek is a constahgain zgom, andycom arethex
andy coordnatesof the centerof mass.Thegradien
of this function

T
rdesired—posture = JCOM(_VVposture—energy) (12)

provides the required attractionto the z axis of the
roba centerof mass. This is illustratedin the simu-
lation shawvn in Figure 2 (right), whosetaskinvolved
three operatimal point associatedvith the armsand
head.

Collision avoidan@ canbe alsointegratedin the pos-
ture contrd asdiscussedn section4.. With this pos-
ture behaior, the explicit specificationof the associ-
atedmotionsis avoided sincedesiredbehaiors are
simply encaledinto specializegotentialfunctionsfor

various typesof operatims.

More complex postue behaiors can be obtainedby
combining valious postureenegies. We arecurrenly
exploring the geneation of humanlike natual mo-
tion from motion captue of humanandthe extractin
of motion characteristicsisinghumanbiomechanical
mockls.

2.3. Cooperative Manipulation

The developmen of effective cooperation stratejies
for multiple robds platforms is an importan issue
for both the opeationsin humanervironmens and
the interactiomm with humans. Human guided mo-
tionsmay involve tightly constraied coopeation per
formed through comgiant motion actionsor lessre-
strictedtasksexecuedthrough simplerfree-spacemo-
tion commauls. Several cooperative robds, for in-
stance,may suppet a load while being guided by
the humanto an attachmentor visually following the
guide to adestination

Our appoachis basedon the integration of two ba-
sic concets: The augmeredobject(Khtaib 1988)and
the virtual linkage (Williams andKhatib 1993. The
virtual linkagecharacterizeinterral forces, while the
augnentedobjectdescrilesthe systems closed-chin
dynamics.For system®f amobilenatue, a decental-
izedcontrd structures neede to addresshedifficulty
of achieving high-rate comnunication betweenplat-
forms. In thedecentalizedcontol structuretheobject
level specification®f thetaskaretransfomedinto in-
dividual tasksfor eachof the cooperatie robots. Lo-



Figure3: Cooperatie Manipuation with the StanfordRoboticPlatforms

cal feedbak contrd loopsarethendevdlopedat each
grasppoint. The tasktransfamationandthe designof
the local contrdlers are accomfishedin consisteng
with the augnentedobjectandvirtua linkage models
(Khtaib 1988 Williams and Khatib 1993. This ap-
proachhasbeensuccessfullymplementedonthe Stan-
ford robdic platfornms (seeFigure 3) for coopeative
manipuation andhuman-gudedmotiors.

2.4. Efficient Operational SpaceAlgorithms

Early work on efficient opeational spacedynamic al-

gorithns has focused on openehain robotic mecha-
nisms. An efficient O(n) recursve algorithm wasde-
veloped usingthe spatialoperaor algeba (Rodriguez,
Kreutz,andJain1989 Kreutz-Delgdo,Jain,andRo-

driguez 1991 andthearticulatedbody inertias(Feath-
erstonel987. A differentapprachthat avoidedthe

extra computationof articulatel inertiasalsoresulted
in anO(n)recusive algoiithm for theopeationalspace
dynanics (Lilly 199; Lilly and Orin 199) Build-

ing ontheseearlydevelopments our effort wasaimed
at algaithms for robdic mectanismswith brancling

structureshatalsoaddesstheissueof reduindang and
dynanicsin thenull space.

The most compuationally expensie elementin the
operatimal spacewvhole-ody contiol structue (equa-
tion 6) is the posturecontrd, which involvesthe ex-
plicit inversion opeation of then x n joint spacein-

ertiamatrix A of (equation9), whichrequres (n ).
We have develgped a compuationally more efficient
opeationalspacecontiol structurethat eliminatesthe
explicit compuation of the joint spaceinertia matrix
andits inverse. This elimination wasachieredby com-
bining the dynamically consistentnull spacecontol
andthe operatioml spacecontol in acompuationally
moreefficientdynamiccortrol structue.

Using this contiol structure we have developeda re-
cursive algorithm for compuing the operatimal space
dynamicsof ann-joint brandingredurdantarticulated
robotic mechanisnwith m operatimal points(Chang
andKhatib 200Q. The computationalcompexity of
this algofithm is  (nm + m ), while existing sym-
bolic methalsrequre (n + m ). Sincem canbe
consideed as a small constantin practice,this algo-
rithm attainsalineartime (n) asthenumter of links
increasesThiswork wasextencedfor thedynanics of
closed-tain brancling mechaimsms with an efficient

(nm+m ) algorithm(ChangHolmbeg, andKhatib
20).

3. Interactive Haptic Simulation

Beyond theirimmediateapplicationto physicalrobots,
theseefficient dynanic algoiithms are makinga sig-
nificantimpacton the simulationandinteractionwith
thevirtual world. The compuationalrequirenentsas-
sociatedwith the hapticinteradion with complex dy-



Figure4: A frameof an animationshaving the dynamicinteractionof multiple articulated/rigidbodies(left). A similar
sequerein which directhapticinteractionis permittedbetweerthe userandthe objectsin the environment(right).

namic ervironmeris are quite challerging. In addi-
tion to the needfor real-timefree-notion simulation
of multi-body systemsconta¢ andimpactresolution
andconstraimrd motionsimulationarealsoneeded

Building on the opeational spaceformulation, we
developed a geneal framework (Ruspin and Khatib

1999 for theresolutionof multi-contactbetweerartic-

ulatedmulti-body systems.A contactpoirt is treated
asanoperatimal point anda contactspaceis defined.
Similarly to theopeationalspacénertiamatrix,acon-
tactspaceanertiamatrix A is introducedto provide the
effective massesseenat all the contactpointsandto

charactere the dynanmic relationshig betweenthem.
Computirg the contactspaceinertia matricesA for a
numtler of m contactpointon a brarchingmecharsm

is achieved with an efficient (nm + m ) recursve
algorithm

Thecontactspacaepresentatiorallowstheinteraction
betweengroys of dynamic systemsto be described
easily without having to examinethe comgex equa-
tions of motion of eachindividual system.As such,a

collisionmodé canbedevelgpedwith thesameeaseas

if onewascorsideringinteractiononly betweersimple

bodies.Impactandcontactforcesbetweerinteracting
bodiescanthenbe efficiently solvedto prevent pene-
trationbetweerall the objectsin the ervironment.

This framework was integrated with our haptic ren-
deringsystem(Ruspini,Kolarov, andKhatib 1997 to
provide a gereral ervironmen for interactive haptic
dynamc simulation. Figure 4 illustratessomeof the
virtual environmerns thathave beenmodeledwith this
system. Figure 4(left) is one frame from an anima-

tion consistingof two puma®0 maripulators(6 d.o.f
each)onwhicharainof largeblocksis allowedto fall.
A total of 366d.0.f. aremoceled.

In Figure 4(right) a similar ervironment where two
puma560manipuatorsandtwo rigid bodes (16 d.o.)
is modded. Direct hapticinteractionis permittedvia
a 3 d.o.f PHANTOM hagic maniplator The useris
allowed to pushand attachoneselfto ary of the ob-
jectsin the ervironmen andfeel the force andimpact
createdvy theirinteraction

4. Task-ConsistentElastic Plans

The contiol method presentedn Section2. allow the
consistentontrol of taskand postue for robds with

compex mechaital structues, such as human-like
robots. To perform or assistin the execution of com-
plex actions however, thesecortrol structureshave to
belinkedwith motion generatedby aplanne. Further

more sinceunstricturedernvironments canbe highly

dynamic, suchanintegration hasto acconmodateun-
foreseenobstaclemotionin realtime, while confam-
ing to corstraintsimpasedby thetask.We have deve-

opedalgorithmsthatperfam task-consistentgal-time
pathmodficationto addresshisissue.

4.1. Real-Time Path Modification

Motion planrersgenerdly perfom a globalsearchin
configuration spaceto deternine a collision-free mo-
tion accomplishig a given task. Due to the high di-
mensiomlity of the configuration spaceof the class



Figure5: Top imagesshav from left to right: real-timeobstacleavoidancewithout taskconsisteng, with taskconsisteny,
andtransitioningbetweentask-consistenand non task-consistenbehaior. Lines indicatetrajectoriesof the base,elbaw,
andendeffector Thegraphs shav endeffectorerrorandbasedeviation from the taskfor therespectie experiment.

of robds we are concered with in this pape, plan-
ning operdions are too computationally comgex to
be performedin realtime. As a consegencemotion
in dynamic ervironmeris canrot adeqately be gener
ated by thoseplamers. The elasticbandframework
(Quinlan and Khatib 1993 was developed to allow
real-time modification of a previously plannedpath,
effectively avoiding a costly planring operatia in re-
actionto chargesin the ervironmern. More recettly,
this framework wascomplenentedby the elasticstrip
frameawork (Brock andKhatib 1997).

The elasticstrip framevork augnentsthe representa-
tion of a pathcomputedby a plannerwith a descrip-
tion of freespacearourd thatpath.Collisionavoidan®
canbeguaanteedjf thework spacevolumesweptby
the robot along its pathis contaned within the free
space Real-timepathmodificationis implementedby
subjectingthe entirepathto anartificial potentialfield
(Khatib 1985), keepingthepathata safedistancerom
obstacles.The modfication of the pathin accorénce
with thosepotentialsis performedwhile ensuringthat
thevolume sweptby theroba alorg the pathis always
containedvithin therepiesentatiorof local freespace.
This resultsin “elastic” paths,which defam in reac-
tion to apprachingobstacleswhile maintainirg the
globalpropertiesof thepath.

In addtion to therepulsie, extemal poterial, we also
apply interna forcesto consecutie configurationsof
the robot alongthe path. This shortensandsmoottes

thepath. Theoverall behaior of of a pathrepreseted
in the elastic strip framevork can be comparedto a
string of elastic material: as obstaclesappioach,the
path is locally modified or “stretched by repusive
forces; oncethe obstaclemovesfurther away, internal
forces shortenand smoothenthe path. Suchbeha-
ior is shawvn in the top left imageof Figure 5. The
endeffector of the robotis comnandedto move on a
straightline. The original pathgeneatedby the plan-
neris asimplestraight-lire motion,asno obstaclesre
present. The imageshaws the path after two mobile
obstaclesnove into thepath.

Theelasticstrip frameavork scaleso robotswith mary
degreesof freedan andwith mary opertionalpoints,
asit avoidsa costlysearcHor collision{free motion in
configurationspace.Instead,it employs simplework
space-bsedpotentialfieldsin conjunctionwith afore-
mentianed contrd structuresto modify a previously
planredmotionin realtime.

4.2. Task-ConsistentPath Modification

In dynanic ernvironmensit is desiralte to integratere-
active obstacleavoidarce with taskbehaior. To ac-
comgish this we extendthe overall contrd structure
for task and posturebetavior (equatio 2) by addirg

torquesT, s, 1 represeting desiredobstacleavoid-

ancebehaior:

T= Ftask + rposture + ra sta le



Figure6: Task-consistenreal-timeobstacleavoidance:despitethe basechangingts trajectoryto avoid themaving obstacle,

theendeffectorperformsa straight-linetrajectory

Both, I'posture @andT, g4 1 have beenmapped into

the nullspae of thetask,asshawvn in equation7. Us-

ing this cortrol structure the task-cosistentobstacle
avoidancebehaior shavn in the secondmageof Fig-

ure5 is achieved. Note how without task-cosistengy

the end effector deviates significantly from the re-

quired straightline trajectory Using task-comsistent
obstacleavoidarce,theendeffector only deviatesmin-

imally from the task, as can be seenin the grapts

shavn in Figure5. A task-cosistentmotion execu-

tion onthe Stanfad AssistantManipuatorcanbeseen
in Figure 6.

This apprachof integrating task and obstacleavoid-

ancebehaior canfail, however, whenthetorquesre-

sultingfrom mappirgI', s, i intothenullspaeyield

insufficient motion to ensureobstacleavoidane. In

sucha situationit would be desirableto suspendask
execuion andto realizeobstacleavoidancewith all de-

greesof freedan of therobot.

Let T(J(q)) = [I—J"(q) J*(q)] bethedyram-
ically consistentnullspacemappng of the Jacobian
J(q) associateavith thetask. The coeficient

NT(J(q)) ro sta le
Fo sta le

correspadsto theratio of themagritude of thetorque
vectorT', s, 1. Mapped into that nullspaceto its un-
mappednagrtude. This coeficiert is anindicatian of
how well thebehaior represetedby T', 4, ;. Canbe
perfamedinsidethe nullspaceof thetask. We experi-
mentallydeternineavalue ; atwhichit is desirablego
suspendaskexection in favor of the behaior previ-
ously mappedinto the nullspace.Oncethe coeficiert
assumesvalue s, atransitionis initiated. Dur-
ing thistransitiontaskbehaior is graduwally suspended

andpreviousnullspae behaior is perfamedusingall
degreesof freedan of the manipulador. The motion of
themanipuatoris now geneatedusingthe equation

r = JT(q) F +
(1= J"(@) J" (@] To sta e +
= Tostate
where [ ..1] is a time-basedransitionvariale,

transitioning betweenl and 0 during task suspensio
and between0 and 1 during resumpion of the task,
and— = (1 — ) is definedasthe compgementof

The experimental results, perfamed on the Stanfod

AssistantManipulator, for suchtransistioningbeha-

ior canbeseenin Figure5. Theimageonthetopright

shavs how despitetask-consistenbbstacleavoidarce
thetaskhasto be suspendetb ensue obstacleavoid-

ance. Below, the graphshavs how the basedeviates
significantlyfrom the straightline in respmseto the
obstacle Theendeffector, however, maintainghetask
until it hasto besuspendedlhegraph alsoshavs that
thetaskis resumedn a smoothmanrer, afterthebase
haspassedheobstacle

5. Conclusion

Advarcestoward the challeng of rohotics in human
environmeris depend on the developmentof the ba-
sic capalilities neededor bothautoromots operaions
and human/robd interaction In this article, we have
presentd methoalogiesfor whole-iobotcoordnation
andcontiol, coopeation betweenmultiple robots, in-
teractve hapticsimulationwith contact,andthereal-
time modfication of collision-free pathto accomme
datechangsin the environment.



For thewhole-iobotcoodinationandcontrd, we pre-
senteda frameavork which providesthe userwith two
basictask-orietedcontrd primitives:taskcontiol and
posturecontrol. The major charateristic of this con-
trol structue is thedynamic consisteng it providesin
implemerting thesetwo primitives: the robot postue
behaior hasno impact on the endeffector dynanic
behaior. While ensurirg dynamicdecoyling andim-
provedperfamancethiscontrd structureprovidesthe
userwith a higher level of abstractiorin dealingwith
taskspecificatios andcontrd.

Addressingthe computational challengesof human-
like robotic structues,we presenteéfficient (nm +

m ) recusive algorittmsfor the operatimal spacedy-

namicsof mechamsmsinvolving brarching structues
andclosedchains. Building on the operatimal space
formuation, we also developeda framework for the

resolutionof multi-contactbetweenarticulatedmulti-

bodysystemsThecompuationalefficiengy of thedy-

namic algorithms develgped for physical robotspro-

videdthe interactvity neededor hapticsimulationof

comple virtua ervironmets.

The elasticstrip framavork allows the seamlessnte-
gration of reactve, real-time obstacleavoidarce and
thetask-oriemed contiol structure It providesfor real-
time motion generéon that combires obstacleavoid-
anceandtaskexecution. Whenkinematicor exterral
constraintsmposedy obstaclesnake it impossibleto
maintainthe task, task-cosistentobstacleavoidan@
is suspendedndall degreesAs the constraits arere-
laxed, the taskis resumedn a smoothmanner Us-
ing the elastic strip framavork, motion for compex
kinematicstructuescanbe generatd very efficiently,
astherequred compuationsaremostly perfamedin
work spaceandasaresultareindependenof thenum-
berof degreesof freecbm of the mechanism.
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