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Abstract

A new field of roboticsis emerging. Robotsare today
movingtowardsapplicationsbeyondthestructureden-
vironmentof a manufacturing plant. They are mak-
ing their way into the everyday world that people in-
habit. The paper focuseson models,strategies, and
algorithmsassociatedwith theautonomous behaviors
neededfor robotsto work, assist,andcooperate with
humans. In addition to thenew capabilities they bring
to thephysicalrobot,thesemodelsandalgorithmsand
moregenerally thebodyof developmentsin roboticsis
havinga significant impacton thevirtual world. Hap-
tic interaction with an accurate dynamic simulation
providesuniqueinsightsinto thereal-worldbehaviors
of physical systems.Thepotential applicationsof this
emerging technology include virtual prototyping, ani-
mation,surgery, robotics,cooperative design,anded-
ucationamongmanyothers. Haptics is oneareawhere
thecomputational requirementassociatedwith theres-
olutionin real-timeof thedynamicsandcontactforces
of thevirtual environment is particularly challenging.
Thepaper describesvarious methodologiesandalgo-
rithmsthataddressthecomputational challengesasso-
ciatedwith interactivesimulationsinvolving multiple
contactsandimpactsbetweenhuman-likestructures.

1. Intr oduction

Thesuccessfulintroductionof roboticsinto humanen-
vironments will rely on the developmentof compe-
tent and practicalsystemsthat are dependable,safe,
and easy to use. To work, cooperate, assist, and
interact with humans, the new generation of robot
must have mechanical structures that accommodate
the interactionwith the human and adequately fit in
his unstructured and sizableenvironment. Human-
compatible robotic structuresmust integratemobility
(legged or wheeled) andmanipulation (preferablybi-
manual), while providing theneededaccessto percep-

tion andmonitoring (headcamera) (Hirai et al. 1998;
Takanishiet al. 1998; Khatib et al. 1999; Asfour
et al. 1999; Nishiwaki et al. 2000). Theserequire-
mentsimply robots with branching structures- tree-
like topology involving much larger numbers of de-
greesof freedom thanthoseusuallyfound in conven-
tional industrialrobots. Thesubstantialincreasein the
dimensionsof thecorresponding configurationspaces
of theserobotsrendersthesetof fundamentalproblems
associatedwith their modeling, programming, plan-
ning, andcontrol much morechallenging.

The first of thesechallenges is the whole-robot mod-
eling, motioncoordination, anddynamic control. For
robotswith human-likestructures,tasksarenotlimited
to thespecificationof thepositionandorientation of a
singleeffector. For theserobots,taskdescriptionsmay
involve combinations of coordinatesassociatedwith
one or both arms,the head-camera,and/orthe torso
among others. Theremaining freedomof motionis as-
signedto various criteria relatedto the robot posture
andits internal andenvironmental constraints.

Thereis a largebodyof work devoted to thestudyof
motioncoordinationin thecontext of kinematicredun-
dancy. In recentyears,algorithmsdevelopedfor redun-
dantmanipulatorshave beenextendedto mobile ma-
nipulation robots (Cameronet al. 1993; Umetani and
Yoshida1989; Ullman andCannon 1989; Papadopou-
los andDubowsky 1991). Typical approachesto mo-
tion coordinationof redundant systemsrely on theuse
of pseudoor generalized inversesto solve an under-
constrained or degeneratesystemof linear equations,
while optimizing somegiven criterion. Thesealgo-
rithms areessentiallydriven by kinematic considera-
tionsandthedynamic interactionbetweentheendef-
fectorandtherobot’s self motions areignored.

Our effort in this areahasresultedin a task-oriented
framework for whole-robotdynamic coordinationand
control (Khatib et al. 1996). The dynamic coordi-
nationstrategy we developedis basedon two models
concernedwith thetaskdynamics(Khatib 1987a) and



Figure1: ManipulationandPostureBehaviors: a sequenceof threesnapshotsfrom thedynamicsimulationof a 24-degree-
of-freedomhumanoid system,whosetaskis generatedfrom simplemanipulationandposturebehaviors.

the robot posturebehavior. The taskdynamic behav-
ior model is obtainedby a projection of the robot dy-
namicsinto the spaceassociatedwith the task,while
the posture behavior is characterizedby the comple-
mentof this projection. To control thesetwo behav-
iors,a consistentcontrol structureis required. Thepa-
perdiscussesthesemodelsandpresents a uniquecon-
trol structurethatguaranteesdynamic consistency and
decoupled posture control (Khatib 1995), while pro-
viding optimal responsivenessfor the task. Thepaper
alsopresentsrecentlydevelopedrecursive algorithms
whichefficiently addressthecomputationalchallenges
associatedwith branchingmechanisms.Dynamic sim-
ulation of virtual environments is another important
areaof applications of thesealgorithms. The paper
alsodiscussesour ongoing effort for thedevelopment
of a generalframework for interactive hapticsimula-
tion thataddressestheproblemof contactresolution.

A robotic systemmust be capableof sufficient level
of competenceto avoid obstaclesduring motion.Even
whenapathis providedby ahumanorotherintelligent
planner, sensoruncertaintiesandunexpectedobstacles
canmake themotion impossibleto complete. Our re-
searchon the artificial potential field method(Khatib
1986) hasaddressedthisproblematthecontrol level to
provide efficient real-timecollision avoidance. Dueto
their local nature,however, reactive methods (Khatib
1986; Krogh 1984; Arkin 1987; Latombe1991) are
limited in their ability to dealwith complex environ-
ments.Usingnavigation functions(Koditschek1987)
theproblems arisingfrom the locality of thepotential
field approach can be overcome. Theseapproaches,
however, do not extendwell to robots with many de-
greesof freedom, suchasmobile manipulators (Car-
riker, Khosla, and Krogh 1989; Seraji 1993; Ya-

mamoto andYun 1995). Our investigationof a frame-
work to integrate real-timecollision avoidancecapa-
bilities with aglobalcollision-freepathhasresultedin
theelasticbandapproach(Quinlan andKhatib 1993),
whichcombinesthebenefitsof global planning andre-
active systemsin the execution of motion tasks. The
concept of elasticbandswasalsoextendedto nonholo-
nomic robots (Khatibetal. 1997). Thepaperdiscusses
our ongoing work in this areaandpresents extensions
to theelasticstrip approach(Brock andKhatib 1997),
which enablereal-timeobstacleavoidance in a task-
consistentmanner. Task behavior can be suspended
andresumedin responseto changesin theenvironment
to ensurecollisionavoidanceunderall circumstances.

2. Whole-Robot Control: Task and Pos-
tur e

Human-like structuressharemany of the characteris-
tics of macro/mini structures(Khatib 1995): coarse
and slow dynamic responsesof the mobility system
(the macro mechanism), and the relatively fast re-
sponsesandhigheraccuracy of thearms(themini de-
vice). Inspiredby thesepropertiesof macro/mini struc-
tures,we have developed a framework for the coor-
dination andcontrol of robots with human-like struc-
tures.This framework providesauniquecontrol struc-
ture for decoupled manipulation andposturecontrol,
while achieving optimal responsivenessfor the task.
This control structureis basedon two models con-
cernedwith the taskdynamic behavior andthe robot
posture behavior. Thetaskbehavior model is obtained
by a projection of the robot dynamics into the space
associatedwith the effector task,andthe posturebe-



havior model is characterized by the complement of
this projection.We first present thebasicmodelsasso-
ciatedwith thetask.In asubsequent sectionwepresent
thewhole-robotcoordinationstrategyandposturecon-
trol behavior.

2.1. Task Dynamic Behavior

The joint spacedynamics of a manipulator are de-
scribedby ��� ���	���

� � ���������
�� � ������� (1)

where� is the � joint coordinates,

��� ��� is the ����� ki-
neticenergy matrix, �

� �������� is thevector of centrifugal
andCoriolis joint forces,�

� ��� is thevectorof gravity,
and � is thevectorof generalized joint forces.

The operational space formulation (Khatib 1987b)
provides an effective framework for dynamic mod-
eling and control of branching mechanisms (Rus-
sakow, Khatib, andRock 1995), with multiple oper-
ationalpoints. The generalizedtorque/forcerelation-
ship(Khatib1987b; Khatib1995) providesthedecom-
position of the total torque, � (equation 1) into two
dynamically decoupled command torque vectors: the
torquecorresponding to the task behavior command
vectorandthetorquethatonlyaffectsposturebehavior
in thenull space:�����! #"%$'&(
)�+*-,.$/ 103254 (2)

For arobot with abranchingstructureof 6 effectorsor
operationalpoints,thetaskis representedby the 7	68�(9
vector, : , andthe 7	6��;� Jacobianmatrixis <

� ��� . This
Jacobianmatrix is formedby vertically concatenating
the 6=7>�?� Jacobianassociatedwith the 6 effectors.

Thetaskdynamicbehavior is describedby theopera-
tionalspaceequations of motion(Khatib1995)@ � : � �: 

A

�
: ���: ��
�B

�
: ���DC (3)

where : , is the vectorof the 7	6 operational coordi-
natesdescribing thepositionandorientationof the 6
effectors,

@ � : � is the 7E6F��7E6 kinetic energy ma-
trix associatedwith the operational space. A

�
: ���: � ,B � : � , and C arerespectively thecentrifugal andCori-

olis forcevector, gravity force vector, andgeneralized
forcevector actingin operationalspace.

The joint torque corresponding to the taskcommand
vector C , actingin theoperationalspaceis

�+G#HJI1KL� <�M
� ���'C (4)

The taskdynamic decoupling andcontrol is achieved
usingthecontrol structureCNGOH.I1KL�QP@ � : �RCTSU+V GOW VJXY
 PA

�
: ���: ��
 PB

�
: � (5)

where, C SG#HJI1K represents the inputs to the decoupled
system,andP Z representsestimatesof themodelparam-
eters.

2.2. PostureBehavior

An importantconsiderationin thedevelopment of pos-
ture behaviors is the interactions betweenthe posture
andthe task. It is critical for the taskto maintainits
responsivenessandto bedynamically decoupledfrom
theposture behavior. Theposturecanthenbe treated
separatelyfrom the task, allowing intuitive task and
posture specifications andeffective whole-robot con-
trol. Theoverall controlstructure for taskandposture
is

���D�!G#H.I#K�
��![ V I\G#]%^#_ (6)

where

�![ V I\G#]-^1_T��` M
� ���'��a%_bI1W ^1_baEcd[ V I1G#]%^1_ (7)

with ` � �����fehgLi <
� ��� <

� ���/j (8)

where <
� ��� is thedynamicallyconsistentgeneralized

inverse(Khatib 1995), which minimizesthe robot ki-
neticenergy

<
� ����� � clk � ��� <�M

� ��� @ � ��� (9)

and @ � ���!�nm <
� ��� � c�k � ��� < M

� ���/o clk (10)

This relationship provides a decomposition of joint
forces into two control vectors: joint forces corre-
sponding to forcesactingat the task, < M C , andjoint
forcesthatonly affect the robot posture,̀ M � [ V I1G#]%^1_ .
For a given task this control structure producesjoint
motions that minimize the robot’s instantaneous ki-
netic energy. As a result, a task will be carriedout
by thecombinedactionof thesetof joints that reflect
thesmallesteffective inertialproperties.

To control the robot for a desiredposture, the vector� a-_bI1W ^1_ba	c�[ V I\G#]-^1_ will be selectedas the gradient of a
potential functionconstructedto meetthedesiredpos-
ture specifications. The interferenceof this gradient
with thetaskdynamicsis avoidedby projecting it into
the dynamically consistentnull spaceof < M

� ��� , i.e.` M
� ���'��a%_bI1W ^1_baEcd[ V I1G#]%^1_ .

Dynamicconsistencyis the essentialproperty for the
task behavior to maintain its responsivenessand to
be dynamically decoupled from the posture behavior
sinceit guaranteesnot to produceany coupling accel-
erationin the operational spacegiven any prq 0tsus . In



Figure2: DynamicConsistency andPostureBehaviors: asequenceof snapshotsfrom thedynamicsimulationof a24-degree-
of-freedomhumanoidsystem.Ontheleft, thetaskis to maintainaconstantpositionfor thetwo hands,while achieving hand-
eye coordination. The posturemotionhasno effect on the task. On theright, the taskalsoinvolveshand-eye coordination
andmotion of the commonhandposition. This positionis interactively driven by the user. The postureis to maintainthe
robottotal center-of-massalongthe v -axis.

figure 2 (left), the robot (a 24-degree-of-freedom hu-
manoidsystem)wascommandedto keeptheposition
of both hands constant(taskbehavior) while moving
its left andright in the null space(posture behavior).
Noticethatdynamic consistency enablestaskbehavior
andposturebehavior to bespecifiedindependently of
eachother, providing an intuitive control of complex
systems.

For instance,the robot posture can be controlled to
maintainthe robot total center-of-massalignedalong
the wEx axisof thereferenceframe.This posture canbe
simply implementedwith apostureenergy function

y [ V I\G#]%^#_5cd_ X _b^#zR{ � ����� 9|�}
�#~d�� VJ� 
)� �� V5� � (11)

where } is a constant gain,

~ � VJ� , and � � V5� arethe

~
and � coordinatesof thecenterof mass.Thegradient
of this function� a-_bI1W ^1_ba	c�[ V I\GO]%^1_ � < M� V5�

� i�� y [ V I\G#]-^1_5cd_ X _b^1z.{ � (12)

provides the required attractionto the � axis of the
robot centerof mass. This is illustratedin the simu-
lation shown in Figure 2 (right), whosetaskinvolved
threeoperational point associatedwith the armsand
head.

Collision avoidance canbealsointegratedin thepos-
turecontrol asdiscussedin section4.. With this pos-
ture behavior, the explicit specificationof the associ-
atedmotionsis avoided, sincedesiredbehaviors are
simplyencodedinto specializedpotentialfunctionsfor
various typesof operations.

More complex posture behaviors canbe obtainedby
combining variouspostureenergies. We arecurrently
exploring the generation of human-like natural mo-
tion from motioncapture of humanandtheextraction
of motion characteristicsusinghumanbiomechanical
models.

2.3. Cooperative Manipulation

The development of effective cooperation strategies
for multiple robots platforms is an important issue
for both the operations in humanenvironments and
the interaction with humans. Human guided mo-
tionsmayinvolve tightly constrainedcooperationper-
formed through compliant motion actionsor lessre-
strictedtasksexecutedthroughsimplerfree-spacemo-
tion commands. Several cooperative robots, for in-
stance,may support a load while being guided by
thehumanto anattachment,or visually following the
guide to a destination.

Our approachis basedon the integration of two ba-
sicconcepts:Theaugmentedobject(Khtaib1988)and
the virtual linkage(Williams andKhatib 1993). The
virtual linkagecharacterizes internal forces, while the
augmentedobjectdescribesthesystem’s closed-chain
dynamics.For systemsof amobilenature,adecentral-
izedcontrol structureis needed toaddressthedifficulty
of achieving high-rate communicationbetweenplat-
forms. In thedecentralizedcontrol structure,theobject
level specificationsof thetaskaretransformedinto in-
dividual tasksfor eachof thecooperative robots. Lo-



Figure3: Cooperative Manipulation with theStanfordRoboticPlatforms

cal feedback control loopsarethendevelopedat each
grasppoint. Thetasktransformationandthedesignof
the local controllers areaccomplished in consistency
with theaugmentedobjectandvirtual linkage models
(Khtaib 1988; Williams andKhatib 1993). This ap-
proachhasbeensuccessfullyimplementedontheStan-
ford robotic platforms (seeFigure3) for cooperative
manipulationandhuman-guidedmotions.

2.4. Efficient Operational SpaceAlgorithms

Early work on efficient operationalspacedynamic al-
gorithms has focused on open-chain robotic mecha-
nisms. An efficient O(n) recursive algorithm wasde-
velopedusingthespatialoperator algebra (Rodriguez,
Kreutz,andJain1989; Kreutz-Delgado,Jain,andRo-
driguez 1991) andthearticulated-body inertias(Feath-
erstone1987). A different approachthat avoidedthe
extra computationof articulated inertiasalsoresulted
in anO(n)recursivealgorithmfor theoperationalspace
dynamics (Lilly 1992; Lilly and Orin 1993) Build-
ing on theseearlydevelopments,our effort wasaimed
at algorithms for robotic mechanismswith branching
structuresthatalsoaddresstheissueof redundancy and
dynamics in thenull space.

The most computationally expensive elementin the
operational spacewhole-body control structure (equa-
tion 6) is the posturecontrol, which involves the ex-
plicit inversion operation of the ����� joint spacein-

ertiamatrix

�
of (equation9), which requires �

�
�T� � .

We have developed a computationally more efficient
operationalspacecontrol structurethateliminatesthe
explicit computation of the joint spaceinertia matrix
andits inverse.Thiselimination wasachievedby com-
bining the dynamically consistentnull spacecontrol
andtheoperational spacecontrol in a computationally
moreefficientdynamiccontrol structure.

Using this control structure, we have developeda re-
cursive algorithm for computing theoperational space
dynamicsof an � -joint branchingredundantarticulated
robotic mechanismwith 6 operational points(Chang
andKhatib 2000). The computationalcomplexity of
this algorithm is �

�
�l6 
 6 � � , while existing sym-

bolic methods require �
�
� � 
 6 � � . Since 6 canbe

considered as a small constantin practice,this algo-
rithm attainsa lineartime �

�
� � asthenumberof links

increases.Thiswork wasextendedfor thedynamicsof
closed-chain branching mechanisms with an efficient�
�
�l6 
 6 � � algorithm(Chang, Holmberg,andKhatib

2000).

3. Interacti ve Haptic Simulation

Beyond their immediateapplicationto physicalrobots,
theseefficient dynamic algorithms aremakinga sig-
nificant impacton thesimulationandinteractionwith
thevirtual world. Thecomputationalrequirementsas-
sociatedwith the hapticinteraction with complex dy-



Figure4: A frameof an animationshowing the dynamicinteractionof multiple articulated/rigidbodies(left). A similar
sequencein which directhapticinteractionis permittedbetweentheuserandtheobjectsin theenvironment(right).

namic environments are quite challenging. In addi-
tion to the needfor real-timefree-motion simulation
of multi-body systems,contact andimpactresolution
andconstrainedmotionsimulationarealsoneeded.

Building on the operational spaceformulation, we
developed a general framework (Ruspini and Khatib
1999) for theresolutionof multi-contactbetweenartic-
ulatedmulti-body systems.A contactpoint is treated
asanoperational point anda contactspaceis defined.
Similarly to theoperationalspaceinertiamatrix,acon-
tactspaceinertiamatrix

@
is introducedto provide the

effective massesseenat all the contactpointsand to
characterize the dynamic relationships betweenthem.
Computing the contactspaceinertia matrices

@
for a

number of 6 contactpointon a branchingmechanism
is achieved with an efficient �

�
�l6 
 6 � � recursive

algorithm.

Thecontactspacerepresentationallowstheinteraction
betweengroups of dynamic systemsto be described
easily without having to examinethe complex equa-
tionsof motion of eachindividual system.As such,a
collisionmodel canbedevelopedwith thesameeaseas
if onewasconsideringinteractiononlybetweensimple
bodies.Impactandcontactforcesbetweeninteracting
bodiescanthenbeefficiently solved to prevent pene-
trationbetweenall theobjectsin theenvironment.

This framework was integrated with our haptic ren-
deringsystem(Ruspini,Kolarov, andKhatib 1997) to
provide a general environment for interactive haptic
dynamic simulation. Figure4 illustratessomeof the
virtual environments thathavebeenmodeledwith this
system. Figure 4(left) is one frame from an anima-

tion consistingof two puma560 manipulators(6 d.o.f.
each)onwhicharainof largeblocksis allowedto fall.
A totalof 366d.o.f. aremodeled.

In Figure 4(right) a similar environment where two
puma560manipulatorsandtwo rigid bodies(16 d.o.f)
is modeled. Direct hapticinteractionis permittedvia
a 3 d.o.f PHANToM haptic manipulator. The useris
allowed to pushandattachoneselfto any of the ob-
jectsin theenvironment andfeel theforce andimpact
createdby their interaction.

4. Task-ConsistentElastic Plans

Thecontrol methods presentedin Section2. allow the
consistentcontrol of taskandposture for robots with
complex mechanical structures, such as human-like
robots. To perform or assistin the executionof com-
plex actions,however, thesecontrol structureshave to
belinkedwith motion generatedby aplanner. Further-
more, sinceunstructuredenvironments canbe highly
dynamic,suchanintegrationhasto accommodateun-
foreseenobstaclemotionin real time, while conform-
ing to constraintsimposedby thetask.We havedevel-
opedalgorithmsthatperform task-consistent,real-time
pathmodification to addressthis issue.

4.1. Real-Time Path Modification

Motion plannersgenerally perform a global searchin
configurationspaceto determine a collision-freemo-
tion accomplishing a given task. Due to the high di-
mensionality of the configuration spaceof the class



Figure5: Top imagesshow from left to right: real-timeobstacleavoidancewithout taskconsistency, with taskconsistency,
andtransitioningbetweentask-consistentandnon task-consistentbehavior. Lines indicatetrajectoriesof the base,elbow,
andendeffector. Thegraphsshow endeffectorerrorandbasedeviation from thetaskfor therespective experiment.

of robots we are concerned with in this paper, plan-
ning operations are too computationally complex to
beperformedin real time. As a consequence,motion
in dynamicenvironments cannot adequatelybegener-
atedby thoseplanners. The elasticbandframework
(Quinlan and Khatib 1993) was developed to allow
real-timemodificationof a previously plannedpath,
effectively avoiding a costlyplanning operation in re-
actionto changesin the environment. More recently,
this framework wascomplementedby theelasticstrip
framework (BrockandKhatib1997).

The elasticstrip framework augmentsthe representa-
tion of a pathcomputedby a plannerwith a descrip-
tionof freespacearound thatpath.Collisionavoidance
canbeguaranteed,if thework spacevolumesweptby
the robot along its path is contained within the free
space.Real-timepathmodificationis implementedby
subjectingtheentirepathto anartificial potentialfield
(Khatib1986), keepingthepathatasafedistancefrom
obstacles.Themodification of thepathin accordance
with thosepotentialsis performedwhile ensuringthat
thevolumesweptby therobot along thepathis always
containedwithin therepresentationof local freespace.
This resultsin “elastic” paths,which deform in reac-
tion to approachingobstacles,while maintaining the
globalpropertiesof thepath.

In addition to therepulsive, external potential, we also
apply internal forcesto consecutive configurationsof
the robot alongthe path. This shortensandsmoothes

thepath.Theoverall behavior of of a pathrepresented
in the elasticstrip framework can be comparedto a
string of elasticmaterial: as obstaclesapproach,the
path is locally modified or “stretched” by repulsive
forces;oncetheobstaclemovesfurtheraway, internal
forces shortenand smoothenthe path. Suchbehav-
ior is shown in the top left imageof Figure 5. The
endeffectorof the robot is commandedto move on a
straightline. Theoriginal pathgeneratedby theplan-
neris asimplestraight-linemotion,asnoobstaclesare
present.The imageshows the pathafter two mobile
obstaclesmove into thepath.

Theelasticstrip framework scalesto robotswith many
degreesof freedom andwith many operationalpoints,
asit avoidsa costlysearchfor collision-freemotion in
configurationspace.Instead,it employs simplework
space-basedpotentialfieldsin conjunctionwith afore-
mentioned control structuresto modify a previously
plannedmotionin realtime.

4.2. Task-ConsistentPath Modification

In dynamic environments it is desirable to integratere-
active obstacleavoidance with taskbehavior. To ac-
complish this we extendthe overall control structure
for taskandposturebehavior (equation 2) by adding
torques �T,J�/$/ #"���s�4 representing desiredobstacleavoid-
ancebehavior:������ #"�$'&(
���*-,.$b 10t254!
��;,J��$b #"���s�4



Figure6: Task-consistent, real-timeobstacleavoidance:despitethebasechangingits trajectoryto avoid themoving obstacle,
theendeffectorperformsa straight-linetrajectory

Both, � *-,.$/ 103254 and � ,.�/$/ #"���s�4 have beenmapped into
thenullspaceof thetask,asshown in equation7. Us-
ing this control structure,the task-consistentobstacle
avoidancebehavior shown in thesecondimageof Fig-
ure5 is achieved. Notehow without task-consistency
the end effector deviates significantly from the re-
quired straight-line trajectory. Using task-consistent
obstacleavoidance,theendeffector only deviatesmin-
imally from the task, as can be seenin the graphs
shown in Figure5. A task-consistentmotion execu-
tion ontheStanford AssistantManipulatorcanbeseen
in Figure 6.

This approachof integrating taskandobstacleavoid-
ancebehavior canfail, however, whenthe torquesre-
sultingfrom mapping ��,.�/$/ #"%��s�4 into thenullspaceyield
insufficient motion to ensureobstacleavoidance. In
sucha situationit would bedesirableto suspendtask
execution andto realizeobstacleavoidancewith all de-
greesof freedom of therobot.

Let � M
�
<
� ���.��� e g�i < M

� ���
�< M
� ��� j bethedynam-

ically consistentnullspacemapping of the Jacobian<
� ��� associatedwith thetask.Thecoefficient

�(��� ` M
�
<
� ���R�+�N,.�/$/ #"%��s�4 �� � ,J�/$/ #"���s�4 �

correspondsto theratioof themagnitudeof thetorque
vector � ,.�/$/ #"���s�4 mapped into that nullspaceto its un-
mappedmagnitude.Thiscoefficient is anindication of
how well thebehavior representedby � ,J��$b #"���s�4 canbe
performedinsidethenullspaceof thetask.We experi-
mentallydetermineavalue� $ atwhichit is desirableto
suspendtaskexecution in favor of thebehavior previ-
ouslymappedinto thenullspace.Oncethecoefficient� assumesavalue ����� $ , a transitionis initiated.Dur-
ing this transitiontaskbehavior is gradually suspended

andpreviousnullspacebehavior is performedusingall
degreesof freedom of themanipulator. Themotionof
themanipulator is now generatedusingtheequation� � � < M

� ���!C�

� e gLi < M

� �����< M
� ��� j � ,.�/$/ #"%��s�4 


� � ,J��$b #"���s�4
where �f��m � Z�Z 9 o is a time-basedtransitionvariable,
transitioning between1 and0 during tasksuspension
and between0 and 1 during resumption of the task,
and ���

�
9 i���� is definedasthecomplementof � .

The experimental results,performedon the Stanford
AssistantManipulator, for suchtransistioningbehav-
ior canbeseenin Figure5. Theimageon thetopright
shows how despitetask-consistentobstacleavoidance
thetaskhasto besuspendedto ensure obstacleavoid-
ance. Below, the graphshows how the basedeviates
significantly from the straightline in responseto the
obstacle.Theendeffector, however, maintainsthetask
until it hasto besuspended. Thegraph alsoshowsthat
thetaskis resumedin a smoothmanner, afterthebase
haspassedtheobstacle

5. Conclusion

Advancestoward the challenge of robotics in human
environments depend on the developmentof the ba-
siccapabilities neededfor bothautonomousoperations
andhuman/robot interaction. In this article, we have
presented methodologiesfor whole-robotcoordination
andcontrol, cooperation betweenmultiple robots, in-
teractive hapticsimulationwith contact,andthe real-
time modification of collision-freepathto accommo-
datechangesin theenvironment.



For thewhole-robotcoordinationandcontrol, we pre-
senteda framework which providestheuserwith two
basictask-orientedcontrol primitives:taskcontrol and
posturecontrol. The major characteristicof this con-
trol structure is thedynamic consistency it providesin
implementing thesetwo primitives: the robot posture
behavior hasno impact on the end-effector dynamic
behavior. While ensuring dynamicdecoupling andim-
provedperformance,thiscontrol structureprovidesthe
userwith a higher level of abstractionin dealingwith
taskspecifications andcontrol.

Addressingthe computationalchallengesof human-
like robotic structures,wepresentedefficient �

�
�l6 


6 � � recursivealgorithmsfor theoperationalspacedy-
namicsof mechanismsinvolving branchingstructures
andclosedchains. Building on the operational space
formulation, we also developeda framework for the
resolutionof multi-contactbetweenarticulatedmulti-
bodysystems.Thecomputationalefficiency of thedy-
namic algorithms developed for physical robotspro-
videdtheinteractivity neededfor hapticsimulationof
complex virtual environments.

The elasticstrip framework allows the seamlessinte-
gration of reactive, real-timeobstacleavoidance and
thetask-orientedcontrol structure.It providesfor real-
time motiongeneration thatcombinesobstacleavoid-
anceandtaskexecution. Whenkinematicor external
constraintsimposedby obstaclesmakeit impossibleto
maintainthe task, task-consistentobstacleavoidance
is suspendedandall degreesAs theconstraints arere-
laxed, the task is resumedin a smoothmanner. Us-
ing the elasticstrip framework, motion for complex
kinematicstructurescanbegenerated very efficiently,
asthe required computationsaremostlyperformedin
work spaceandasaresultareindependentof thenum-
berof degreesof freedomof themechanism.
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