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Abstract— Depending on the autonomous capability of the
robot and the familiarity of the robot system with the task
and envir onment, the level of human intervention differs. This
paper intr oducesa methodologywhich allows a human operator
to seamlesslyswitch between the continuous control of motion
using an analog input device and the discrete behavior control
cooperating with the robot using symbolic commands. Using
the proposed methods, a human operator is able to operate
humanoid robots with high �exibil ity by only using a simple
operation interface. Successfulexperimentsoperating humanoid
robot HRP-2 in executing everyday tasks proved the high
reliability of the proposedoperation system.

I . INTRODUCTION

In recent years, advances in both mechanical systems
and software architectureshave contributed to the realization
of somepromising examples of humanoid robots executing
tasks aimed for spacemissions, maintenance of industrial
plants, home management services, human care services,
industrial vehicle operations and cooperative works with
human[1][2][3][4]. Nevertheless, the realization of reliable
autonomoushumanoid robots which can perform taskswith-
out human supervisionis still limited by the current level
of perceptual capabilities,decisionmaking technologies and
motion control strategies. With their feet not �x ed to the
ground and the substantialincreasein the dimensionof the
con�guration space,the successfulintroduction of humanoid
robots into human environmentswill rely on the development
of reliable and practical systemsintegrating motion genera-
tion, perception, knowledgemanagementanddecisionmaking
technologies[5][6][7][8][9][10].

Human intervention is a must in creatingsafe and useful
humanoid robot systems.Effective andreliablemethodologies
for operating humanoid robots are of great importance.De-
pending on the autonomous capability of the robot and the
familiarity of the robot systemwith the taskandenvironment,
the level of human intervention differs.

This paper introducesa methodology which allowsa human
operator to seamlesslyswitch betweenthe continuous control
of motion using an analog input device and the discrete
behavior control cooperating with the robot using symbolic
commands.

I I . CONCEPTS IN OPERATING HUMANOID ROBOTS

Let us recall how we act in the environment. Whenwe are
actingin an environment which we arefamiliar with, mostof
theactionswe take arecarriedout with our attentionfocusing
on somediscreteinformation like whereto go, which object
to manipulate, which behavior to take, andetc..Our motions
arethengeneratedsubconsciouslyto satisfytheselectedgoal.
When we come to a new environmentor perform a new set
of motions, the conscious attention we pay to the motions
increases.As we arenot familiar with the environmentor the
actionsthat we areperforming, we are consciously attending
to the continuous control of the direction that we look, the
way we walk, andthe way we control our body.

The same applies to operating humanoid robots. When
operating a robot which is equipped with a high level of
autonomy serving in a known environment,a small number
of high level commands will be suf�cient in achieving the
intended tasks.However, when the systemis usedin a new
environment, a human operator will have to command the
robot whereto look at, what to look for andhow to act. And
for commandingnew motions, the humanoperator will have
to continuously command the trajectory of the body of the
robot.

A. Two Levelsof Operation

Depending on the autonomous capability of the robot and
the familiarity of the robot systemwith the taskandenviron-
ment, the operator will needto switch betweenthe following
two levels of operation:

� Motion Level Operation:
Continuous control of the most important point of the
motion for example the hand, the head, the waist, the
leg, the directionof walking andetc..
Motion level operation is related to motion generation
andcontrol functionof theoperation system.The human
operatorcooperateswith therobot in generating andcon-
trolling therobot's motionby guiding themostimportant
point of themovement.The humanoperator operatesthe
motion of the robot continuously by using an analog
input device which converts human motor action into
physical signals to the robot. Whole-body motions are
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Fig. 1. ProposedSystemfor SeamlessSwitching betweenMotion Level Operation andBehavior Level Operation

then generated integrating autonomous functions of the
robot suchasmaintaining stability andextending reach.
This method saves the operator from having to send
commandsto all joints of therobot. Theoperator canthus
concentrateon executing commandsonly to the speci�c
body partswithout having to take careof thekinematical
and dynamical constraints of the robot, such as reach
limits andbalanceconstraints.

� Behavior Level Operation:
Discretecommand suchas “walk to A”, “reachB using
right hand”,“pull C with left hand”, “stand”, “squat” and
etc.
Behavior level operation is donewith both the operator
and the robot cooperating in the perception, knowledge
managementanddecisionmaking functions.Theoperator
selectsobjects,triggersactions,teachesnew information
to the robot and makes con�rmation on the robot's
perception usingsymboliccommand interfacessuchasa
keyboard,a mouseor voicecommand.SharedAutonomy
in behavior level operation is achieved with the cooper-
ation of high level perception and cognition of human
with the accuracy of low-level sensingcapabilities of
the robot. One manifestationof suchkind of sharingis
the humangiving direction to whereto look at and the
robot locatethepositionof thetarget objectusingmodel-
basedvision. Another instanceis the human indicating
the target object to begraspedandpickedup, whereupon
the approach-grasp-and-pick operation would be carried
out by the robot.

Theoperator will bene�t if theoperationsystemallows him
to seamlesslymove across both behavior level and motion
level operations. Fig. 1 depictsour proposedsystemwhich

enables theoperator to do so.Theseamlessswitchingbetween
the two levels of operationis realizedby allowing the motion
level command to be addedto the command generatedby
behavior level operation.

I I I . WHOLE BODY MOTION GENERATION FRAMEWORK

FOR HUMANOID ROBOTS

A humanoid robot can generally be modeled as a tree
structure mechanism with � ve links attachedto a free moving
6 degreesof freedom (DOF) body in space.We de�ne body
frame � B as the frame �x ed on the waist with linear and
angular velocitiesW � B . The leadingsuperscript W indicates
that the velocities aredescribedusingthe world frame,which
is the Cartesianframe�x ed on the ground � W .

A. Operational Points and Joint Utilization

Degreesof freedom necessaryto realizethedesiredposition
andorientation of operational pointsduring taskexecutionsare
usuallyfar lessthantheentireDOF of a humanoidrobot. Here
we divide the joints of the robot into Control joints and free
joints. Control joints are the joints of the links of which the
operationalpointsarecontrolledin orderto satisfythedesired
tasks.Freejoints arethe joints of the free links which arenot
usedfor the desiredtasks.With this categorization all joints
of the robot canbe described using

_� = [ _�
T
cl 1

:::: _�
T
cl n

_�
T
f l ]

T ; (1)

where n denotesthe number of operational points that are
needed for the desiredtasks, _� cl i denotes the vector for joint
velocities of the respective control links and _� f l denotes the
vector for the joint velocities of free links. Pleasenote that



whenn is equivalentto the total number of the links, _� f l will
become a null vector.

Fig.2 depicts the model of a humanoid robot and the joint
utilization for the task of reaching using the left handwhile
standing, in which theoperational pointsareboth feetandthe
left hand. The target joint velocities for the respective control
link from thebody frameto thetarget operational frame, _�

tr g
cl i

,
canbe obtained by
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whereW � r ef
B andW � r ef

i denote the velocitiesof the body
frameanddesiredvelocitiesof therespectiveoperational point
frame.Jcl i denotesthe Jacobianmatrixescalculatedfrom the
baseframe to the respective operationalpoint frame, W r B ! i

denotesthe positionvectors from the baseframe frameto the
respective operational point frame,E3 denotesa 3� 3 identity
matrix, and̂ denotesan operator which translatesa vectorof
3 � 1 into a skew symmetricmatrix 3 � 3 that is equivalent
to an outerproduct.

B. Low Level Autonomiesin Motion Generation

We have introduced the idea of integrating low level au-
tonomies for safe operation of the robot in a sub-conscious
fashion during motion generation which includes Balance
Autonomy, Workspace Expansion Autonomy and Interac-
tive Center of Mass(CoM) and Supporting Area Transition
Autonomy[14].

Usinga framework which generateswholebodymotionsby
controlling thetotal momentum of therobot [11], we calculate
thevelocitiesof thewaist frameW � tr g

B andthejoint velocities
of the free joints _�
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f l that realizeboth thereferencevelocities

for theoperational pointsW � r ef
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whereS denotesan� 6 matrix for theselectionof theelements
of the total linear and angular momentum for control, which
consistsof ei denotinga 6� 1 vectorwith parameter1 for the
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Fig. 2. OperationalPoints,ControlJoints,FreeJointsandMomentumDuring
the Taskof Reaching with Left HandWhile Standing

activation of the selectedi -th momentum andparameter0 for
the other elementsof the vector. Ay is the pseudo-inverseof
A andE is an identity matrix. W � r ef

B denotestheadjustments
of the velocitiesof the waist framethat canbe madeutilizing
projection of the null space,depending on the selectionof S.
M cl i , H cl i denote the inertia matrix of which joint velocities
of therespective control link affect thetotal linearandangular
momentumof the robot. M i , H i denote the inertia matrix of
which the velocitiesof the respective operationalpoint affect
thetotal linearandangularmomentum of the robot. M f l , H f l

denote the inertia matrix of which joint velocitiesof the free
links affect thetotal linearandangularmomentum of therobot.
~m is the total massof the robot, ~I is the inertia tensormatrix
around thecenterof mass(CoM),andr B ! g is thevector from
the origin of � B to the CoM.

BalanceAutonomy is realizedby controlling the position
of CoM through manipulating the linear momentum P using

P r ef = ~mk(r r ef
W ! g � r W ! g); (4)

wherer r ef
W ! g and r W ! g denotethe reference and estimated

positionfor CoM andk denotesthegainof thecontrol scheme.
By controlling theCoM usingEquation (4) so that theprojec-
tion of CoM remains within the areaof the support polygon
will keep the static balanceof the humanoid. Furthermore,
by setting the referencevalue for angular momentum L r ef

as zero or regulating the reference accelerationof the waist
frame, thedynamicbalanceindicatorZMP canbecontrolled to
remainwithin thesupport polygon.Thesevaluesarecontrolled
autonomously to allow the operator to only concentrate on
manipulating the target points of the robot's body without
having to take careof the robot's balanceconstraint.



IV. DESIGNING BEHAVIORS FOR OPERATING HUMANOID

ROBOTS

Wehaveconstructedbehaviors to facilitateonlineoperations
for humanoid robots under the following categories:

� Perceptual Behaviors:
Behaviors involving the sensingand recognition of en-
vironment through visual, auditory, hapticssensingand
etc..

� Motion Behaviors:
– ObjectOrientedMotion Behaviors:

Behaviors involving body movementswhich areob-
ject oriented, such as reaching, touching, tracking,
pulling, holding andetc..

– Non-Object OrientedMotion Behaviors:
Body movementswhich arenot objectorientedsuch
assquatting, standingandetc..

Motion Behaviors for humanoid robots are often dif�cult
to designdue to the multi-dimensionalityof the mechanism.
One way of deciding the behaviors is being carried out
experimentally by usingthe online operation systemwe have
developed[14]. Theoperator �rst operate therobot to perform
the task both using simulatorand on the real robot to check
the feasibility of the motion, and �nd the suitablestanding
position, grasping point, and approach motions relative to
the object for manipulation. Theseinformations are utilized
to design object-orientatedbehavior programs, and used as
parametersfor motion generationduring behavior executions.

We have constructedseveral behaviors with the integration
of onlinemotiongeneration framework, 3D visual recognition
functions and human-robot interaction. For tasks such as
reaching to an object, vision functions are usedto estimate
the distancebetweenthe object and the robot, the system
will judge whether the object is within the reachablespace
of the current supporting polygon and judge the necessity
of walking. The walking distanceis calculatedby the target
standingposition prede�ned according to the task and the
walking command is issued.During behavior level operations,
thetriggeredbehavior will generatereferencevelocitiesfor the
required operational pointsor control joints for every control
loop usedin Equations(2) and(3).

V. IMPLEMENTATION ON HUMANOID ROBOT HRP-2

The proposedsystemis implemented to operate humanoid
robot HRP-2[12]. Humanoid HRP-2 is 1540 [mm] tall and
weights58 [kg] includingbatteries.It has30 DOF. In orderto
construct a supervisory operation systemfor HRP-2,we have
replacedthe original black and white threevideo camerasof
HRP-2 No.10 with four color video cameras(Fig. 3). Three
of themaremounted with a narrow-angle(33.1 [deg.] x 25.0
[deg.] ) lensfor increasingaccuracy of visual recognition and
one is mounted with a wide-angle (93.6 [deg.] x 70.8 [deg.]
) lens for teleoperation.We have also developed a new hand
namedJRL-handfor HRP-2. The JRL-handis a one DOF
parallel gripper. It allows humanoid HRP-2 to graspa wider
variety of objects,from a thin board to a 75 [mm] thick one

Fig. 3. HRP-2No. 10 with Modi�ed CameraSystemandHands

anda cylindrical object85 [mm] in diameter. The maximum
grip strength is 14 [N] at the tip of the �nger.

A. Operation Interface

Fig. 4 depictsthe operation interface.The operation inter-
faceis composedof a Graphical User Interface(GUI), two 3-
DOFjoysticks,akeyboardandamouse.TheGUI is composed
of Command Input Box, Command Dialogue Box, Online
CameraView, Online Robot Simulator, Pop-upRecognition
Results,andConsoleOutput.

For continuousmotion level operations, theoperatorselects
the operational points by pressingthe joysticks' buttons al-
locatedfor the respective modeand input linear and angular
velocity command of the operational points by manipulating
the joysticks' levers.For walking operation control, the oper-
atorcontrolsthewalking direction, foot stepdistance,andthe
distancebetweenthe feet to generatewalking patterns in real
time.Theoperator cansimultaneously control thepositionand
orientation of the headandboth hands during walking[14].

For behavior level operations, the operator gives discrete
symbolic commandsusing keyboard and mousewhile moni-
toring the robot's condition and the robot's perception of the
environment using the GUI.

The seamlessswitchingbetweenmotion andbehavior level
operations is madepossiblewith the referencevelocities for
the operational points being calculatedas the addition of the
referenceof both motion andbehavior level operations within
the real-timecontrol loop as

� r ef
i = � r ef motion

i + � r ef behav ior
i : (5)

Here � r ef motion
i denotes the desiredvelocities of motion

level operations input usingjoysticks,� r ef behav ior
i denotesthe

desiredvelocities generatedby behaviors, and � r ef
i denotes

theuni�ed desiredvelocitiesof theoperationalpoint which is
usedin Equations(2) and(3).

B. Software System

Theoverview of thesoftwaresystemis shown in Fig. 6. The
distributedserver systemconsistsof the following servers:
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� Input Command Server provides mouse and keyboard
parametersfor discretebehavior command andinterprets
theconditions of thebuttonsandthe lever of the joystick
devices,andregistersthemasparametersfor motionlevel
operations.

� Vision Function Servers accessesto four cameras on-
board the robot and provides raw image stream,stereo
vision information and object recognition resultsimple-
mentedusingthe Volumetric VersatileVision system[13]
which has a segment-based object recognition engine
with an expandablelibrary of objects.

� Whole Body Motion Generator receives command from
the Input CommandServer to generate whole body mo-
tionsfor continuousmotioncontrolandbehavior control.
It sendscommands to the Vision Function Server for the
triggering of recognition processandreceivesinformation
on recognized objectsfrom Vision Function Server and
information on robot's condition from the IO Board of
the robot.

All the servers are implemented using CORBA with the
Whole Body Motion Generatorand Vision Function Server
implemented on two different CPUson board the humanoid
robot HRP-2. The Whole Body Motion Generatoris imple-
mentedon a real-time operating system,ARTLinux. Motor
commands to the I/O board aresentevery 5 [msec].
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VI. EXPERIMENTS

The effectivenessof the proposedsystemis experimentally
con�rmedby operating humanoid robot HRP-2No.10 to per-
form various tasksincluding thoseconductedat thePrototype
RobotExhibition held at EXPO 2005Aichi.

A total of 20 experimentshave beenconducted during the
11-days exhibition held at EXPO 2005 under the following
conditions:

� the geometric models of a 300[ml] can drink with 65
[mm] diameter, a table with 0.75 [m] width X 1.5 [m]
depthX 0.7 [m] height,anda trashbox with a 120[mm]
X 280 [mm] rectangular hole for vision recognition are
known

� the locationsof the tableand the trashbox areknown
� the location of the 300ml can drink as well as the

knowledge about other objects in the environment is
unknown

The operator wasgiven the following tasks:
� locatinga 300ml candrink on the table
� take the 300ml candrink
� throw the 300ml candrink into the trashbox
� take an unknown object on the �oor and put the object

on the table
All of the20 experimentswerecarriedout without fail. Fig.

7 depictstheimageof therecognition resultsof objectsduring
behavior operationsandthesnapshots of theexperiments.Fig.
7(a) depictsthe scenewherethe operator usesbehavior level
command“Take Can” to take a 300ml candrink after locating
thepositionof thecan.Fig. 7(b) depicts themotiongenerated
for behavior level command “Throw Can” after locating the
positionof thetrashbox. Fig. 7(c) depictsthescenewherethe
operator operatesthe robot's right handusingjoysticksto put
the unknown bag on the table after approachingto the table
usingbehavior level command“Approach Table”.
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The accuracy of the object recognition and the motion of
humanoid HRP- 2 have proven to be high enough to achieve
the tasks.For example, HRP-2 located the trash box from
about 2 [m] far away, walked forward about 1.4 [m], and
threw the can with 65 [mm] diameterinto 120 [mm] by 280
[mm] rectangular hole of the trashbox. The total accuracy of
the location and the motion was less than 40 [mm] in this
experiment.

Otherexperimentsutilizing the proposedsystemwerealso
carried out with HRP-2 No. 10 accomplishing manipulation
tasks such as picking up an unknown trash on the �oor
using its right hand, manipulating a chair using its left hand,
manipulating a canon the �oor usingits right foot andtaking
out a canfrom thefridge with its right hand holding thefridge
door and the left handtaking out the can(Fig.8).

VI I . CONCLUSIONS

This paper presenteda methodology for constructing an
operation systemfor humanoid robots which allows the op-
eratorto seamlesslyswitch betweencontinuousmotion level
operation and discretebehavior level operation. With these
two levels of operation, the operation of humanoid robots is
madepossiblewith high robustness in humanenvironments.
Successfulexperimentsoperating humanoidrobot HRP-2with
the proposedsystemin executing object manipulation tasks
including thoseconductedat theEXPO2005 Aichi con�rmed
the effectivenessof the proposedsystem.

Fig. 8. VariousTasksRealized using the ProposedOperation System
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