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Abstract— Depending on the autonomous capability of the
robot and the familiarity of the robot system with the task
and ervironment, the level of human intervention differs. This
paper intr oducesa methodology which 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. Successfulexperiments operating humanoid
robot HRP-2 in executing everyday tasks proved the high
reliability of the proposedoperation system.

|. INTRODUCTION

In recent years, advarces in both mechaical systems
and software archite¢ures have contrituted to the realization
of some promising exanples of humarid robots exeaiting
tasks aimed for space missions, mainterance of industrial
plants, home managerant services, human care services,
industrial vehicle opertions and cooperatve works with
huma[1][2][3][4]. Nevertreless, the realization of reliable
autoromoushumarid robots which can perform taskswith-
out human supervisionis still limited by the currert level
of perceptual capabilities,decisionmakirg techndogies and
motion contrd strategyies. With their feet not x ed to the
ground and the substantialincreasein the dimensionof the
con guration space the successfuintroduction of humaroid
robas into human environmentswill rely on the developmen
of reliable and pradical systemsintegrating motion genera-
tion, percepion, knowledge manag@mentanddecisionmaking
techndogies[g[6][7][8][9][10].

Humanintervertion is a mustin creatingsafe and useful
humanoid roba systemsEffective andreliablemethoalogies
for opemting humarid robas are of greatimportance.De-
pendng on the autonanous capalility of the roba and the
familiarity of the robot systemwith the taskandervironmern,
the level of human intervention differs.

This paper introducesa methalology which allows a human
operdor to seamlesslyswitch betweenthe continuais contrd
of motion using an analog input device and the discrete
behaior contrd coopeating with the roba using symbdic
commands.
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Il. CONCEPTS IN OPERATING HUMANOID ROBOTS

Let usrecallhow we actin the ervironmert. Whenwe are
actingin an ernvironmern which we are familiar with, mostof
the actionswe take arecarriedout with our attentionfocusirg
on somediscreteinformation like whereto go, which object
to manipdate, which behaior to take, and etc.. Our motions
arethengeneatedsubcosciouslyto satisfythe selectedgoal.
When we cone to a new ervironmentor perform a newv set
of motions, the conscios attentionwe pay to the motions
increasesAs we are not familiar with the environmentor the
actionsthat we are perfaming, we are consciasly attendirg
to the continuous contrd of the direction that we look, the
way we walk, andthe way we control our body.

The same applies to operding humanoid robas. When
opeating a roba which is equiped with a high level of
autoromy servingin a known ernvironment,a small numker
of high level commanls will be sufcient in achieving the
intenced tasks.However, when the systemis usedin a new
ervironmert, a human opemtor will have to command the
robot whereto look at, what to look for andhow to act. And
for commandingnenr motiors, the humanopeator will have
to contiruously command the trajectory of the body of the
robot.

A. Two Levelsof Operation

Depering on the autoromous capability of the roba and
the familiarity of the roba systemwith the taskanderviron-
ment, the operdor will needto switch betweenthe following
two levels of operatio:

Motion Level Operatio:

Continwus control of the most important point of the
motion for examge the hand the head,the waist, the
leg, the direction of walking and etc..

Motion level opeation is relatedto motion generatio
andcontmol function of the opeition system.The human
opemtor cooperateswith therobot in generatig andcon-
trolling theroba's motion by guiding the mostimportant
point of the movement.The humanopemtor operateghe
motion of the robot continwusly by using an anala
input device which cornverts human mota action into
physical signalsto the roba. Whole-baly motiors are



Interface

Information [ Distance, Force Sensing |

Operator's

Pe‘rcepl“ion Perception

.

| Object Recognition |

HrCOnfirm and modificationPO

Object Information
Behavior Information

|
Managir“g Knbwlege
_+H7 Input New Information =0

Discrete
Symbolic

:
Environment
'

D

Distance-based Decision ' ' :
Execute Behavior ® Select Object
' Trigger Behavior

| H O Command

eci%ion Making »

G

e *. Seamless
e | Y ) } + + Switch /
Reaction == Nl Motion Generation and Control ‘O 4
o © o mm_b |i|! o mm b e/
> : o o P || o _cresr P -
Agtion / : —
(A 6 o b ||| o i bel - 7
| v S S merrerm S G [/
8 8 8 |y 8 8 8 Y/ 5

L]
ol b OrO ol b | Satme oo
Low LevelAutonomies DOF 9 ! i fo) . Command
A% Ly !
Desied |
Joint Limit Y o ; ) o
a8
[

Robot Control

Fig. 1.

then geneated integrating autoromous functions of the
roba suchas maintairing stability and extending reach.
This methal saves the operato from having to send
commandsto all joints of therobot. Theoperato canthus
concentrate on execuing commandsonly to the speci c
body partswithout having to take careof the kinematical
and dynanical constrants of the robot, such as reach
limits and balanceconstrants.
Behavior Level Operation
Discretecommam suchas“walk to A”, “reach B using
right hand”,“pull C with left hand, “stand”, “squat” and
etc.
Behavior level opertion is donewith both the opeator
and the roba coopeating in the percepion, knowvledge
mana@mentanddecisionmaking functions.The opeaator
selectsobjects,triggersactions,teachesew information
to the roba and makes con rmation on the robot's
percepion usingsymboliccommand interfacessuchasa
keyboard,a mouse or voice command. SharedAutonamy
in behaior level opeation is achieved with the cooper
ation of high level perceptim and cogrition of human
with the accurag of low-level sensingcapaliities of
the robot. One marifestation of suchkind of sharingis
the humangiving directionto whereto look at and the
robad locatethe positionof the target objectusingmodd-
basedvision. Anothe instanceis the human indicating
the target objed to be graspedandpicked up, whereupn
the apprach-gasp-andpick operatian would be carried
out by the robot.
Theoperato will bene t if the opeiation systemallows him
to seamlesslymove acrcs both behaior level and motion
level opertions. Fig. 1 depictsour proposedsystemwhich

Human Control

ProposedSystemfor Seamlss Switching betwveenMotion Level Operaton and Behavior Level Operaion

enables the operato to do so. The seamlesswitchingbetween
the two levels of operationis realizedby allowing the motion

level command to be addedto the commanl gererated by

behaior level opemtion.

I1l. WHOLE BoDY MOTION GENERATION FRAMEWORK
FOR HUMANOID ROBOTS

A humanoid robot can generally be moceled as a tree
structue mechaism with ve links attachedo a free moving
6 degreesof freedan (DOF) body in space We de ne body
frame g asthe frame x ed on the waist with linear and
anguar velocitiesW g . The leadingsuperscrip"V indicates
thatthe velocities are describedusingthe world frame, which
is the Cartesiarframe x ed on thegrourd .

A. Operational Points and Joint Utilization

Degreesof freecbm necessaryo realizethe desiredposition
andorientatio of operatioml pointsduring taskexecutionsare
usuallyfar lessthanthe entire DOF of a humanoidrobot. Here
we divide the joints of the roba into Contrd joints and free
joints. Control joints are the joints of the links of which the
opeationalpointsarecontrolledin orderto satisfythe desired
tasks.Freejoints arethe joints of the free links which are not
usedfor the desiredtasks.With this categorization all joints
of the robot canbe descriled using

T

T
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T
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where n denotesthe numler of opertional points that are
needd for the desiredtasks, —;; dendesthe vectorfor joint
velocities of the respectie contol links and —¢| dendesthe

vecta for the joint velodties of free links. Pleasenote that



whenn is equialentto the total nunber of the links, — will
becone a null vector

Fig.2 depcts the model of a humaroid robot andthe joint
utilization for the task of reachimg using the left handwhile
standing in which the operaional pointsare both feetandthe
left hand The targetjoint velogties for the respectre contrd
. . trg
link from the body frameto thetarget operatimal frame, —, ~,
canbe obtaired by

trg _ f Es Whg, trg
—hi = gli W ire 0 Es I W B )
whereV [ and" [ dende the velocitiesof the body

frameanddesiredvelocitiesof the respectre operatimal point
frame.Jq, dendesthe Jacobiarmatrixescalculatedfrom the
baseframe to the respectie opeaational point framg Wrg, ;
dendesthe positionvectas from the baseframe frameto the
respectie operatimal point frame,E3 denotesa3 3 identity
matrix, and* dendes an operaor which translatesa vector of
3 1linto a skew symmetricmatrix 3 3 thatis equialen
to an outer product.

B. Low Level Autoromiesin Motion Geneagtion

We have introduced the idea of integrating low level au-
tonomies for safe opeaation of the robot in a sub-cascious
fashion during motion generéion which includes Balance
Autonamy, Workspace Expansion Autonomy and Interac-
tive Centerof Mass(CoM)and Suppoting Area Transition
Autonamy[14].

Usinga framework which geneateswhole body motionsby
contrdling thetotal momenum of theroba [11], we calculate
the velocitiesof thewaistframe" § 9 andthejoint velocities
of thefreejoints _?,g thatrealizeboth the refererce velocities

for the operatioral pointsW {ef andtherefererte momertum,
Wpref W) ref asthe leastsquae solution by
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Fig.2. Operaional Point, ControlJoints,FreeJointsandMomentumDuring
the Task of Reating with Left Hand While Standng
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activation of the selected -th momerium and paraneterO for
the other elementsof the vector AY is the pseud-inverseof
A andE is anidentity matrix. "V *" denoteghe adjustments
of the velocitiesof the waist framethat canbe madeutilizing
projection of the null space depeiing on the selectionof S.
Ma,, Ha, derote the inertia matrix of which joint velocities
of therespectre contol link affectthetotal linearandanguar
monentumof theroba. M;, H; dende the inertia matrix of
which the velocitiesof the respectie opetional point affect
thetotal linearandangularmomerium of therobot. M¢, Hs
dende the inertia matrix of which joint velocitiesof the free
links affectthetotal linearandangulamomentum of therobd.
m is the total massof the robot, I is the inertia tensormatrix
arownd the centerof mass(CoM)andr g: g is thevecta from
the origin of g to the CoM.

BalanceAutonamy is realizedby cortrolling the position

(3)of CoM through manipuating the linear momentum P using

P = mk(ryy) @)

rwi g);

wherer | g andrw, ¢ denotethe referene and estimated

positionfor CoM andk dendesthegainof thecontrd scheme.
By controlling the CoM using Equaion (4) sothatthe projec-
tion of CoM remairs within the areaof the suppat polygon
will keep the static balanceof the humanoid. Furthernore,
by setting the reference value for angdar momerum L "f
as zero or regulatirg the refererce accelerationof the waist
frame thedynamicbalancendicatorZMP canbecontrdled to
remainwithin the suppat polygon. Thesevaluesarecontrdled

whereS dendesan 6 matrixfor theselectiorof theelements autoromously to allow the operdor to only concentate on

of the total linear and angdar momenum for contrd, which
consistof e; denotinga6 1 vectorwith paraneterl for the

manipulating the target points of the roba's body without
having to take careof the robot's balanceconstrént.



1V. DESIGNING BEHAVIORS FOR OPERATING HUMANOID
RoBOTS

We have constructedbehaviors to facilitateonline operatians
for humanoid robas under the following categories:

Perceptal Behaviors:

Behaviors involving the sensingand recogttion of en-
vironment throwgh visual, auditay, hapticssensingand
etc..

Motion Behaviors:

— Obiject OrientedMotion Behaviors:
Behaviors involving body movementswhich are ob-
ject oriented such as reachimy, touchirg, tracking
pulling, holding and etc..

— Non-Object OrientedMotion Behaviors:
Body movementswhich arenot objectorientedsuch
as squatting standingand etc..

Motion Behaviors for humanoid robas are often dif cult
to designdue to the multi-dimensionalityof the mechaism.
One way of decidirg the behaiors is being carried out
expearimentally by usingthe online opeation systemwe have
developed[14]. Theoperato rst operde theroba to perform
the task both using simulatorand on the real robot to check
the feasibility of the motion and nd the suitable standing
position, graspig point, and apprach motions relative to
the object for manipuation. Theseinformations are utilized
to design object-ofentated belavior progams, and used as
paranetersfor motion gererationduring behaior exeaitions.

We have corstructedseveral behaviors with the integration
of online motion geneation framework, 3D visual recoqnition
functions and human-rolot interaction. For tasks such as
reachimg to an object, vision functiors are usedto estimate
the distancebetweenthe object and the robot, the system
will judge whetherthe object is within the reachablespace
of the current supprting polygon and judge the necessity
of walking. The walking distanceis calculatedby the target
standing position predened accordimg to the task and the
walking commau is issued During behaior level opeations,
thetriggeredbehavior will geneaterefererce velocitiesfor the
required operatimal pointsor contmol joints for every contrd
loop usedin Equations(2) and(3).

V. IMPLEMENTATION ON HUMANOID RoBOT HRP-2

The proposedsystemis implemened to operde humaroid
roba HRP-2[12]. Humanad HRP-2is 1540 [mm] tall and
weights58 [kg] including batterieslt has30 DOF In orderto
constrict a supervisoy operatian systemfor HRP-2,we have
replacedthe original black and white threevideo camerasof
HRP-2 No.10 with four color video camerag(Fig. 3). Three
of themare mourted with a narrav-angle(33.1 [deg.] x 25.0
[deg.] ) lensfor increasingaccuacy of visual recanition and
oneis mourted with a wide-ande (93.6 [deg.] x 70.8 [deg.]
) lensfor teleoperation.We have also developed a new hand
namedJRL-handfor HRP-2. The JRL-handis a one DOF
parallel gripper. It allows humanoid HRP-2to graspa wider
variety of objects,from a thin boad to a 75 [mm] thick one

Fig. 3. HRP-2No. 10 with Modi ed CameraSystemand Hands

and a cylindrical object85 [mm] in diameer. The maximum
grip strengh is 14 [N] at thetip of the nger.

A. Opention Interface

Fig. 4 depictsthe opeation interface. The operatim inter-
faceis commsedof a Graphcal User Interface(GUI), two 3-
DOF joysticks,a keyboardandamouse The GUI is compased
of Commau Input Box, Commarnl Dialogue Box, Online
CameraView, Online Robot Simulator Pop-up Recognitia
Results,and ConsoleOutput.

For continlousmotionlevel operatiors, the opeator selects
the opeational points by pressingthe joysticks' buttors al-
locatedfor the respectie modeand input linear and anguar
velocity command of the opeational points by manipulating
the joysticks' levers. For walking operdion contrd, the oper
ator controlsthe walking direction, foot stepdistanceandthe
distancebetweenthe feetto geneate walking patterrs in real
time. The operato cansimultaneasly control the positionand
orientation of the headandboth hand during walking[14].

For behaior level opemtions, the operdor gives discrete
symbdic comnmandsusing keyboard and mousewhile mori-
toring the robot's condtion and the robot's percepion of the
ervironmert usingthe GUI.

The seamlesswitchingbetweenmotion and behaior level
opeationsis madepossiblewith the refeencevelocities for
the operatimal points being calculatedas the addition of the
referenceof both motion andbelavior level operdions within
the real-timecontrd loop as

r ef — !’ef motion + !’ef behav ior -

(5)

Here dendes the desiredvelocities of motion
level operatims input usingjoysticks, i'efbe“av o denoteghe
desiredvelocities generatecby behaiors, and [ denotes
the uni ed desiredvelocitiesof the opeational point which is

usedin Equations(2) and (3).

r ef motion
I

B. Softwae System

Theoverview of the softwaresystemis shavn in Fig. 6. The
distributed sener systemconsistsof the following seners:
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Input Command Sener provides mouse and keyboard
paranetersfor discretebehaior commanl andinterprets
the condtions of the buttonsandthe lever of the joystick
devices, andregistersthemasparanetersfor motionlevel

opea@tions.

Vision Function Seners accessego four camera on-
boad the robot and provides raw image stream,stereo
vision information and objed recogttion resultsimple-
mentedusingthe Volumetic VersatileVision system[13
which has a segment-tased object recoqition engire
with an expandablelibrary of objects.

Whole Body Motion Geneator receves command from

the Input CommandSener to geneate whole body mo-
tionsfor continubusmotion controlandbehaior contrd.

It sendscommauls to the Vision Function Sener for the
triggeling of recoqnition processandrecevesinformation
on recogrized objectsfrom Vision Functicn Sener and
information on robot's condtion from the IO Board of

the robot.

All the seners are implemened using CORBA with the
Whole Body Motion Generatorand Vision Function Sener
implemerted on two different CPUs on board the humaroid
roba HRP-2. The Whole Body Motion Generatoris imple-
mentedon a real-time operatirg system,ARTLinux. Motor
commandsto the I/O boad aresentevery 5 [msec].
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Fig. 6. Software SystemArchitectureof the Uni ed Operaton System

V1. EXPERIMENTS

The effectivenessof the proposedsystemis expeimentally
con rmed by operatirg humaroid robot HRP-2No.10to per
form variouws tasksincluding thosecondicted at the Prototype
Robot Exhibition held at EXPO 2005 Aichi.

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

the geonetric models of a 300[m] can drink with 65
[mm] diametey a table with 0.75 [m] width X 1.5 [m]
depthX 0.7 [m] height,andatrashbox with a 120 [mm]
X 280 [mm] rectangtar hole for vision recogition are
known

the locationsof the table andthe trashbox are known
the location of the 300m can drink as well as the
knowledge abou other objects in the ervironment is
unknown

The opeitor was given the following tasks:

locatinga 300 candrink on the table

take the 300ml candrink

throw the 300ml candrink into the trashbox

take an unknown objecton the oor and put the object
on the table

All of the 20 experimentswere carriedout without fail. Fig.
7 depictsthe imageof the recognition resultsof objects during
behaiior opeationsandthe snapshts of the experiments.Fig.
7(a) depictsthe scenewherethe opaator usesbehaior level
command“Take Can”to take a 300ml candrink afterlocating
the positionof the can.Fig. 7(b) depids the motiongenersed
for behaior level command “Throw Can” after locating the
positionof the trashbox Fig. 7(c) depictsthe scenewherethe
opeamtor operateghe robot's right handusingjoysticksto put
the unkrown bag on the table after appioachingto the table
using behaior level command “Approach Table”.
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Fig. 7. Snapshot®f the Demonstréion during EXPO 2005 Aichi

The accurag of the object recognition and the motion of
humanoid HRP- 2 have provento be high enoudn to achieve
the tasks. For exanple, HRP-2 located the trash box from
abou 2 [m] far away, walked forward abou 1.4 [m], and
threw the canwith 65 [mm] diameterinto 120 [mm] by 280
[mm] rectanglar hole of the trashbox. The total accuray of
the location and the motion was less than 40 [mm] in this
expeaiment.

Other experimentsutilizing the proposedsystemwere also
carried out with HRP-2 No. 10 accomiishing manipdation
tasks such as picking up an unknown trash on the oor
usingits right hand manipdating a chair usingits left hand
manipuating a canon the oor usingits right foot andtaking
out a canfrom thefridge with its right hard holding thefridge
door andthe left handtaking out the can(Fig.8).

VIlI. CONCLUSIONS

This paper presenteda methoddogy for construting an
operdion systemfor humanoid robas which allows the op-
eratorto seamlesslyswitch betweencontiruous motion level
operdion and discretebehaior level opeation. With these
two levels of opeation, the operation of humarid robotsis
made possiblewith high robustnes in humanervironmerts.
Successfuexpeliimentsoperading humanoidroba HRP-2with
the proposed systemin executing object manipdation tasks
including thosecondictedat the EXPO 2006 Aichi con rmed
the effectivenessof the proposedsystem.

Fig. 8. VariousTasksRedized usingthe ProposedOperaton System

REFERENCES

[1] RobertAmbrose.HumanoidsDesignedo do Work. Proc.|[EEE-RASInt.
Conf. on HumanoidRobots,pp. 173-180,200Q.

[2] K. Yokoi et al., Humanoid Robot Applications in HRP, Interratabnal
Journalof HumanoidRobotcs, Vol. 1, No. 3, pp. 410-428 Sep,2004.

[3] K. Okadaet al., Humanoid Motion Generéion Systemon HRP2-JSK
for Daily Life Ernvironment In: Proc Int Conf on Mechatronics and
Automaton 2005.

[4] http//asimo.hond.com/docews/navsartide_0048.asp

[5] R. Dillmann, Teading and learring of robot tasksvia obseration of
humanperfomance.Robofcs and AutonomousSystemsyol 47, Issues
2-3, pp.109-1162004.

[6] R.Brooksetal., SensingandManipulating built-for-humanernvironments.
Vol. 1, No.1, Int. Journalof HumanoidRobofcs, 2004.

[7] S.Schaalet al., Computaibnal appro@hesto motor learning by immita-
tion. Phil. Trans.Royal Socidy London, SeriesB, Biological Scierces,
pp.358:537547,2003.

[8] G. Metta et al., The RobotCub Projectan openframework for ressaeric
in embodiel cogniion, in the Proceeings 2005 IEEE-RAS Int. Conf.
HumanoidRobos, 2005.

[9] S.Kagamiet al. HumanoidArm Motion Plannng Using StereoVision
andRRT Searchin Journalof Robotcs andMechdronics,Vol.15,No.2,
pp.200-207 2003.

[10] L. Sentiset al., A Whole-Bod/ Contrd Framevork for Humanoids
Operathg in Human Environmens, Proc. of the IEEE Int. Conf. in
Robotics and Automaion, 2006.

[11] S.Kaijita et al., ResolvedVlomentum Contol: HumanoidMotion Plan-
ning basedon the Linear and Angular momentumProc.|EEE Int. Conf.
Intelligent Robotsand Systems2003.

[12] K. Kanelo et al., Humanod Robot HRP-2, Proc. IEEE Int. Conf.
Robotcs and Automaton, pp.10854090,2004.

[13] Y. Sumi et al.. 3D Object Remgnition in Cluttered Ervironmeris by
Segment-BasedSter® Vision. Int. Journalof Compute Vision, 46, 1,
pp.5-23,2002.

[14] E. S. Neo et al.. A Framevork for Remote Executbn of Whole
Body Motions for Humanoid Robots. Proc. IEEE-RAS/RSJInt. Conf.
HumanoidRobos, 2004.



