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Abstract. In this paperwe take the view that human-lile responseanonly be yielded througha richly in-

tegratedhumanoidsystem By taking sucha view, we have confinedoursehesto pursuethe developmentof

arichly integratedhumanoidsystem.In this paperwe presentour initial effort in this pursuit, we presenta
humanoidsystem- anupperbodyhumanoidrobot— with active real-timestereovision, anauditorysystemfor

spatialhearing,andproprioceptre systemswith a high performancenotor control system.

The context in which we wish to establishour researchs in the context of continuoushumanoidinteraction.
Interactionwith the environment,aswell asinteractionwith people,all form part of this establishmentwWe

presentour approachto the problem of interactingwith a continuumof multiple stimuli, while producing
meaningfulresponsesie will shav by usingarelatively simplemechanisnfor integration,it is still possible
to realisea vastly responsie system.Hence,providing a systemthat is adaptablehroughredundang, and
flexible for integration.

Our presentatiorincludesa nev humanoidrobot systemcurrently being developedfor complex continuous
interaction.An exampleof our humanoidrobotin continuousinteractionis presentedThe systemis ableto

tracka personby sightin anunmodifiedervironment,performreal-timemimicking of the upperbody motion

of the person track a soundsource(spatialorientation),and physicalhandlingof the systemin a compliance
manneris alsoallowed. Eachof the sub-systemsf our humanoids alsointroducedwith experimentakesults
of eachpresented.

1 Intr oduction

Overtheyearsroboticswith Al researchthastakenmary shapesandforms.We canidentify anumberof key issues:
the aim to build machineghat performtasks;to understandow, andwhat mechanisnwill allow usto produce
human-like response's We believe that humanoidresearctfalls closelywith both of theseobjectives, andthat
humanoidresearctwill bring usevencloserto therealisationof suchgoals.

Our own primary researctobjective however, falls closerwith the goal of the investigationof mechanisms,
which allow usto constructa robotic systemthat canyield human-like responses- in onecompletelyintegrated
humanoidnteractve system.

1.1 Humanoid Interaction

A humanoid which takesthe form of a humanpersonandshouldalsorespondn wayssimilarto a personAs it
hasbeensuggestedthe form of a humanwill naturallyinducehumanlik e responsdrom otherhumansandwill
deducethe expectationof human-like response§l—4], for exampleseeFigure 1. Figure 1 providesevidenceof
sucha naturalresponsédy a humanpersonwith our humanoidrobotsystem.

Placingour emphasi®n humanoidnteractionwe identifiedtwo typesof interaction:active andpassve.

Active: requiresphysicalinteractionwith theervironment,includinghumanspbjectsandthe physicalself. Such
asbeingphysicallyhandled or pushingitself up usingits bodyandenvironment.

! theword “intelligent”, is notusedherebecaus¢heword “intelligent/intelligence”seemso be overusedor variousdescrip-
tions of variousthings.Thereforeat this stagewe wish to avoid the useof this term.

2 _oid suffix forming adjectivesandnouns,denotingform or resemblancéasteroid:rhomboid;thyroid). [Greekeidosform]
— (©Oxford EnglishDictionary.



Fig. 1. Naturalhumanlik e interaction:lt is our beliefthatthe form of our humanoidbodywill naturallybringabouthumanlike
interaction.The evidencewe presenthereis of a child, without promptingnaturallyreachfor the lower arm of our humanoid
robot. Purelydueto thefactthattherobotis shapedike aperson.

Passie: no physicalcontactis necessarysuchashearing,seeingandsmelling. Thus,pureobsenationonly, like
listeningto or watchinga person.

It is apparenthatthesenteractionswill requirearich numberof abilitiesfrom a singleintegratedsystem For
example,with theabilitiesto hear to see andto physicallymove andbe moved,formedpartof suchsystemsThis
canbeestablishedsthebaseof ourresearchto initially provide arichly ablesystentor diverseinteraction.

Our earlierwork purposeda numberof attributesthat shouldbe encompassehly a humanoidinteractionsystem
[4]:

seamlessnessvhichallowsthesystento interactwith theernvironmentin acontinuousnannerThesystenshould
beableto interactcontinuouslyin aresponsie andtimely manneythuswithout stoppingor re-starting.

adaptivity/r edundancy the mechanisrmusedshouldprovide the systemwith redundang by beingadaptve. The
systemshouldbe ableto adaptto failure of sub-systemsr componentsfor exampleif onecomponenfails
anotheiis ableto functionwithout ary dependeng

flexibility additionalcomponentshouldbe ableto beintroducedin a simplemanner Flexibility is animportant
attributefor the procesf integration.

The mechanismwe proposedjs throughchannellingall inputsinto an integratedsystem,in a competitve
mannerAllowing no inputsbeingdiscardedthusallowing a continuousseamlesflow of inputsandoutputsto be
producedfurtherdiscussionis givenin Section9).
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Fig. 2. Typesof approacha) Task-based@dsk-orientedapproachp) Mode switching, c) Sub-systems- eachassumingfull
controlof asystemd) A form of anintegratedapproach.

From the above attribution of humanoidinteraction,we arrived at the characterisatioof an integratedhu-
manoidsystemWe believe, anintegratedhumanoidsystemshouldpossess numberof noticeablecharacteristics,
andprovide a numberof benefits:

1. An integratedhumanoidsystemmusthave a rich sensorysystemavailableto it. And the processingnustbe
processeth a concurrenandcontinuousmanneywithout ary noticeabledelay

2. Thesystemmustbe ableto respondo thelarge andnumerougypesof inputsin variouscircumstancesAnd
awide rangeof responsemustalsobe exhibited by the system.

3. Explicitly, an integratedhumanoidsystemwill ensuremutualhuman-like interactionis embracedin arich
way: Physical aswell asnon-physicaln aseamlessnanner

4. An integratedsystemwill provide a differentway in which problemscanbe solved,andto be solved.In the
senseof humanoid- in a even more humanlike manner— for example,exploiting the rich sensorysystems
available,in dealingwith the problemathand.

5. Like humanssucha diversesystemwill yield ahighly robustandredundansystemallowing it the ability to
adaptto failure.

6. Aslike all ende&ours,we aregoingto getsomeof this wrong, andhaving the availability of a large diverse
systemwill allow possibilitiesfor furtherexploration.Thus,increasinghevariationof possiblesolutions,and
removing the boundaryandlimitation of commonmethodology

Our ideascoincidewith others,in the view that human-like attributesor characteristicganonly be yielded
from acompleteembodied human/human-likin this case)system5-7,2,8].

Also, if we follow anotherline of thought,of [9] and[10], that a tool automaticallyenhanceshe way we
think. Therefore,a humanoidrobotwill only increaseour own understandingf human-like behaviours,andthat,
it will alsoincreaseour own intellectualabilities— soto speak Along this line, a humanoidwill changethe way
in whichwe would solve problemsijt will allow usto matchcloselythewayin which humangdothings— “in an
interactivemanner”. Thus,allowing usto re-thinkandre-posesomeof the problemsthathave beenboundby the
standardsetupof alaboratory By reposingtheir problem,therecentwork of [11, 12] shoved by exploiting sound
andvisionin onesystemthey wereableto achieve betterresultsfor auditorysegmentatiorandspatiallocalisation.



1.2 Typesof Approaches

In orderto clarify our discussionwe will begin by outlining someof the approachesaken by humanoidre-
searchersgescriptionsof someof thesesystemswill be providedin Section2. Cateyorically we have divided
theseapproachemto four, asdepictedn Figure2:

1. Task-based/d@sk-orientecapproachthesesystemstypically startwith a task description,thenprocedurally
derive asetof routinesthataregivento the systenfor laterperformancdge.g. WABOT-2, CENTAUR, P2and
P3,ARMAR, HRP). This approachcanbe limited by the available routinesprovided to the system thusa
largedevelopmenteffort is needed.

2. Mode Switching:a systemis divided into individual sub-systemsa switcheror a selectoris usedto switch
betweeneachsub-systen{e.g. HERMES, Hadaly-2and WABIAN). Although switching may be the most
straightforwardandeasiestvayin which asystemcanbeintegrated Nonethelesspnemajordravbackof this
approacltcanbethat,while the systemis in onemodethe systemmay missto processor discardimportantor
critical informationavailableto it.

3. Sub-systembaving full control:in thisapproacteachsub-systenassumesompletecontrolof thesystem(e.g.
COG,DB). Thus,theinterconnectiorandinteractiorbetweereachsub-systenis typically notconsideredDue
to this, this approachmay eventuallypreventa completesystemto bederivedasawhole.

4. Integratedview: shouldensurethat eachsub-systentanand are connectedo the system henceallowing a
rich explorationof theinteractionbetweerall sub-systemso take place.

In thispapemwe’ll presenpurinitial work of anintegratechumanoidobotsystenthattakesanintegratedview
from theonset.Currently we have produceda systenmthatencompassesuditoryprocessingyisualprocessingnd
proprioceptiorprocessingbilities.Specifically thevision processindor thedetectiorof a personwith anattempt
to infer the motion of the personhasalsobeenincorporatedIn orderto closethe loop of humanoidinteraction,
an experimentof mimicking the motion of a sightedpersonhasbeenrealised.Our humanoidrobotis able to
visually trackandmimic thepersorin real-time,in anunmodifiedervironment.Otherpossiblenteractionincludes
physical,andauditoryspatialhearing.

Section2 presentssomeof the relatedwork, outlining someof the currenthumanoidresearchefforts. Sec-
tion 3 presentssomeof the designphilosophyof our system.The currentstateof our systemand someof the
plannedcomponentarepresentedn Sectiond. The processingandcomponent®f our humanoidsystemarethen
presentedBeginning with Section5 the motor control of our systemis presentedSection6 presentghe vision
processingor our system Section?7 presenta spatialhearingsystenmfor our humanoid The vestitular systenfor
our humanoidis presentedn Section8. Theinitial way in which our systemhasbeenintegratedis presentedn
Section9.

In Section10, we presentan experimentof our initial attemptof the integrationof a humanoidsystem,the
presentatiorincludesour humanoidcopying the upperbody motion of a person A brief discussiorof our future
ende&oursis presentedn Sectionl1l. A summaryandconclusionis thengivenin Section12

2 Reseach Landscape— Relatedwork

In this sectionwe discusssomeexisting humanoidprojectsand briefly outline someof their approacheso hu-
manoidroboticsresearch.

Although, this line of researchin the developmentof human-like robotsis not so new. One of the first® and
mostpronouncediumanoidswasthework of WaseddJniversity A humanlik e robot, WABOT-2, playsapianoby
sightreadingmusic[13]. Their effort shoveda greatdealof engineeringaccomplishmenbackin the late 1980s.
Producinga systemwhich performeda highly skilled task.Their approactwaspretty muchtaskdriven,in thatthe
systemmustplay the pianoandreadmusic.Othercapabilitiesof the systemwerenot consideredisanissue.

In recentimes,alargedealof attentionhasbeenplacedonthehumanoichamed'COG”. A robotwhichresided
atthe Massachusettsistituteof TechnologyArtificial IntelligenceLaboratory{14,2,15]. Theirfocushasmainly
beentowardsthe reproductiorof humanlike cognitive abilities. Little of their earlierwork wasin addressinghe
issueof theproductionof bodymotionfor their systemuntil therecentwork of [16]. By carefullyredesigningheir
existingmechanismthey have beenableto producesomecomplex humanlik e motions.Othersub-systemaiclude
thework of [17] for eye andfacefinding usingvision. Their approachmadeevery attemptin avoiding the useof
taskmodelsjn deriving componentsor their systemIn their developmenthey have shovn mary subsystemthat

% in moderntime.



appearedo have closeresemblancé humanactiities. However, eachof their sub-systemsadethe assumption
of completecontrol of a particularsystem.Theintegrationof theserich componenthave not yet beenmade,and
reachinganagreementbetweenreachof thesecomponentsnay prove to bedifficult.

Morerecently thesystemwhichis receving themostamountof interestis thatof Hondas humanoidsystems,
P2andP3[18]. Hondas key contribution wasin producingbipedlocomotionthathasnot beenachieved before.
Suchmotionsasautonomousvalking or stair climbing have beenproducedTheimpressve work of Hondahave
sparked a numberof entitiesto undertale humanoidresearchsuchasthe efforts of the new projectsof MITI#
andKIST® (seebelan). Theapproactihey have takenhasbeeninterestingthey setoutto producea systemusing
whatever meangpossiblejin orderto provide the functionality/taskthat was specified to walk. Othermotionsof
their systemwereproducedhroughateleoperationahterface.ln their approacheachtaskor functionis playback
in theway thatwasdeveloped- oneat atime selectedy anoperator

A recentprojectfundedby the Ministry of InternationalTradeand Industry(MITI) of Japaf, the Humanoid
RoboticsProject(HRP)project,addressetheissuef searchindor applicationgor humanoidsystemg19]. Their
aim is to evaluatethe feasibility of currenttechnologiesin producinghumanoidsystemswvhich canbe appliedto
a vastrangeof problems.The projectis basedon the developmentand integration of threekey componentsa
humanoidrobot, a remotecockpit and a virtual robot. The robot they areto employ is Hondas P3 humanoid
robot. It hasbeenproposedhatin thefirst two yearsof this project,the establishmenof a virtual environment
anda virtual robot, will be usedfor the conceptualisationf variouscontrol methods Sucha control schemeas
teleoperatinga humanoidin performingcomplicatedasks.It is interestingto notethatthis projectis approaching
humanoidresearctlirom adifferentperspectie, they arestartingatahigherlevel. They areperformingintegration
with existing systemsthenevaluatinghow they will fit in anapplicationdomainandproducespecifictasks.The
switchingfor eachtaskis thenselectedy a humanoperatoiin a closedoperatofrobotfeedbacknannef20].

TheKorealnstituteof Scienceand Technology(KIST) arealsoproducinga humanoidsystemnamed,'CEN-
TAUR” [21]. This systemhasan upperbody of a personandthe lower half is horselik e with four legs. In their
systemdevelopmentapproachthey have choserto adaptopensystemechnology Thatis the componentsf their
systemare readily available,i.e. off-the-shelf. The work producedso far hasbeen,teleoperatiorinterface[22],
andmanipulateby motionplanningof multiple-manipulator$23]. They have chosertwo approaches close-loop
approachandthe planning-then-gecutionapproachHowever, it is still unclearhow they have connectedhetwo
schemes.

Following onfrom their earlierwork, WasedaJniversityhave beenproducinganumberof humanoidsystems,
for examplethe humanoidrobotsHadaly-2andWABIAN (see[24] and[3]). Noticeably two distincttopic of in-
terestare underinvestigation humanoidinteractionandhumanoidcontrols.Interactionwith their systemscanbe
via physicalor non-physicaktontactssuchasby vision, voice or physicalforce. In the control of their humanoid
they have manageto producedfull body motionssuchaswalking anddancing.In their organisationthey have
choserratherthanto breakup the systeminto subsystemshey divide into groups,eachgrouppursuingdevelop-
mentwith a differentobjective. With this structurethey areableto performconstantintegrationof their system,
thusproducingsystemghataresomavhatmorecoherentWe believe thisis anattractve approacho complex sys-
temdevelopmentHowever, the connectiorbetweereachsub-systenhasbeendividedin away which the system
switchesbetweeronesub-systento another Thus,the switchingmayinducesomelateng to responser in some
instancesoresponsatall.

More recently the Kawato DynamicBrain Scienceresearclyroupacquiredthe humanoidrobotmanugctured
by SARCOSInc., named‘DB”. The actuationof the robotis basedon hydraulics,makingthis systemmaobility
extremelylimited, dueto the large pipe and pumprequiredto operatethe system.This group conductsresearch
into motorlearning,imitation andneuralmodel-base@ontrol of a humanoid25, 26]. Integrationdoesnot appear
to bethefocusof theirresearchthereforeatthistime no attempthasbeenmadeinto theintegrationof their control
schemesAlthoughthis maybethe case mary impressie demonstrationkave beenproduced.

Humanoidas the perfectservicerobotshasbeenthe aim of mary researchgroups.Recentlya numberof
humanoidobotshave beenproposedfor example two Germargroup,oneis therobotHERMESby the[27]. And
theothernamedARMAR, by the Forschungszentrurimformatik Karlsruhe(FZI) [28]. Thework of theHERMES
projectis mainly basedaroundthe integrationof off-the-shelfcomponentsn providing a human-like robot, with
the equivalentcapability of todayscomputersystemson a robot. A sweepof communicatiorschemeshave also
beendevelopedfor HERMES, namely:by voice or emailin a dialoguemannerf29]. The ARMES projecton the

4 Ministry of InternationalTradeandIndustryof Japan.

5 Korealnstituteof ScienceandTechnology

81t is importantto distinguishthatour researclis not partof this new project,our projectstartedindependentlyn 1996,two
yearsprior to this project.



otherhand,hasmainly beenfocusedon thetaskof multiple manipulatorshbasedlanningandmanipulation Both
of thesesystemgrovide awheel-drivenplatformto allow mobility of their system.

Thegroupat VanderbiltUniversityis alsoworking towardsa serviceorientatedHumanoidrobot, ISAC. Focus
hasbeenplacedat the level of userinteraction,suchtasksasfeedingof an elderly or disabledpersonhasbeen
considered30]. A psychophysicallypasedvisual attentionnetwork hasalsobeenproducedor this system[31].
A distributedsoftwarearchitecturéhasalsobeenproducedor thiswork [32]. Theinterestingaspect®f theirwork
is thatthey hold two views: oneof engineeringf a servicerobotandtwo, the utilisation of biologically inspired
modelsin deriving sub-systemd-owever, thesetwo separateiews have yetto emegeasa completesystem.

3 Designphilosophy

Commonly roboticsystemshave beendesignedor a particulartaskin mind, for examplethework of [33], where
the end-efector of the systemis replacedwhenit is to manipulatea differentobjector performa differenttask.
This standsasthe corventionalview to systemdesign,one module,and one function performingonetask. The
shortfall of this approaclhis thatunexpectedsituationswill grounda systemto a halt, asthe systemis ill equipped
to responded.

Thedesignphilosophyof our humanoidsystemis with theaim of producinga systenthatcloselymatcheghe
capabilitiesof ahuman A comprehensieview of thedesignphilosophywasoriginally establishedh [1] and[34].

Having establishedcapability as opposedto functionality as our main objective, we have built eachof the
componentf our humanoid,achiesing generalmovementslike a person.Other humanlik e featuresinclude,
smoothoutersurface reasonabl@n sizeandweight,andbackdrivability is alsopossible Theseattributesmake our
humanoiddealfor physicalinteraction.

The designof our humanoidsystemwasnot to achieve ary optimumtaskin particular whereaghe arm can
be usedfor reaching pushing,or for the supportof its own body. Our designphilosophyis well supportedy the
apparentvidencesthatthe structureof the humanbodyis diversein accomplishinga wide rangeof actiities.

In termsof strengthand power, in everydaysituationthe systemshouldmatchthe performanceof a mature
adulthuman,our aim is not to producea superbeing.Our aim is just to producea humanoidwhich canfunction
aswe do. Thelatestmechanicabndtechnicaldetailsof our systemcanbefoundin [35].

In contrastto the approacheshat have beentakenin othersystemgseesection2). In our approacho sys-
tem development,an emphasids placedon total integration. As soonasary part of the systemis available, it
is integrated.Adopting a constantntegration philosophyprovidesoneof the key pointin undertakinghumanoid
researchmoving towardthedevelopmentandunderstandingf afully integratedsystenmsuchasahumanlt is ap-
parentthatin dayto daysituationshumansaregovernedby a numberof integratedfactorsinfluencingoutcomeof
their actiities. Our hypothesisn approachinglevelopmenin this manneris that, by moving towardfull integra-
tion from the startenhancemertf the systemwill aswhole be moremeaningful.Fromthe view of components,
this will allow componentgo be trial and evaluatedin a much more coherentfashion.And also, the arrival of
solutionswill befar moreconsistentvith the systemasawhole.

A positive effect of this is constantintegration,no component®of the systemwill be left un-utilisedat ary
stageof development.Preventingit from being disregardedat a later time dueto technicaladvancementThis
paperfurtherdescribeourinitial attemptatthis memger.

4 Systemconfiguration — ETL-Humanoid

In our currentphaseof developmentthe upperbody of our humanoidrobothasbeencompletedtwo arms,head
andtorso,asshavn in Figure3. The systemhasbeendesignedo be compactandlight-in-weightwhile retaining
similar sizeandproportionasanaverageperson.Thefinal systenmwill be 160cmin heightand60kgin weight. The
upperbody of our systemprovides24 degreesof freedom:12 d-o-f for thearms,3 d-o-f for thetorso,3 d-o-f for
head/neclkand6 d-o-f for the eyes.Otherpartsof the body arestill underconstructionFurtherdiscussiorof this
systemis givenin [1, 34,35]. Theprocessindor our systemis currentlyperformedover a clusterof sevendesktop
PCsconnectedo therobotvia externalcables seealso[4].

We useone PC equippedwith two Hitachi IP5005vision processofor the vision processingdf our system.
Another PC equippedwith a SoundBlastéM cardis usedfor the auditory processingOne PC is also usedfor
the vestilular system.Currently, the connectiondbetweerthesePCsis via anisolated100MbsEthernetetwork.
In the next generationof our system,we plan to embeda large portion of thesecomponentsnto a high speed
interconnectedomputationahetwork (seeSectiord.1).
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The configurationwe have establishedhasbeendeliberatelydesignedor concurrentictuationandprocessing
sensoryinputs. Thus reducingthe processingeycle of eachsub-systemand further allowing the possibility of
real-timeandrich interactionto take place.

As shown in Figure 3, we have divided the controlsof our humanoidsysteminto separatdimbs. Eacharm
having it's own controller, with thetorsoandtheheadsharingonecontroller The motorscontrolof thebodylimbs
have beenmadepossiblevia a setof embeddablén-bodiedLAN networks,asshovn in Figure3. Eachcontroller
manage®nelLAN, controllingonelimb, seefor full technicaldetail of thisin-bodiedLAN system34,36,35].

In the currentversionof the LAN, up to 8 nodescanbe connectedEachnodeis responsibleor providing
low-level feedbacknformation;motorposition,encodertemperaturandmotorcurrentfeedbackEachnodealso
hasfacilities for two additionalA/D channelsallowing further sensoryinputs.All hodescanbe madeto operate
simultaneouslyAlthoughfor testingpurposescurrentlythe nodesareoff-board,physicallythey have beenkeptto
abareminimum,allowing themto be smallandcompactin anticipationfor futureintegration.

Eachof thein-bodiedLAN networks areinterfacedvia the usageof individual PCs,providing all necessary
computationsuchascurrent,velocity andpositioncontrols. The PC alsoactsasa joints sener, allowing a trans-
parentserviceto be providedto arny of the networked PCs.Thus,allowing a wide numberof controltopologyto
be connectedndtrial easily
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Fig. 4. New Hardware Topology: This newv hardware architectureallows high speeddatatransfer the designis basedon in-
dustrialstandardsiatherthanproprietarycomponentsThis will allow furtherexpansioreasierallowing the benefitof further
developmentto flow with the advancemenof standardechnicalcomponents.



4.1 Toward Autonomy — Next Generation of Computing

Anothergoal which shouldbe consideredor a humanoidsystem,is the attribute of “autonomy’”. Autonomyor
autonomouss oftendescribedhsthe meaningof governingof one’s self — self-governing.Autonomyplaysakey
role in the way in which we interactwith the world, andthe way in which problemsareto be solved. Therefore,
we believe thatwe shouldmove in the directionof attributing a humanoidsystenmwith autonomy

Themotivationto provide a fully autonomoufhiumanoidsystemhasurgedusto comeup with a new internal
designof our computationakystem,that can provide enoughcomputingpower for the next generationof our
system.Figure 4 providesthe currentdesignof a nev embeddableomputingsystem.The requiremenfor this
systemhave beento allow compactnessxpendability flexibility for future usage Due to the speciality of the
original customcontrolLAN, it is to beretained However, the computingsystemfor the communicatiorwith and
within theseLAN will be moved on-board,embeddednside the humanoid.Thus, this will bring us closerto a
truly autonomougiumanoidrobotsystem.

5 Motor Control — Humanoid Motion

Thedesignof our currentmotorcontrolsystemprovidestheflexibility of controlof motorsatvariouslevels: posi-
tion (angular) yelocityandcurrent(force). Theseschemesunwith acorventionalProportionall ntegral controller
The controlsof eachjoint canbe commandediia ary of the above schemesin a flexible way. The motorcanbe
controlledin a mixed fashion.For instance|n the currentexperiment,the motion of the armis driven at both
velocity and currentlevel. The motion of the armis controlledvia velocity, but onceno motionis required,the
armis commandedo fall into a zerocurrentloop. Hence,allowing the armto be free andcompliantfor physical
interaction,andhuman-lile ballistic motion canalsobe achieved.

The motion producedby our humanoidsystemcloselyresembleghe motion of humanmovement— ballistic
like motion. Theunderlyingcontrolis basedon a humanmovementmodel,physicallyit is controlledvia a mix of
velocity andforce control. The velocity of eachmotoris givenby Equation(1).

logio(Uit) + 1.0
2.0 @

‘/}(t) = Vmaz

whete j is themotorjoint numberi is theindex for eachiy;, output.U;(t) is theis, outputatinstantt givenby
theintegrator V;(t) is thevelocity at j;;, motorjoint.

Self-regulatingmotionis achiezedthroughthe monitoringof the encodemat eachjoint. Thejoint limits areset
in two ways,a priori atthestart,andthroughphysicalinteraction Physicainteractionjs doneby takingadwvantage
of the complianceof the systemwhile it is notin motion. A personmay physically move the robot, the system
monitorsthis movement.Thenew limit of thejoints is determinedy the uppermostpositionreached.

5.1 Physical Interaction

Variouskinds of humanlike response$iave beenincludedinto our system,for instancethe reflex of sudden
withdraw of alimb whenexcessie forceis beingassertedThe sameresponsavill alsooccurwhenthelimit of a
limb hasbeenreachedDueto thelight-weightdesignof our systemthe compliancenesguring physicalhandling
of the systemwaseasilyachiezedthrougha simplezero-currentontrolloop atthejoints.

To demonstratéhe physicalcharacteristiof our system physicalinteractionexperimentwasperformed Fig-
ure 5 presentur humanoidphysicallyinteractingwith a personthe systemis beingmanhandleby the person
in acompliantmanner Thetorsomotionof our systemhasalsobeenshovn here,the configurationin our design
closelymatchedthe torso of humans.The samedesignhasalsobeenappliedto the neckof our humanoid.The
kinematicsanddynamicsof our torsoandneckis similar to the actuatednanipulatordescribedn [37,38]. A full
descriptionof the configurationof our systemis presentedn [35].

" autonomousadj. 1. Govt. a. self-gorerning; independentsubjectto its own laws only. b. pertainingto an autonomy 2.
independentself-containedself-suficient; self-gorerning.3. Philos.containingits own guiding principles.4. Biol. existing
asanindependenbrganismandnot asa mereform or stateof developmentof anorganism.5. Bot. spontaneous— ©The
Macquaie Dictionary.



Fig. 5. Physicallnteraction:Our humanoidsystemis light in weight, and hasa similar rangeof motion as a human.This
exampleshawvs our systemphysicallybeingmanhandledby a person.Therangeof thetorsois especiallydepicted.a) Torso
fully extendedforward,b) Upright, c) Full extensionto theleft, d) Physicalhandlingof therobot,e) Full extensionto theright,
f) full extensionto thefront, g) Light-weightandphysicalcomplianceh) Physicallyguidingthe system.

Fig. 6. Visualcues:a) Motion Cue:Detectionof a personrmoving, b) Contextual cue:HumanUpperBody Detection

5.2 Coordinated motion

Furtherexperimentsof physicalinteractionwasalsorealisedthroughthe useof coupledneuraloscillator coordi-
natedarmsandtorsomotion was achiezed by our system.A similar experimenthasalsobeenreportedby [16].

Exploiting the physicalcouplingof the two armswith the torsocoordinatednotion was producedFor example,
synchronisednotionof botharmsswingingup anddown wasrealisedthroughthe forwardandbackwardrocking
motion of the torso.And an alternatingarm motion (similar to the motion of a runner)wasrealisedthroughthe
twisting motionof thetorso.Physicallythesystenretainedhepropertyof compliancenesgduringthis experiment,
while allowing itself to be physicallyhandled.

5.3 Coupled Motion — Torso/Neck

Themotioncouplingof theeyesandneckhasbeenwidely studiedanddeterminedo beuseful,e.g.theVestihular

Ocular(VOR) andOpto-kineticReflexes(OKR) [39-41]. However, little studyhasbeenmadeto the couplingof

motion of otherpartsof the humanbody From our own obsenation and studies,we hypothesighat the motion

of the headandthe torsois basedon a delaybetweerthe two. Thus,whenthe neckmovesthe torsowill follow

with smallermotion but with a delay andthe neckwill alsocompensat¢his motionwith anequivalencecounter
motion. Themotionwill stoponcethe neckandtorsohavereachedaneutralpositionof comfort. Theendeffect of

this coupledmotion, yieldeda smoothermandgreaterangeof motionfor thewhole system for examplesmoother
trackingof atarget.



6 Seeing

Thehumanvisualreceptoiis thesinglemostdevelopedandheaily utilisedpartof our sensorysystemijt provides
a wide rangeof informationwhich canbe usedto determinevariousdetail within an environment.For example,
detectionof peopleandtheir correspondingnotions.Currently this part of our systemprovidesthe following

capabilities:motion detectionfor the initiation of attentionin a sceng(seeFigure6 a), skin detectionis currently
beingusedfor the detectionof a person(seeFigure6 b). By usingthesetwo component®ur humanoidis ableto

visually trackthe movementof a person Disparity anddepthperceptiorhave alsobeenincludedinto our system.
Figure7 providesa summaryof thevision processingtagef our system.The processings performedat real-
time, Table1 providesthe processingycle time of thesekey stage®f thevision processeslhe processings well

within the 30Hz video cycle, with a total processingime of 16.951msAllowing interactionto be performedat
real-time.
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Fig. 7. Vision processingimportantstagesof the vision processingperformedby our systemis shavn. The total processing
time requiredis only 16.951msseeTablel.



| Processes [Time taken (ms)|

Initialisation 0.101
Skin ColourExtraction 5.135
Noisefiltering andLabelling 4.608
CalculateLabelledAreas 6.608
SearchHead 0.495
SearchArms 0.004

Total | 16.951 |

Table 1. Vision processingxecutioncycle time

The basicinformationusedby our systemis asfollows: the positionof the headin the sceneandthe motion
of thearms.Figure 7 shaws the stagef our vision processingThe detectionof anupperbody of a personfrom
the ervironmentis basedon segmentatiorof skin colour. The procesof skin colourdetectionis basedon Colour
distanceandHue extraction.The overall processs asfollows:

1. sggmentatioris madebetweerthe ervironmentandthe person.
2. selecthead basedn a setof attributes(e.g.colour, aspectatio, depthetc.)
3. extractthearmsfrom the scenebasecdbn a setof attributes(e.g.colour, aspectatio, depth,etc.)

Positiontrackingof theseextractedfeaturess basedon errorfiltering of the pastlocations.Oncethe sggmen-
tation andextractionhave beenperformed the motionis thendeterminedThe motionis calculatedby taking the
derivative of thevisualinformationof thearmsbeingtracked. Thederivativescalculatedor thearmsarethenpass
onto beusedfor motorcontrol. The positionof the headin the scends usedto orienttherobottowardthe person.

Eachof thesepositionstakenfrom both of the video camerasresent,asactionvectorsto theintegratorof the
systemlIn addition,anassociatedctivation signalfor eachvectoris alsoforwarded.The activationis determined
by anaccumulatie counterof the existenceof thetrackeditem.

7 Hearing — Spatial hearing

Fromtheinspiring notionthatat the earlieststageof life, a babyis ableto detectthe directionof a soundsource
without the useof sight[43]. In termsof humanoidnteraction,soundcanplay a greatrole in providing a number
of cues,suchasinitiating focusof a moving targetbeforea sightingcanbemade.

Thespatialhearingof our humanoids basecbn theinterauraldifferenceprocessingroposedy Psychophys-
ical studiesof humanhearing[44]. Figure8 shavsthestepsinvolvedin ourinitial spatialhearingprocessesf our
systemTheprocessingtepsstartby simultaneouslgamplingtheleft andright channelsa FastFourierTransform
(FFT) is thenperformon eachchannelproducingan enegy spectrunmfor eachchannel.The differencebetween
the spectraof thetwo channelsarethenusedto determinghedirectionof the soundsource.

In our currentexaminationof auditoryresponsdor our humanoidwe performedthe experimentof left and
right discrimination by allowing our systemto centeron a soundsourceby minimisingthe differenceof thetwo
channelsFigure 9 shavs an exampleof this processafter connectingit to the restof the system.The robotis
allowedto seno to a soundsource(a “baby rattle”), simply by moving to thedirectionwith the greaterspectrum.
Thus,thissimpleinteractionallows ourhumanoido tracka soundsourcewithouttheneedof any complex models.

For integrationpurposesthe outputof the soundsourceis sentto theintegratorasanactionvector, indicating
its magnitudeanddirection.The actionvectorcarriesthe accumulatre countervalueof the existenceof thesound
sourceusedastheactivationsignal.

8 Vestihular system

Thevestilular systemhascommonlybeenassociateavith the Vestitular-Ocular(VOR) andOpto-kineticReflexes
(OKR), allowing the stabilisationof the eyeswhile the headmoves.A numberof researcheralsoembracesuch
mechanismmostlyfor thedeterminatiorof ego-motionfor anactive head/gessysteni45, 2]. We alsobelievethis
is anessentiamechanisnthatneedto beincorporatednto our systemhowever we believe the vestitular system
will serviceadditionalpurposedor our humanoidsystemsuchas:

— thestabilisatiorof theeyeswhile thewholebodyis in motion,aswell astheheadwhenin motion(assuggested
by [45,2]),
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of theleft andright channelss made A FastFourierTransform(FFT)is thenperformon eachchannelThedifferencebetween
thetwo channeis thenusedasthe outputfor spatialhearingresponse.

— will provideinformationfor balanceandlocomotionfor our humanoidsystem46,18,41], and
— providing additionalinformationfor theauditoryspatialorientationwithoutthe presumptiorof aflex posture.

Wearecurrentlyusingan3-axesacceleratometemd3 gyroscopes$or X, y, andz-axis.Thegyroscopegprovides
the rotationalinformation of the system.Whereaghe acceleratometeprovidesthe systemwith 3 dimensional
translationalinformation of the system.The vestilular systemis controlledvia one PC equippedwith a 32kHz
A/D module,currentlytheinformationis sentto therestof the systemvia 100Mbethernenetwork.

9 Integration — Putting it together

With the attributeswe have outlinedin Sectionl, we arrivedto away in which competitionbetweersensory-cues
shouldbeusedin orderto yield ainteractive systemThisideahasbeensuggestethy a numberof interdisciplinary
departments humansciencg39,47,10,2,41]. Theintegrationprocessllows eachof thecomponentén thesys-
temto runin parallel,concurrentlycompetingor cooperatingor the eachresponseasshowvn in Figures3 and10.

Our approachrequireonly two featurefrom the abose components:
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Fig. 9. Auditory Tracking:Our systenmis ableto performauditorysenoing, thesediagramsshav ourhumanoidsenoing toward
the soundsourceof a “baby rattle”. Visualtrackingwasdeliberatelysetwith alow gain,in orderto allow auditorytrackingto
take overthesystem.

action vector providing the magnitudeanddirectionof a giveninput. e.g.a vectorcanbe usedto representhe
relative actionof thearm, positive for up, negative for down. Its speedbeingrepresentedly its magnitude.

activation potential providestemporaldurationof its associate@ction vector, representinghe degreepresence
or theabsencef a particularstimulus/cuegivenby the vector, determiningts reliability, i.e. confidence.

Inspiredby the generalityof a biologicalneuralsystem The key andcentralideaof this Basicintegrator must
be applicableacrossmary levels, at both the sensorylevel and the actuationlevel, as a neuronwould be in a
biological system.

For our currentinvestigationve introduceEquation(2), asour Basicintegrator for usethroughoutbur system.
As discussedtheimportantpropertiesof this integratoris thatit is model-freejt canbeusedat mary levels,from
sensonyprocessingo thefinal outputof the system.

Ui(t) = 2

where is theindex for eachrelevantinput. i is the index for eachiy;, output.U;(t) is theiy, outputvector
atinstantt. () is the activation potentialof the ;, inputatinstantt.  isthe 4, inputvector () is the
parametewhich allows the alterationof the strengthof a particularinput.

Currentlywe areexploring the parameter (t), which wasintroducedfor the alterationof the overall system
behaiour. This is inspiredby the daily interactionof a person.Influencesfrom sensorysystemgendto be alter
basedn someselectve occasionsgependingnthemoodof anindividual atthatparticulartime. Many otherfac-
torsalsocomesnto play, awell know phenomenorxhibitedby a personjs thedecayin responsé¢o a continuous
stimulusoversomedurationof time [39, 41]. It is believedthatemotionalfactorsdo comeinto play, in determining
theresponsesf our daily lives[47,48]. Thereforewe believe thatthis parametewill allow usto furtherexplore
someof theseissues.
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9.1 SensoryPathways

At this stagewe have divided a simple sensorypathway for our system,the overall interactionof the system
is producedthroughthe external sensorsand the flow of thesepathways. A simplified representatiorof these
pathwaysaregivenin Figure 10. As discussedthesepathwaysare be utilised in a parallelmannerallowing the
overallresponsef the systemto beyieldedthroughtheinteractionwith the outsideworld.

10 Continuous Humanoid Interaction — Mimicking

Figure 11 shows the experimentalresultsof our system.The humanoidrobot first orientatestoward a person,
trackingthe person.Thenoncethe upperbody hasbeenfully sighted,.e. headandtwo armshave beendetected,
the humanoidrobot mimicsthe upperbody motion of the person Whenthe upperbody cannot befully sighted,
the robot continuouslytracksthe person. Whensystemlosessight of the personthenan auditoryresponsdo a
soundmadeby the persorregainsthe attentionof the robot. The systemcontinuego trackandmimic in arobust
andcontinuougnannerThesesnapshotsieretakenfrom anexperimentastingover4 minutes.Someexperiments
anddemonstrationsf this systemhave lastedcontinuouslyover 20—30minutes.For detailsof the integration of
this systemsee[4]. Figure12, shavs the sensornyinputstracesof this experiment.Figure12 a) shavs the tracked
inputsof theupperbodyof thepersonFiguresl2b) andc) shavsthemotionof theleft andright armsrespectiely.
Thetransitionbetweervariousinteractionsarealsoshavn in thetracesThatis, start“trackingaperson”  “lost”
trackof theperson “trackingaperson”again “lost” trackof thepersonagain.Theseransitionsfurthershav
the continuumof theintegratedsystermwe have derived.

11 Further work

Furtherwork will involve higherorderabilities,suchastheincorporationof memorysystemsassociatie memory
motormemoryandshort/long-termmemaory Furthermordearningscheme(syvill needto beinvestigatedon-line
learning,aswell asoff-line learning.As mentionedemotionalfactorsfor humanoidsystemswill alsoneedto be
consideredConnectingogetherall of thesewith therestof our systemywill attributeto the majority of our future
work.

12 Summary and Conclusion

In this papemwe presentedhe currentversionof our integratedhumanoidsystema 24-d-o-fupperbodyhumanoid
robot system.The sensorysystemsavailablein our humanoidwas also presentedSensorysystemsnclude: an
auditory system a real-timestereovision systema proprioceptve systemanda vestitular system.Our 24-d-o-f
humanoidsystemis actuatecy a setof high performancemotors,andcanbe controlledin aflexible manner
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Fig. 11. Humanoidinteraction:Visual Attentionand Tracking,Auditory AttentionandTracking,Mimicking of a person.This
experimentshavs the detectionof a personwhile estimatingthe upperbody motion of the person Detectionof sound allows
our systento determineghespatialorientationof the soundsource- spatialhearing. The outputresponsef this systemallows
our humanoidto orientate/semv toward the personby keepingtrack of the person.The humanoidproduceshe sameupper
body motionasthe person thusmimicking the person.The systemperformsthe visual processingt 30Hzin stereo auditory
samplingis performedat 44kHz.
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Fig. 12. Mimicking Traces:a) shavs the inputsmovementsof all partsbeingtracked, b) shavs the left arm motion of the hu-
manoid,c) shavs theright armmotionof thesystem Thefour sggmentson eachgraphshawvs the continuosorm of interaction,
persorenteringandexiting the sceneandreturningto interactionagain.

The distributed configurationof our hardware architecturefor the supportof suchan integratedsystemwas
alsopresentedThesystemarchitecturgrovidesawayin whichconcurrentomputationganberealisedallowing
processe beinterconnecte@ndinteractedwith eachotherin aresponsie manner

Thecurrentprogresof our humanoidrobotsystemhasbeenbriefly discussedDetailsof the designandmoti-
vationof our currentandfuture systemwasgivenaspartof our presentationThevariousapproaches humanoid
researctwasalsodiscussedtheir benefitsanddravbackswere highlighted.Our view of anintegratedhumanoid
systemwastaken into perspectie. This perspectie for the integrationof a completehumanoidsystemwas as-
sertedthroughouthework presented.

Our approacho integrationembraced numberof factors:

— A taskmodelwasnot takenasthe prime purposeof developmentthusthe systemis notboundto any prepro-
grammedask.
— No switchingbetweermrmodulesor sub-systemw#asallowed,ensuringthatall dataflowing throughthe system
areusedin influencingthe outcomeof the system.
— Eachsub-systendoesnotassumeo have full controlof thesystemall sub-systemareintegratedasawhole.



— In producinga systermwhich hasarich anddiversesetof sensorycapabilitiesfor interaction.
— It hasenforcedusto producea systenthatcanproducea greaterangeof responses.

— Allowing usto take awider rangeof view in solvingproblems.

— Allows away in which redundang canbe exploited. Thus,providing a robustsystem.

We shawved by using a simple competitve mechanismthat were able to producean integratedhumanoid
interactive systemthat is adaptive due to the redundanyg, andflexible natureof this mechanismBy taking an
integratedview, we wereableto producea systemthat gainedadaptvity, redundang andflexibility in a robust
system.

A numberof experimentsverealsopresentedn this paper thoseinclude:physicalinteraction,our humanoid
allowing itself to be physicallyhandleby a person Auditory interaction thatallows our humanoido seno toward
a soundsourcepresentin its ervironment.A combinedand integratedexperimentof our humanoidmimicking
the upperbody of a person,while visually trackingthe personwas also presentedThe experimentalso allows
physicalcontactto bemadeby therobotandthe personandauditoryresponsevasalsoavailableatthe sametime.
The processindor theseinteractionweredonecontinuouslywithout discardingary datainputspresentedo the
system.Humanballistic like motion was madepossiblethroughthe high performanceactuatormotorsavailable
within our humanoidsystem.

We believe by takinganintegratedview from the onset,into theinvestigatiorof humanoidresearchthatit will
allow usto explorefurtherpossibilitiesfor thefield of humanoidrobotics,thathave yetto befulfilled.
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