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Abstract. In this paperwe take the view that human-like responsecanonly be yieldedthrougha richly in-
tegratedhumanoidsystem.By taking sucha view, we have confinedourselvesto pursuethe developmentof
a richly integratedhumanoidsystem.In this paperwe presentour initial effort in this pursuit,we presenta
humanoidsystem– anupperbodyhumanoidrobot– with active real-timestereovision,anauditorysystemfor
spatialhearing,andproprioceptive systems,with a high performancemotorcontrolsystem.
Thecontext in which we wish to establishour researchis in thecontext of continuoushumanoidinteraction.
Interactionwith the environment,aswell as interactionwith people,all form part of this establishment.We
presentour approachto the problemof interactingwith a continuumof multiple stimuli, while producing
meaningfulresponses.We will show by usinga relatively simplemechanismfor integration,it is still possible
to realisea vastly responsive system.Hence,providing a systemthat is adaptablethroughredundancy, and
flexible for integration.
Our presentationincludesa new humanoidrobot systemcurrentlybeingdevelopedfor complex continuous
interaction.An exampleof our humanoidrobot in continuousinteractionis presented.The systemis ableto
tracka personby sight in anunmodifiedenvironment,performreal-timemimicking of theupperbodymotion
of theperson,tracka soundsource(spatialorientation),andphysicalhandlingof thesystemin a compliance
manneris alsoallowed.Eachof thesub-systemsof our humanoidis alsointroduced,with experimentalresults
of eachpresented.

1 Intr oduction

Overtheyearsroboticswith AI researchhastakenmany shapesandforms.Wecanidentify anumberof key issues:
the aim to build machinesthat performtasks;to understandhow, andwhat mechanismwill allow us to produce
human-like responses1. We believe that humanoidresearchfalls closelywith both of theseobjectives,andthat
humanoidresearchwill bringusevencloserto therealisationof suchgoals.

Our own primary researchobjective however, falls closerwith the goal of the investigationof mechanisms,
which allow us to constructa roboticsystemthatcanyield human-like responses– in onecompletelyintegrated
humanoidinteractivesystem.

1.1 Humanoid Interaction

A humanoid2 which takestheform of a humanperson,andshouldalsorespondin wayssimilar to a person.As it
hasbeensuggested,theform of a humanwill naturallyinducehumanlike responsefrom otherhumans,andwill
deducethe expectationof human-like responses[1–4], for exampleseeFigure1. Figure1 providesevidenceof
sucha naturalresponseby a humanpersonwith our humanoidrobotsystem.

Placingour emphasison humanoidinteraction,we identifiedtwo typesof interaction:activeandpassive.

Active: requiresphysicalinteractionwith theenvironment,includinghumans,objectsandthephysicalself.Such
asbeingphysicallyhandled,or pushingitself up usingits bodyandenvironment.

1 theword “intelligent”, is notusedherebecausetheword “intelligent/intelligence”seemsto beoverusedfor variousdescrip-
tionsof variousthings.Thereforeat this stagewe wish to avoid theuseof this term.

2 -oid suffix forming adjectivesandnouns,denotingform or resemblance(asteroid;rhomboid;thyroid). [Greekeidosform]
— c
�

Oxford EnglishDictionary.



Fig.1. Naturalhumanlike interaction:It is ourbelief thattheform of ourhumanoidbodywill naturallybringabouthumanlike
interaction.Theevidencewe presenthereis of a child, without promptingnaturallyreachfor the lower armof our humanoid
robot.Purelydueto thefactthattherobotis shapedlike aperson.

Passive: no physicalcontactis necessary, suchashearing,seeingandsmelling.Thus,pureobservationonly, like
listeningto or watchinga person.

It is apparentthattheseinteractionswill requirea rich numberof abilitiesfrom a singleintegratedsystem.For
example,with theabilitiesto hear, to see,andto physicallymoveandbemoved,formedpartof suchsystems.This
canbeestablishedasthebaseof our research,to initially providea richly ablesystemfor diverseinteraction.

Our earlierwork purposeda numberof attributesthatshouldbeencompassedby a humanoidinteractionsystem
[4]:

seamlessnesswhichallowsthesystemto interactwith theenvironmentin acontinuousmanner. Thesystemshould
beableto interactcontinuouslyin a responsiveandtimely manner, thuswithoutstoppingor re-starting.

adaptivity/r edundancy themechanismusedshouldprovide thesystemwith redundancy by beingadaptive.The
systemshouldbeableto adaptto failureof sub-systemsor components,for exampleif onecomponentfails
anotheris ableto functionwithout any dependency.

flexibility additionalcomponentsshouldbeableto beintroducedin a simplemanner. Flexibility is animportant
attributefor theprocessof integration.

The mechanismwe proposed,is throughchannellingall inputs into an integratedsystem,in a competitive
manner. Allowing no inputsbeingdiscarded,thusallowing acontinuousseamlessflow of inputsandoutputsto be
produced(furtherdiscussion,is givenin Section9).
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Fig.2. Typesof approach:a) Task-based/Task-orientedapproach,b) Mode switching,c) Sub-systems– eachassumingfull
controlof a system,d) A form of anintegratedapproach.

From the above attribution of humanoidinteraction,we arrived at the characterisationof an integratedhu-
manoidsystem.Webelieve,anintegratedhumanoidsystemshouldpossessanumberof noticeablecharacteristics,
andprovidea numberof benefits:

1. An integratedhumanoidsystem,musthave a rich sensorysystemavailableto it. And theprocessingmustbe
processedin a concurrentandcontinuousmanner, without any noticeabledelay.

2. Thesystemmustbeableto respondto thelargeandnumeroustypesof inputsin variouscircumstances.And
awide rangeof responsesmustalsobeexhibitedby thesystem.

3. Explicitly, an integratedhumanoidsystemwill ensuremutualhuman-like interactionis embraced,in a rich
way:Physical,aswell asnon-physicalin aseamlessmanner.

4. An integratedsystemwill provide a differentway in which problemscanbesolved,andto besolved.In the
senseof humanoid– in a even morehumanlike manner– for example,exploiting the rich sensorysystems
available,in dealingwith theproblemathand.

5. Likehumans,sucha diversesystemwill yield a highly robustandredundantsystem,allowing it theability to
adaptto failure.

6. As like all endeavours,we aregoingto getsomeof this wrong,andhaving theavailability of a largediverse
system,will allow possibilitiesfor furtherexploration.Thus,increasingthevariationof possiblesolutions,and
removing theboundaryandlimitation of commonmethodology.

Our ideascoincidewith others,in the view that human-like attributesor characteristicscanonly be yielded
from acompleteembodied(human/human-likein thiscase)system[5–7,2,8].

Also, if we follow anotherline of thought,of [9] and [10], that a tool automaticallyenhancesthe way we
think. Therefore,a humanoidrobotwill only increaseour own understandingof human-likebehaviours,andthat,
it will alsoincreaseour own intellectualabilities– soto speak.Along this line, a humanoidwill changetheway
in whichwewouldsolveproblems,it will allow usto matchcloselytheway in whichhumansdo things— “in an
interactivemanner”. Thus,allowing usto re-thinkandre-posesomeof theproblemsthathave beenboundby the
standardsetupof a laboratory. By reposingtheir problem,therecentwork of [11,12] showedby exploiting sound
andvisionin onesystem,they wereableto achievebetterresultsfor auditorysegmentationandspatiallocalisation.



1.2 Typesof Approaches

In order to clarify our discussion,we will begin by outlining someof the approachestaken by humanoidre-
searchers,descriptionsof someof thesesystemswill be provided in Section2. Categorically we have divided
theseapproachesinto four, asdepictedin Figure2:

1. Task-based/Task-orientedapproach:thesesystemstypically startwith a taskdescription,thenprocedurally
derivea setof routinesthataregivento thesystemfor laterperformance(e.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-systems,a switcheror a selectoris usedto switch
betweeneachsub-system(e.g. HERMES,Hadaly-2and WABIAN). Although switching may be the most
straightforwardandeasiestwayin whichasystemcanbeintegrated.Nonetheless,onemajordrawbackof this
approachcanbethat,while thesystemis in onemodethesystemmaymissto process,or discardimportantor
critical informationavailableto it.

3. Sub-systemshaving full control:in thisapproacheachsub-systemassumescompletecontrolof thesystem(e.g.
COG,DB). Thus,theinterconnectionandinteractionbetweeneachsub-systemis typically notconsidered.Due
to this, this approachmayeventuallypreventacompletesystemto bederivedasawhole.

4. Integratedview: shouldensurethat eachsub-systemcanandareconnectedto the system,henceallowing a
rich explorationof theinteractionbetweenall sub-systemsto takeplace.

In thispaperwe’ll presentourinitial work of anintegratedhumanoidrobotsystemthattakesanintegratedview
from theonset.Currently, wehaveproducedasystemthatencompassesauditoryprocessing,visualprocessingand
proprioceptionprocessingabilities.Specifically, thevisionprocessingfor thedetectionof aperson,with anattempt
to infer themotion of thepersonhasalsobeenincorporated.In orderto closethe loop of humanoidinteraction,
an experimentof mimicking the motion of a sightedpersonhasbeenrealised.Our humanoidrobot is able to
visually trackandmimic thepersonin real-time,in anunmodifiedenvironment.Otherpossibleinteractionincludes
physical,andauditoryspatialhearing.

Section2 presentssomeof the relatedwork, outlining someof the currenthumanoidresearchefforts. Sec-
tion 3 presentssomeof the designphilosophyof our system.The currentstateof our systemandsomeof the
plannedcomponentsarepresentedin Section4. Theprocessingandcomponentsof ourhumanoidsystemarethen
presented.Beginning with Section5 the motor control of our systemis presented.Section6 presentsthe vision
processingfor our system.Section7 presenta spatialhearingsystemfor our humanoid.Thevestibularsystemfor
our humanoidis presentedin Section8. The initial way in which our systemhasbeenintegratedis presentedin
Section9.

In Section10, we presentan experimentof our initial attemptof the integrationof a humanoidsystem,the
presentationincludesour humanoidcopying theupperbodymotionof a person.A brief discussionof our future
endeavoursis presentedin Section11.A summaryandconclusionis thengivenin Section12

2 Research Landscape– Relatedwork

In this sectionwe discusssomeexisting humanoidprojectsandbriefly outline someof their approachesto hu-
manoidroboticsresearch.

Although, this line of researchin the developmentof human-like robotsis not so new. Oneof the first3 and
mostpronouncedhumanoidswasthework of WasedaUniversity. A humanlikerobot,WABOT-2, playsapianoby
sight readingmusic[13]. Their effort showeda greatdealof engineeringaccomplishmentbackin thelate1980s.
Producingasystemwhichperformedahighly skilled task.Theirapproachwasprettymuchtaskdriven,in thatthe
systemmustplay thepianoandreadmusic.Othercapabilitiesof thesystemwerenot consideredasanissue.

In recenttimes,alargedealof attentionhasbeenplacedonthehumanoidnamed“COG”. A robotwhichresided
at theMassachusettsInstituteof Technology, Artificial IntelligenceLaboratory[14,2,15]. Their focushasmainly
beentowardsthereproductionof humanlike cognitive abilities.Little of their earlierwork wasin addressingthe
issueof theproductionof bodymotionfor theirsystem,until therecentwork of [16]. By carefullyredesigningtheir
existingmechanism,they havebeenableto producesomecomplex humanlikemotions.Othersub-systemsinclude
thework of [17] for eye andfacefinding usingvision. Their approachmadeevery attemptin avoiding theuseof
taskmodels,in deriving componentsfor theirsystem.In theirdevelopmentthey haveshown many subsystemsthat

3 in moderntime.



appeared� to havecloseresemblanceto humanactivities.However, eachof their sub-systemsmadetheassumption
of completecontrolof a particularsystem.Theintegrationof theserich componentshave not yet beenmade,and
reachinganagreementsbetweeneachof thesecomponentsmayproveto bedifficult.

Morerecently, thesystemwhich is receiving themostamountof interestis thatof Honda’shumanoidsystems,
P2andP3[18]. Honda’s key contribution wasin producingbipedlocomotionthathasnot beenachievedbefore.
Suchmotionsasautonomouswalking or stairclimbing have beenproduced.Theimpressive work of Hondahave
sparked a numberof entitiesto undertake humanoidresearch,suchas the efforts of the new projectsof MITI 4

andKIST5 (seebelow). Theapproachthey havetakenhasbeeninteresting,they setout to producea systemusing
whatever meanspossible,in orderto provide the functionality/taskthatwasspecified,to walk. Othermotionsof
theirsystemwereproducedthroughateleoperationalinterface.In theirapproach,eachtaskor functionis playback
in theway thatwasdeveloped– oneat a time selectedby anoperator.

A recentprojectfundedby the Ministry of InternationalTradeandIndustry(MITI) of Japan6, theHumanoid
RoboticsProject(HRP)project,addressestheissuesof searchingfor applicationsfor humanoidsystems[19]. Their
aim is to evaluatethefeasibility of currenttechnologies,in producinghumanoidsystemswhich canbeappliedto
a vast rangeof problems.The project is basedon the developmentand integrationof threekey components:a
humanoidrobot, a remotecockpit and a virtual robot. The robot they are to employ is Honda’s P3 humanoid
robot. It hasbeenproposedthat in the first two yearsof this project,the establishmentof a virtual environment
anda virtual robot,will be usedfor the conceptualisationof variouscontrol methods.Sucha control schemeas
teleoperatinga humanoidin performingcomplicatedtasks.It is interestingto notethatthis projectis approaching
humanoidresearchfrom adifferentperspective,they arestartingatahigherlevel.They areperformingintegration
with existing systems,thenevaluatinghow they will fit in anapplicationdomainandproducespecifictasks.The
switchingfor eachtaskis thenselectedby ahumanoperatorin a closedoperator-robotfeedbackmanner[20].

TheKoreaInstituteof ScienceandTechnology(KIST) arealsoproducinga humanoidsystemnamed,“CEN-
TAUR” [21]. This systemhasanupperbodyof a person,andthe lower half is horselike with four legs.In their
systemdevelopmentapproach,they havechosento adaptopensystemtechnology. Thatis thecomponentsof their
systemarereadily available,i.e. off-the-shelf.The work producedso far hasbeen,teleoperationinterface[22],
andmanipulateby motionplanningof multiple-manipulators[23]. They havechosentwo approaches,aclose-loop
approachandtheplanning-then-executionapproach.However, it is still unclearhow they have connectedthetwo
schemes.

Following onfrom theirearlierwork, WasedaUniversityhavebeenproducinganumberof humanoidsystems,
for examplethehumanoidrobotsHadaly-2andWABIAN (see[24] and[3]). Noticeably, two distinct topic of in-
terestareunderinvestigation,humanoidinteractionandhumanoidcontrols.Interactionwith their systemscanbe
via physicalor non-physicalcontacts,suchasby vision,voiceor physicalforce.In thecontrolof their humanoid
they have manageto producedfull body motionssuchaswalking anddancing.In their organisation,they have
chosenratherthanto breakup thesysteminto subsystems,they divide into groups,eachgrouppursuingdevelop-
mentwith a differentobjective. With this structurethey areableto performconstantintegrationof their system,
thusproducingsystemsthataresomewhatmorecoherent.Webelievethis is anattractiveapproachto complex sys-
temdevelopment.However, theconnectionbetweeneachsub-systemhasbeendividedin a waywhich thesystem
switchesbetweenonesub-systemto another. Thus,theswitchingmayinducesomelatency to responseor in some
instancesnoresponseatall.

More recently, theKawatoDynamicBrainScienceresearchgroupacquiredthehumanoidrobotmanufactured
by SARCOSInc., named“DB”. The actuationof the robot is basedon hydraulics,makingthis systemmobility
extremelylimited, dueto the large pipeandpumprequiredto operatethe system.This groupconductsresearch
into motorlearning,imitation andneuralmodel-basedcontrolof a humanoid[25,26]. Integrationdoesnot appear
to bethefocusof their research,thereforeat this timenoattempthasbeenmadeinto theintegrationof theircontrol
schemes.Althoughthismaybethecase,many impressivedemonstrationshavebeenproduced.

Humanoidas the perfectservicerobotshasbeenthe aim of many researchgroups.Recentlya numberof
humanoidrobotshavebeenproposed,for example,two Germangroup,oneis therobotHERMESby the[27]. And
theothernamedARMAR, by theForschungszentrumInformatikKarlsruhe(FZI) [28]. Thework of theHERMES
projectis mainly basedaroundthe integrationof off-the-shelfcomponentsin providing a human-like robot,with
the equivalentcapabilityof todayscomputersystemson a robot.A sweepof communicationschemeshave also
beendevelopedfor HERMES,namely:by voiceor email in a dialoguemanner[29]. TheARMES projecton the

4 Ministry of InternationalTradeandIndustryof Japan.
5 KoreaInstituteof ScienceandTechnology.
6 It is importantto distinguish,thatour researchis notpartof this new project,our projectstartedindependentlyin 1996,two

yearsprior to thisproject.



otherhand,hasmainly beenfocusedon thetaskof multiple manipulators,basedplanningandmanipulation.Both
of thesesystemsprovideawheel-drivenplatformto allow mobility of their system.

ThegroupatVanderbiltUniversityis alsoworking towardsaserviceorientatedHumanoidrobot,ISAC. Focus
hasbeenplacedat the level of userinteraction,suchtasksasfeedingof an elderly or disabledpersonhasbeen
considered[30]. A psychophysicallybasedvisualattentionnetwork hasalsobeenproducedfor this system[31].
A distributedsoftwarearchitecturehasalsobeenproducedfor thiswork [32]. Theinterestingaspectsof theirwork
is that they hold two views: oneof engineeringof a servicerobotandtwo, theutilisationof biologically inspired
modelsin deriving sub-systems.However, thesetwo separateviewshaveyet to emergeasacompletesystem.

3 Designphilosophy

Commonly, roboticsystemshavebeendesignedfor a particulartaskin mind, for examplethework of [33], where
the end-effectorof the systemis replacedwhenit is to manipulatea differentobjector performa differenttask.
This standsasthe conventionalview to systemdesign,onemodule,andonefunction performingonetask.The
shortfall of this approachis thatunexpectedsituationswill grounda systemto a halt,asthesystemis ill equipped
to responded.

Thedesignphilosophyof ourhumanoidsystemis with theaimof producingasystemthatcloselymatchesthe
capabilitiesof ahuman.A comprehensiveview of thedesignphilosophywasoriginally establishedin [1] and[34].

Having establishedcapability as opposedto functionality as our main objective, we have built eachof the
componentsof our humanoid,achieving generalmovementslike a person.Other humanlike featuresinclude,
smoothoutersurface,reasonablein sizeandweight,andbackdrivability is alsopossible.Theseattributesmakeour
humanoididealfor physicalinteraction.

Thedesignof our humanoidsystemwasnot to achieve any optimumtaskin particular, whereasthearmcan
beusedfor reaching,pushing,or for thesupportof its own body. Our designphilosophyis well supportedby the
apparentevidences,thatthestructureof thehumanbodyis diversein accomplishinga wide rangeof activities.

In termsof strengthandpower, in everydaysituationthe systemshouldmatchthe performanceof a mature
adulthuman,our aim is not to producea superbeing.Our aim is just to producea humanoidwhich canfunction
aswe do.Thelatestmechanicalandtechnicaldetailsof oursystemcanbefoundin [35].

In contrast,to the approachesthat have beentaken in othersystems(seesection2). In our approachto sys-
tem development,an emphasisis placedon total integration.As soonasany part of the systemis available, it
is integrated.Adoptinga constantintegrationphilosophyprovidesoneof thekey point in undertakinghumanoid
research,moving towardthedevelopmentandunderstandingof a fully integratedsystemsuchasahuman.It is ap-
parentthatin dayto daysituationshumansaregovernedby anumberof integratedfactorsinfluencingoutcomesof
their activities.Our hypothesisin approachingdevelopmentin this manneris that,by moving towardfull integra-
tion from thestartenhancementof thesystemwill aswholebemoremeaningful.Fromtheview of components,
this will allow componentsto be trial andevaluatedin a muchmorecoherentfashion.And also,the arrival of
solutionswill befarmoreconsistentwith thesystemasa whole.

A positive effect of this is constantintegration,no componentsof the systemwill be left un-utilisedat any
stageof development.Preventing it from being disregardedat a later time due to technicaladvancement.This
paperfurtherdescribeour initial attemptat this merger.

4 Systemconfiguration – ETL-Humanoid

In our currentphaseof development,theupperbodyof our humanoidrobothasbeencompleted:two arms,head
andtorso,asshown in Figure3. Thesystemhasbeendesignedto becompactandlight-in-weightwhile retaining
similarsizeandproportionasanaverageperson.Thefinal systemwill be160cmin heightand60kgin weight.The
upperbodyof our systemprovides24 degreesof freedom:12 d-o-f for thearms,3 d-o-f for thetorso,3 d-o-f for
head/neckand6 d-o-f for theeyes.Otherpartsof thebodyarestill underconstruction.Furtherdiscussionof this
systemis givenin [1, 34,35]. Theprocessingfor oursystemis currentlyperformedoveraclusterof sevendesktop
PCsconnectedto therobotvia externalcables,seealso[4].

We useonePC equippedwith two Hitachi IP5005vision processorfor the vision processingof our system.
AnotherPC equippedwith a SoundBlasterTM card is usedfor the auditoryprocessing.OnePC is alsousedfor
thevestibular system.Currently, theconnectionsbetweenthesePCsis via an isolated100MbsEthernetnetwork.
In the next generationof our system,we plan to embeda large portion of thesecomponentsinto a high speed
interconnectedcomputationalnetwork (seeSection4.1).
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Theconfigurationwehaveestablished,hasbeendeliberatelydesignedfor concurrentactuationandprocessing
sensoryinputs.Thus reducingthe processingcycle of eachsub-system,and further allowing the possibility of
real-timeandrich interactionto takeplace.

As shown in Figure3, we have divided the controlsof our humanoidsysteminto separatelimbs. Eacharm
having it’sown controller, with thetorsoandtheheadsharingonecontroller. Themotorscontrolof thebodylimbs
have beenmadepossiblevia a setof embeddablein-bodiedLAN networks,asshown in Figure3. Eachcontroller
managesoneLAN, controllingonelimb, seefor full technicaldetailof this in-bodiedLAN system[34,36,35].

In the currentversionof the LAN, up to 8 nodescanbe connected.Eachnodeis responsiblefor providing
low-level feedbackinformation;motorposition,encoder, temperatureandmotorcurrentfeedback.Eachnodealso
hasfacilities for two additionalA/D channels,allowing furthersensoryinputs.All nodescanbemadeto operate
simultaneously. Althoughfor testingpurposes,currentlythenodesareoff-board,physicallythey havebeenkeptto
a bareminimum,allowing themto besmallandcompactin anticipationfor futureintegration.

Eachof the in-bodiedLAN networks areinterfacedvia the usageof individual PCs,providing all necessary
computation,suchascurrent,velocity andpositioncontrols.ThePCalsoactsasa joints server, allowing a trans-
parentserviceto beprovidedto any of thenetworkedPCs.Thus,allowing a wide numberof control topologyto
beconnectedandtrial easily.
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4.1 Toward Autonomy – Next Generationof Computing

Anothergoal which shouldbe consideredfor a humanoidsystem,is the attribute of “autonomy”7. Autonomyor
autonomousis oftendescribedasthemeaningof governingof one’sself— self-governing.Autonomyplaysakey
role in theway in which we interactwith theworld, andtheway in which problemsareto besolved.Therefore,
we believe thatweshouldmove in thedirectionof attributinga humanoidsystemwith autonomy.

Themotivationto provide a fully autonomoushumanoidsystemhasurgedusto comeup with a new internal
designof our computationalsystem,that can provide enoughcomputingpower for the next generationof our
system.Figure4 providesthe currentdesignof a new embeddablecomputingsystem.The requirementfor this
systemhave beento allow compactness,expendability, flexibility for future usage.Due to the specialityof the
original customcontrolLAN, it is to beretained.However, thecomputingsystemfor thecommunicationwith and
within theseLAN will be moved on-board,embeddedinsidethe humanoid.Thus,this will bring us closerto a
truly autonomoushumanoidrobotsystem.

5 Motor Control – Humanoid Motion

Thedesignof ourcurrentmotorcontrolsystemprovidestheflexibility of controlof motorsatvariouslevels:posi-
tion (angular),velocityandcurrent(force).Theseschemesrunwith aconventionalProportionalIntegralcontroller.
Thecontrolsof eachjoint canbecommandedvia any of theabove schemes,in a flexible way. Themotorcanbe
controlledin a mixed fashion.For instance,in the currentexperiment,the motion of the arm is driven at both
velocity andcurrentlevel. The motion of the arm is controlledvia velocity, but onceno motion is required,the
armis commandedto fall into a zerocurrentloop.Hence,allowing thearmto befreeandcompliantfor physical
interaction,andhuman-likeballisticmotioncanalsobeachieved.

Themotionproducedby our humanoidsystemcloselyresemblesthe motionof humanmovement– ballistic
like motion.Theunderlyingcontrolis basedona humanmovementmodel,physicallyit is controlledvia a mix of
velocityandforcecontrol.Thevelocityof eachmotoris givenby Equation(1).

���������! "�$#&%('*),+.-0/21 �43657�����*8"9;: <��
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where > is themotorjoint number. ? is theindex for each?4@,A output.
365B�����

is the ?4@,A outputat instant
�

givenby
theintegrator.

�C�0�,���
is thevelocityat >D@,A motorjoint.

Self-regulatingmotionis achievedthroughthemonitoringof theencoderat eachjoint. Thejoint limits areset
in two ways,a priori atthestart,andthroughphysicalinteraction.Physicalinteraction,is doneby takingadvantage
of the complianceof the systemwhile it is not in motion.A personmay physicallymove the robot, the system
monitorsthis movement.Thenew limit of thejoints is determinedby theuppermostpositionreached.

5.1 Physical Interaction

Variouskinds of humanlike responseshave beenincluded into our system,for instancethe reflex of sudden
withdraw of a limb whenexcessive forceis beingasserted.Thesameresponsewill alsooccurwhenthelimit of a
limb hasbeenreached.Dueto thelight-weightdesignof oursystem,thecompliancenessduringphysicalhandling
of thesystemwaseasilyachievedthrougha simplezero-currentcontrolloopat thejoints.

To demonstratethephysicalcharacteristicof our system,physicalinteractionexperimentwasperformed.Fig-
ure 5 presentsour humanoidphysicallyinteractingwith a person,thesystemis beingmanhandleby the person
in a compliantmanner. Thetorsomotionof our systemhasalsobeenshown here,theconfigurationin our design
closelymatchedthe torsoof humans.The samedesignhasalsobeenappliedto the neckof our humanoid.The
kinematicsanddynamicsof our torsoandneckis similar to theactuatedmanipulatordescribedin [37,38]. A full
descriptionof theconfigurationof oursystemis presentedin [35].

7 autonomousadj. 1. Govt. a. self-governing; independent;subjectto its own laws only. b. pertainingto an autonomy. 2.
independent;self-contained;self-sufficient;self-governing.3. Philos.containingits own guidingprinciples.4. Biol. existing
asanindependentorganismandnot asa mereform or stateof developmentof anorganism.5. Bot.spontaneous.— c

�
The

Macquaire Dictionary.



a) b) c) d)

e) f) g) h)

Fig.5. PhysicalInteraction:Our humanoidsystemis light in weight, and hasa similar rangeof motion as a human.This
exampleshows our systemphysicallybeingmanhandledby a person.Therangeof the torsois especiallydepicted.a) Torso
fully extendedforward,b) Upright,c) Full extensionto theleft, d) Physicalhandlingof therobot,e)Full extensionto theright,
f) full extensionto thefront, g) Light-weightandphysicalcompliance,h) Physicallyguidingthesystem.

a) b)

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

5.2 Coordinated motion

Furtherexperimentsof physicalinteractionwasalsorealisedthroughtheuseof coupledneuraloscillator, coordi-
natedarmsandtorsomotion wasachievedby our system.A similar experimenthasalsobeenreportedby [16].
Exploiting thephysicalcouplingof the two armswith the torsocoordinatedmotionwasproduced.For example,
synchronisedmotionof botharmsswingingup anddown wasrealisedthroughtheforwardandbackwardrocking
motion of the torso.And an alternatingarm motion (similar to the motion of a runner)wasrealisedthroughthe
twistingmotionof thetorso.Physicallythesystemretainedthepropertyof compliancenessduringthisexperiment,
while allowing itself to bephysicallyhandled.

5.3 Coupled Motion – Torso/Neck

Themotioncouplingof theeyesandneckhasbeenwidely studiedanddeterminedto beuseful,e.g.theVestibular-
Ocular(VOR) andOpto-kineticReflexes(OKR) [39–41].However, little studyhasbeenmadeto thecouplingof
motion of otherpartsof the humanbody. From our own observationandstudies,we hypothesisthat the motion
of theheadandthe torsois basedon a delaybetweenthe two. Thus,whentheneckmovesthe torsowill follow
with smallermotionbut with a delay, andtheneckwill alsocompensatethis motionwith anequivalencecounter
motion.Themotionwill stoponcetheneckandtorsohavereachedaneutralpositionof comfort.Theendeffectof
this coupledmotion,yieldeda smootherandgreaterrangeof motionfor thewholesystem,for examplesmoother
trackingof a target.



6 Seeing

Thehumanvisualreceptoris thesinglemostdevelopedandheavily utilisedpartof oursensorysystem,it provides
a wide rangeof informationwhich canbeusedto determinevariousdetailwithin an environment.For example,
detectionof peopleand their correspondingmotions.Currently, this part of our systemprovides the following
capabilities:motiondetectionfor the initiation of attentionin a scene(seeFigure6 a), skin detectionis currently
beingusedfor thedetectionof a person(seeFigure6 b). By usingthesetwo componentsour humanoidis ableto
visually trackthemovementof a person.Disparityanddepthperceptionhavealsobeenincludedinto our system.
Figure7 providesa summaryof thevision processingstagesof our system.Theprocessingis performedat real-
time,Table1 providestheprocessingcycle timeof thesekey stagesof thevisionprocesses.Theprocessingis well
within the 30Hz videocycle, with a total processingtime of 16.951ms.Allowing interactionto be performedat
real-time.

Extract Skin 
Colour

Remove Noise

Label Extracted 
Areas

Search for headSearch for arms

Dilation

Concatenation

Colour Distance/Hue 
Conversion

Remove Large 
Areas

Calculate Center

Determine Position

Output to 
Integrator

Segmentation

Check aspect 
ratio

Face detector

Check aspect 
ratio and depth

Calculate arms 
motion

Head detection

Arms detection

Person detection

Fig.7. Vision processing:Importantstagesof the vision processingperformedby our systemis shown. The total processing
time requiredis only 16.951ms,seeTable1.



Processes Time taken(ms)

Initialisation 0.101
SkinColourExtraction 5.135

Noisefiltering andLabelling 4.608
CalculateLabelledAreas 6.608

SearchHead 0.495
SearchArms 0.004

Total 16.951
Table 1. Visionprocessingexecutioncycle time

Thebasicinformationusedby our systemis asfollows: thepositionof theheadin thesceneandthemotion
of thearms.Figure7 shows thestagesof our vision processing.Thedetectionof anupperbodyof a personfrom
theenvironmentis basedon segmentationof skin colour. Theprocessof skin colourdetectionis basedon Colour
distanceandHueextraction.Theoverallprocessis asfollows:

1. segmentationis madebetweentheenvironmentandtheperson.
2. selecthead,basedon a setof attributes(e.g.colour, aspectratio,depthetc.)
3. extractthearmsfrom thescenebasedona setof attributes(e.g.colour, aspectratio,depth,etc.)

Positiontrackingof theseextractedfeaturesis basedon errorfiltering of thepastlocations.Oncethesegmen-
tationandextractionhave beenperformed,themotionis thendetermined.Themotionis calculatedby takingthe
derivativeof thevisualinformationof thearmsbeingtracked.Thederivativescalculatedfor thearmsarethenpass
on to beusedfor motorcontrol.Thepositionof theheadin thesceneis usedto orienttherobottowardtheperson.

Eachof thesepositionstakenfrom bothof thevideocamerasaresent,asactionvectorsto theintegratorof the
system.In addition,anassociatedactivationsignalfor eachvectoris alsoforwarded.Theactivationis determined
by anaccumulativecounterof theexistenceof thetrackeditem.

7 Hearing – Spatial hearing

Fromtheinspiringnotionthatat theearlieststagesof life, a babyis ableto detectthedirectionof a soundsource
without theuseof sight[43]. In termsof humanoidinteraction,soundcanplay a greatrole in providing a number
of cues,suchasinitiating focusof a moving targetbeforea sightingcanbemade.

Thespatialhearingof ourhumanoidis basedon theinterauraldifferenceprocessingproposedby Psychophys-
ical studiesof humanhearing[44]. Figure8 shows thestepsinvolvedin our initial spatialhearingprocessesof our
system.Theprocessingstepsstartby simultaneouslysamplingtheleft andright channels,aFastFourierTransform
(FFT) is thenperformon eachchannelproducingan energy spectrumfor eachchannel.Thedifferencebetween
thespectraof thetwo channelsarethenusedto determinethedirectionof thesoundsource.

In our currentexaminationof auditoryresponsefor our humanoid,we performedthe experimentof left and
right discrimination,by allowing our systemto centeron a soundsourceby minimisingthedifferencesof thetwo
channels.Figure9 shows an exampleof this processafter connectingit to the restof the system.The robot is
allowedto servo to a soundsource(a “baby rattle”), simply by moving to thedirectionwith thegreaterspectrum.
Thus,thissimpleinteractionallowsourhumanoidto trackasoundsourcewithouttheneedof any complex models.

For integrationpurposes,theoutputof thesoundsourceis sentto theintegratorasanactionvector, indicating
its magnitudeanddirection.Theactionvectorcarriestheaccumulativecountervalueof theexistenceof thesound
source,usedastheactivationsignal.

8 Vestibular system

Thevestibularsystemhascommonlybeenassociatedwith theVestibular-Ocular(VOR)andOpto-kineticReflexes
(OKR), allowing thestabilisationof theeyeswhile theheadmoves.A numberof researchersalsoembracesuch
mechanism,mostlyfor thedeterminationof ego-motionfor anactivehead/eyessystem[45,2]. Wealsobelievethis
is anessentialmechanismthatneedto beincorporatedinto our system,howeverwe believe thevestibular system
will serviceadditionalpurposesfor ourhumanoidsystem,suchas:

– thestabilisationof theeyeswhile thewholebodyis in motion,aswell astheheadwhenin motion(assuggested
by [45,2]),
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Fig.8. Auditory processing:Stagesof theauditoryprocessingperformedby oursystemis shown. First,simultaneoussampling
of theleft andright channelsis made,A FastFourierTransform(FFT) is thenperformoneachchannel.Thedifferencebetween
thetwo channelis thenusedastheoutputfor spatialhearingresponse.

– will provide informationfor balanceandlocomotionfor ourhumanoidsystem[46,18,41], and
– providing additionalinformationfor theauditoryspatialorientation,without thepresumptionof aflex posture.

Wearecurrentlyusingan3-axesacceleratometerand3 gyroscopesfor x, y, andz-axis.Thegyroscopesprovides
the rotationalinformationof the system.Whereasthe acceleratometerprovides the systemwith 3 dimensional
translationalinformationof the system.The vestibular systemis controlledvia onePC equippedwith a 32kHz
A/D module,currentlytheinformationis sentto therestof thesystemvia 100Mbethernetnetwork.

9 Integration – Putting it together

With theattributeswe haveoutlinedin Section1, wearrivedto a way in which competitionbetweensensory-cues
shouldbeusedin orderto yield a interactivesystem.This ideahasbeensuggestedby anumberof interdisciplinary
departmentsin humanscience[39,47,10,2,41].Theintegrationprocessallowseachof thecomponentsin thesys-
temto run in parallel,concurrentlycompetingor cooperatingfor theeachresponse,asshown in Figures3 and10.

Our approachrequireonly two featuresfrom theabovecomponents:
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Fig.9.Auditory Tracking:Oursystemis ableto performauditoryservoing,thesediagramsshow ourhumanoidservoingtoward
thesoundsourceof a “baby rattle”. Visual trackingwasdeliberatelysetwith a low gain,in orderto allow auditorytrackingto
take over thesystem.

action vector providing the magnitudeanddirectionof a given input. e.g.a vectorcanbe usedto representthe
relativeactionof thearm,positive for up,negativefor down. Its speedbeingrepresentedby its magnitude.

activation potential providestemporaldurationof its associatedaction vector, representingthedegreepresence
or theabsenceof a particularstimulus/cuegivenby thevector, determiningits reliability, i.e. confidence.

Inspiredby thegeneralityof a biologicalneuralsystem.Thekey andcentralideaof this Basicintegrator must
be applicableacrossmany levels, at both the sensorylevel and the actuationlevel, as a neuronwould be in a
biologicalsystem.

For ourcurrentinvestigationweintroduceEquation(2), asourBasicintegrator for usethroughoutoursystem.
As discussed,theimportantpropertiesof this integratoris thatit is model-free,it canbeusedat many levels,from
sensoryprocessingto thefinal outputof thesystem.

3 5 �����I KJMLON L ������P L �����2Q L �����
J L P L ����� (2)

where R is the index for eachrelevant input. ? is the index for each?4@,A output.
3S5B�,���

is the ?4@,A outputvector
at instant

�
.
P L �,��� is the activation potentialof the R;@,A input at instant

�
.
Q L is the R;@,A input vector. N L �,��� is the

parameterwhich allows thealterationof thestrengthof a particularinput.

Currentlywe areexploring theparameterN L ����� , which wasintroducedfor thealterationof theoverall system
behaviour. This is inspiredby the daily interactionof a person.Influencesfrom sensorysystemstendto bealter
basedonsomeselectiveoccasions,dependingonthemoodof anindividualat thatparticulartime.Many otherfac-
torsalsocomesinto play, awell know phenomenonexhibitedby aperson,is thedecayin responseto acontinuous
stimulusoversomedurationof time[39,41]. It is believedthatemotionalfactorsdocomeinto play, in determining
theresponsesof our daily lives[47,48]. Therefore,we believe that this parameterwill 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 representationof these
pathwaysaregiven in Figure10. As discussed,thesepathwaysarebe utilised in a parallelmannerallowing the
overall responseof thesystemto beyieldedthroughtheinteractionwith theoutsideworld.

10 ContinuousHumanoid Interaction – Mimicking

Figure 11 shows the experimentalresultsof our system.The humanoidrobot first orientatestoward a person,
trackingtheperson.Thenoncetheupperbodyhasbeenfully sighted,i.e. headandtwo armshave beendetected,
thehumanoidrobotmimics theupperbodymotionof theperson.Whentheupperbodycannot befully sighted,
the robot continuouslytracksthe person.Whensystemlosessight of the person,thenan auditoryresponseto a
soundmadeby thepersonregainstheattentionof therobot.Thesystemcontinuesto trackandmimic in a robust
andcontinuousmanner. Thesesnapshotsweretakenfrom anexperimentlastingover4 minutes.Someexperiments
anddemonstrationsof this systemhave lastedcontinuouslyover 20–30minutes.For detailsof the integrationof
this systemsee[4]. Figure12,shows thesensoryinputstracesof this experiment.Figure12 a) shows thetracked
inputsof theupperbodyof theperson.Figures12b) andc) showsthemotionof theleft andright armsrespectively.
Thetransitionbetweenvariousinteractionsarealsoshown in thetraces.Thatis, start“trackingaperson” l “lost”
trackof thepersonl “trackingaperson”again l “lost” trackof thepersonagain.Thesetransitionsfurthershow
thecontinuumof theintegratedsystemwehavederived.

11 Further work

Furtherwork will involvehigherorderabilities,suchastheincorporationof memorysystems:associativememory,
motormemoryandshort/long-termmemory. Furthermorelearningscheme(s)will needto beinvestigated:on-line
learning,aswell asoff-line learning.As mentionedemotionalfactorsfor humanoidsystemswill alsoneedto be
considered.Connectingtogetherall of thesewith therestof oursystem,will attributeto themajorityof our future
work.

12 Summary and Conclusion

In thispaperwepresentedthecurrentversionof our integratedhumanoidsystem,a24-d-o-fupperbodyhumanoid
robot system.The sensorysystemsavailable in our humanoidwasalsopresented.Sensorysystemsinclude:an
auditorysystem,a real-timestereovision system,a proprioceptive systemanda vestibular system.Our 24-d-o-f
humanoidsystemis actuatedby a setof highperformancemotors,andcanbecontrolledin aflexible manner.



Detectandtracka person Noticeupperbody

StartMimicking

StopMimicking Trackperson

Person,out of sight

Regainattentionvia sound RestartMimicking

Fig.11.HumanoidInteraction:VisualAttentionandTracking,Auditory AttentionandTracking,Mimicking of a person.This
experimentshows thedetectionof a person,while estimatingtheupperbodymotionof theperson.Detectionof sound,allows
oursystemto determinethespatialorientationof thesoundsource– spatialhearing.Theoutputresponseof thissystem,allows
our humanoidto orientate/servo toward the personby keepingtrack of the person.The humanoidproducesthe sameupper
bodymotionastheperson,thusmimicking theperson.Thesystemperformsthevisualprocessingat 30Hzin stereo,auditory
samplingis performedat44kHz.
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Fig.12. Mimicking Traces:a) shows the inputsmovementsof all partsbeingtracked,b) shows theleft armmotionof thehu-
manoid,c) showstheright armmotionof thesystem.Thefour segmentsoneachgraphshowsthecontinuosform of interaction,
personenteringandexiting thesceneandreturningto interactionagain.

The distributedconfigurationof our hardwarearchitecturefor the supportof suchan integratedsystemwas
alsopresented.Thesystemarchitectureprovidesawayin whichconcurrentcomputationscanberealised,allowing
processesto beinterconnectedandinteractedwith eachotherin a responsivemanner.

Thecurrentprogressof ourhumanoidrobotsystemhasbeenbriefly discussed.Detailsof thedesignandmoti-
vationof ourcurrentandfuturesystemwasgivenaspartof ourpresentation.Thevariousapproachesto humanoid
researchwasalsodiscussed,their benefitsanddrawbackswerehighlighted.Our view of an integratedhumanoid
systemwastaken into perspective. This perspective for the integrationof a completehumanoidsystemwasas-
sertedthroughoutthework presented.

Our approachto integrationembraceda numberof factors:

– A taskmodelwasnot takenastheprimepurposeof development,thusthesystemis not boundto any prepro-
grammedtask.

– No switchingbetweenmodulesor sub-systemswasallowed,ensuringthatall dataflowing throughthesystem
areusedin influencingtheoutcomeof thesystem.

– Eachsub-systemdoesnotassumeto havefull controlof thesystem,all sub-systemsareintegratedasawhole.



– In producinga systemwhich hasa rich anddiversesetof sensorycapabilitiesfor interaction.
– It hasenforcedusto produceasystemthatcanproducea greaterrangeof responses.
– Allowing usto takea wider rangeof view in solvingproblems.
– Allowsa way in which redundancy canbeexploited.Thus,providing a robustsystem.

We showed by using a simple competitive mechanism,that were able to producean integratedhumanoid
interactive systemthat is adaptive due to the redundancy, andflexible natureof this mechanism.By taking an
integratedview, we wereableto producea systemthat gainedadaptivity, redundancy andflexibility in a robust
system.

A numberof experimentswerealsopresentedin this paper, thoseinclude:physicalinteraction,our humanoid
allowing itself to bephysicallyhandleby aperson.Auditory interaction,thatallowsourhumanoidto servo toward
a soundsourcepresentin its environment.A combinedandintegratedexperimentof our humanoidmimicking
the upperbody of a person,while visually tracking the personwasalsopresented.The experimentalsoallows
physicalcontactto bemadeby therobotandtheperson,andauditoryresponsewasalsoavailableat thesametime.
Theprocessingfor theseinteractionweredonecontinuously, without discardingany datainputspresentedto the
system.Humanballistic like motion wasmadepossiblethroughthe high performanceactuatormotorsavailable
within our humanoidsystem.

Webelieveby takinganintegratedview from theonset,into theinvestigationof humanoidresearch,thatit will
allow usto explorefurtherpossibilitiesfor thefield of humanoidrobotics,thathaveyet to befulfilled.
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