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ABSTRACT

Startingwith fewer degreesof freedomhasbeenshown to
enablea moreef cient explorationof the sensorimotospa-
ce. While not necessariljleadingto optimal task perfor
mance,it resultsin a smallernumberof directionsof sta-
bility, which guidethe coordinatiorof additionaldegreesof
freedom. The developmentakeleaseof additionaldegrees
of freedomis thenexpectedo allow for optimaltaskperfor
manceand more toleranceand adaptatiornto ervironmen-
tal interaction. In this paper we testthis assumptiorwith
a small-sizedhumanoidrobot, that learnsto swing under
ervironmentalperturbations.Our experimentsshav thata
progressie releaseof degreesof freedomaloneis not suf-
cient to copewith ervironmentalperturbations.Instead,
alternatefreezingandfreeing of the degreesof freedomis
required.Such nding is consistentvith obsenationsmade
duringtransitionalperiodsin acquisitionof skills in infants.
Keywords: Developmentafrobotics,embodimentneu-
ral oscillator, freezingandfreeingof degreesof freedom.

1. INTRODUCTION

The eld of developmentapsychobiologyputsforwardthe

hypothesighatconstraintsn the sensorysystemandbiases
in the motor systemmay have an importantadaptve role

in ontogetry. In this paperwe will considermorphological
limitations in the motor apparatuf a developing system
as instancesf ontogeneticadaptationsj.e. with anim-

mediateadaptie role at a particularstageof development
andnot only bene cial for the emegenceof stablesensori-
motorcoordinationsvith anincreasedoleranceo erviron-

mental perturbationsjut also facilitating or even provid-

ing for early stagesf learning. Later stagef learningin

turn areboostrappedy highervaluedsettingsof the mor-

phologicalresourcesinderconsiderationA few telling ex-

amplesof morphologicallimitations presentat birth in the
sensory motor, and neuralsystemsare the accomodatie
system[12], working memoryand attentionspan[3], the
inef ciency of movementsandthe poor posturalcontrol of

head trunk, arms,andlegs[11].

In our context, this meanghataninitial reductionof the
numberof biomechanicallegreesf freedommaybeneces-
sary(but notsufcient) for learninganew skill. Preliminary
but descriptve evidencethatin sometaskstheactiity of the
numberof degreesof freedomis initially reducedandsub-
sequentlyincreasedhasbeencollectedby Bernstein1]. He
shavedthata freezingof the numberof degreesf freedom
is followed, asa consequencef experiment and exercise,
by thelifting of all restrictionsandtheincorporationof all
possibledegreesof freedom.Thereareseveralotherstudies
thathave reporteda freezingof joint sggmentsin theinitial
stageof learninga motor task. Theseincludethe learning
of handwritingsignatureby adultswith the non-dominant
limb [8], a ski simulatortask[13], and studiesperformed
by Jenseretal. [5] onthedevelopmenbf infantleg kicking
betweer? weeksand7 monthsof age.

2. SIMULATIONS OF LIMIT ATIONS

A few attemptgo addressievelopmentalssueswith simu-
latedervironmentsandreal-world deviceshave beenmade.
Typically thesesystemsstartwith a setof initially constrai-
ned(morphological)resourceswhich are subsequentlye-
leased.

Elman[3] describedrti cial neuralnetworkswhichare
only ableto learntheprocessingf complex sentenceshen
handicappedy severe capacitylimitations. Theselimita-
tions are later releasedwhile the networks gradually ma-
tureto anadult-like state.Interestinglyin theirinitial stage,
thesenetworksfail to learnfully formedor adult-like sen-
tences.Taga[10] reportedcomputersimulationsof the de-
velopmenbf bipedallocomotionin humaninfants.By free-
zingandfreeingthedegreef freedomof theneuro-muscu-
lo-skeletal system,the U-shaped changes in performance
typically obsenedin thedevelopmenbf thesteppingnove-
mentcanbereproducedTagas modelseemdo suggesthat
thesechangesanbe understoodn termsof the releaseof
initially constrainednorphologicakresourcesAnotherim-
plementatiorof theseideaswasproposedy Berthouzeand
Kuniyoshi[2]. They performedvariousexperimentswith a
nonlinearredundanfour degreesof freedomroboticvision



Figure1l: Humanoidrobotusedin our experiments.

system.In their experimentstwo out of four availablede-

greesof freedomare delayedin orderto reducetherisk to

gettrappedn stable but inconsistent minima. Accordingto

the authors,the advantageof the adoptionof this develop-

mental strategy is a reductionof thelearningcompleity in

eachjoint anda fasterstabilizationof the adaptve parame-
tersof thecontrollers.

3. EXPLORING PHYSICAL MATURATION

In [6], we investigatedheimpactof morphologicathanges
onthecontrolperformancef agivenneural control struc-
tur e. Takingasexampletheexplorationof swingingbeha-
iors (pendulationjn asmall-sizechumanoidobot,we pro-
poseda comparatie analysisbetweenoutright use of the
full body for exploration and progressie exploration us-
ing a mechanisnof developmentalfreeing of the degrees
of freedom.It wasshowvn thatwith adevelopmentatelease
of the seconddegreeof freedom,the systemwould always
corvergeinto the samesmooth,andin-phaseswingingbe-
havior with maximalamplitude(resonantontrol).

In this paperwe follow-up on the previousexperiments
by incorporatingproprioceptve informationandfocussing
on theissueof toleranceandadaptvity to perturbationsin
particularphysicalconstraintsandexternalinterventions.

4. EXPERIMENT AL SETUP

Theexperimentalketupconsistof a small-sizechumanoid
robotwith 12 degreef freedom(DOF). With its redundant
DOF it allowsfor enoughcontrolcomplexity. Throughtwo
thin metalbars x edto its shoulderstherobotis attachedo
a supportive metallicframe,in which it canfreely oscillate
in thevertical (sagittal)plane(see gure 1).

Eachleg of the robot has ve joints, but only two of
them - hip andknee- are usedin our experiments. Each
joint is actuatedy a high torqueRC-sero module. These
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Figure2: Schematic®f the experimentalsystemandneu-
ral control architecture.Joint synegy is only activatedin
experimentdnvolving coordinated?-DOF control.

modulesdo notprovide ary form of sensoryfeedbaclkabout
the positionof the joint. Appropriatesensoryinformation
howeveris simulatedby meanf anexternalcamerawhich
is usedto track coloredmarkersplacedon the robotlimbs.
This sensoryinformation givesfeedbackon the kinematic
statevariableganatomicabngles)of therobot.

5. NEURAL CONTROL ARCHITECTURE

A schematioof the neuralcontrol architecturas shavn in
gure 2. It is basedon neuraloscillators!, which arewell-
studiedcontrol structuresand which allow for distributed
control.

Eachneuraloscillatoris modelledby the following set
of differentialequationsderivedfrom [7]:

tuUr = —Uf —b[vi]" —we[ue] ™ —Wp[Feed T +te
tu.Ue —Ue — b[Ve] " —we[uf]™ — Wp[Feed ™ +te
tyvi = —vi+[ug]t
tweVe = —Vet+ [Ue]+

1Suchcontrol structuresare not novel. Our focusis not on control
structureper sebut ratheron how they interactwith eachotherandwith
theworld throughthe body.



whereus ¢ is theinnerstateof theneuronf ( e xor) or e (ex-
tensor),vs ¢ is a variablerepresentinghe degreeof adap-
tation or self-inhibition effect of the neuron,te is a tonic
excitation (externalinput), b is an adaptationconstantw,
is a coupling constantcontrolling the mutualinhibition of
neuronse and f, andwyp, is a variableweightingthe feed-
backFeeg tu andt, aretime constantf the inner state
andadaptatioreffect. Theoperatorgx|* and[x]~ returnthe
positive (respectiely negative) portion of x.

Jointsynegy betweerhip andankleunitsis implemen-
tedby feedingthe e xor unit of the kneeoscillatorwith the
outputof the e xor andextensorunits of the hip controllet
A factor—ws([u?]* + [ul]*) is addedto thetermt, us in
the e xor unit of thekneeoscillator uf anduf} aretheinner
statesof the e xor andextensorunitsin the hip oscillator
Ws is theintersgmentalcouplingconstant.

Asin[9], eachneuraloscillatoris usedasaneuralrhythm
generatar Its outputactiity y is givenby y = us — U, i.€.
by thedifferencebetweertheactivities of the e xor andex-
tensorneurons.This valueis thenfed to a pulsegenerator
whoseactivity attimet is givenby:

pg' = te(sgn(y') — sgn(y "))

sgn(x) is the signfunctionandte is thetonic excitationde-
ned above. Thekicking motion pg' senesascontrolsignal
for the seno motorof the correspondingoint.
Unlessspeci ed otherwise,the following control pa-
rametersverekeptconstanthroughouthe study: b = 2.5,
we = 2.0, te = 20 for the hip (respectiely te = 15 for the
knee).Otherparametersveresetasdiscussedn thetext.

6. EXPERIMENT AL DISCUSSION

We organizedour experimentssoasto provide the basisfor
acomparatre analysisof differentlearningstratgies,from
a physicalandfrom a neuralpoint of view. Movementsof
the robot were analyzedvia the recordingof its hip, knee
and ankle positions. Sameinitial conditionswere usedin
all experimentswith the humanoidrobot startingfrom its
restingposition. Our experimentsanbe dividedinto three
catgyories:

1. 1-DOF exploratory control. Left andright hip seno
motorsarefed with identicalmotorcommandgfrom
asingleoscillatorunit). Otherjoints arestiff, starting
from their restingposition.

2. 2-DOF exploratory control. Eachjoint (hip, knee)
is controlledby its own oscillator unit. Two cases
are considered:(a) independentscillator units and
(b) coordinatedunits via an intersgmentalcoupling
constant.
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Figure 3: Resonanbscillationsfor (t, = 0.065t, = 0.6)

without perturbationgtop). Resultingbehaior underper

turbations(bottom). In eachgraph,the time-seriesdenote
motor impulses(bottom), ankle position (middle) and hip

position(top). Thehorizontalline in thelower graphcorre-
sponddgo thevisual positionof thelocationafterwhich the
rubberbandis extended. The horizontalaxis denotedime
in ms.

3. Bootstrapped2-DOF exploratory control. Thesec-
onddegreeof freedomis release@ndcontrolledwhile
the systemis in the stationaryregime obtainedn the
1-DOF con guration. Again, independenandcoor
dinatedcasesreconsidered.

6.1. Intr oducing nonlinear perturbations

In orderto studytheeffectof environmentainteractiondur-
ing learning,weintroducedanasymmetricionlinearmertur
bationin the experimentalsetup.As shovnin gure 2, the
humanoids attachedthip-levelto athreadwhich connects
to the supportive framevia arubberband. Therubberband
is only extendedwhenthe robotis tilted backwardsby at
least10 degrees®. To illustratethe effectsof this perturba-
tion, we con gured the hip controllerwith the parameters
foundin our previousstudyto leadto resonanbehaior. As
shavn by gure 3, oscillationsof the hip are signi cantly
dampenedo lessthan10 degreesamplitude.

6.2. 1-DOF exploratory control

Gold eld [4] suggestedhat the goal of exploration by an
actor may be to discover how to harness the energy being
generated by the on-going activity, so that the actual muscu-
lar contribution to the act can be minimized. A systematic
explorationof the parametespacen the caseof anunper
turbedsystemwasperformedby LungarellaandBerthouze
[6]. A full spectrunof oscillatorybehaiors wasobsened,

2This settingwaskeptconstanthroughouthe study Its role could be
exploredmoresystematicallyn future work.



rangingfrom exactanti-phaséo in-phaseoscillationsof the
legs with respectto the body motion. Without ary exter-

nal intervention, the systemwould settleinto a stationary
regime, to which it would returneven after strongexternal
perturbations.

In this follow-up study exploration of the control pa-
rametersvasrealizedby a stochastiexplorationof theneu-
ral oscillor parametespace We focussedn two parameter
settings:(t, = 0.035t, = 0.65),and(t, = 0.06,t, = 0.65),
with wh € [0.0,7.0] for the rst settingandw!, € [0.0,20.0]
for thesecondsetting.In the rst caseall experimentdead
to astationaryregime,robustto externalperturbationge.g.,
manualpush).Two of theresultingtime-seriesareshovn in

gure 4. In the secondcasea variety of behaiors wasob-
sened. For extremevaluesof wg, no sustaineascillations
couldbefound.
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Figure 4: Time-seriesof hip position (top) and ankle-hip
phaseplots (bottom) for wh = 0.25 (left) and wf} = 4.0
(right). (t, =0.035t,, = 0.65)in bothcasesThehorizontal
axisdenotedimein ms.

Theseesultscon rm our previous ndings. Thecontrol
parametespacds very largeandrugged(parametersaken
in a small neighborhooddo not necessarilyyield qualita-
tively similar results). Adaptivity to external pertubations
or optimaltaskperformanceequirevery ne tuning. How-
ever, all con gurationsleadto a stationaryregime of hip
oscillationsthoughthehip-anklephaseplotis notnecessar
ily stationary We hypothesizehatthis relative robustness
will helpbootstrapthe coordinationof multiple degreesof
freedom.

6.3. 2-DOF exploratory control
Independentcontrol

Becausean exhaustie exploration of the parameteispace
for two independenteuralcontrollersis not plausible,we
restrictedthe hip control parametergo the two casesde-
scribedabove. In both casesa sparseexploration of the
knee neural oscillator parametersvas realizedwith tK ¢
[0.02,0.09] andtX € [0.35,0.8]. Proprioceptionwasfed to
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Figure 5: Co-existing regimes for ws = 0.0 and tf} =

0.06,t" = 0.65,tk = 0.035,tK = 0.4 (top). Uniquein-phase
oscillatory regime with ws = 1.0 (bottom). In eachgraph,
thetime-seriegslenotehip andanklepositions hip andknee
motorcommandgfrom top to down). Right-handwindows

areclose-up®nthetime-seriesThehorizontalaxisdenotes
timein ms.

the hip unit only, with a gain W?, = 2.0. All experiments
yieldedthesamegualitatve behavior: Stationanfow-amplitude
(30 units) hip oscillationsand non-stationaryankle move-
ment.

With alower gain, the hip motorcommandsrenoten-
trainedasmuchto overall oscillationsandphysicalentrain-
mentbetweerkneeandhip motorcommandsanoccurbe-
causehephaseshift is slower.

To furthercon rm the hypothesisa lastbatchof exper
imentswas carriedout in which the kneecontrol unit was
alsofedwith proprioceptvefeedback After xing theknee
unitparametertotk = 0.06,tX = 0.65,thekneepropriocep-
tive feedbackgain w‘;, wasvariedin the interval [0.0,8.0].
Oscillatory behaviors were found to be qualitatvely sim-
ilar to thoseobtainedwithout proprioceptionto the knee,
namely low-amplitudehip oscillations, stationaryregime
robustto external perturbations.With anincreasen gain,
ankleoscillationsbecameéncreasinglyin phasewith thehip
oscillationsandthe overall behaior wassmoother

With differentkneeparametersiowevertX = 0.02 and
tk = 0.35, a wide rangeof behaiors was obsened, from
non-stationaryand non-smoothankle behaior to in-phase
andstationaryoscillations.With anincreasen thetheknee
proprioceptve gain, phaseshifts becamestrongerand sta-
tionary regimeswerenot sustained.

Joint synergy

Basedon the ndings of our previous study and alsoon
the physicsof the humanmotor system,we hypothesized
thatanintersgmentalcouplingbetweerkneeandhip con-
trol unitswould enableneuralentrainmento take placebe-
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Figure6: Resultsof the releaseof an additionaldegreeof
freedomafter stabilizationin a 1-DOF con guration. Left:
(th = 0.045th = 0.65) and(tK = 0.025tk = 0.45). Right:
(th =0.06,t" = 0.65)and(tX = 0.025tK = 0.35). Fromtop
to bottom, the time-seriesdenotehip and ankle positions,
hip andkneemotorcommandsThehorizontalaxisdenotes
timein ms.

tweenthe two control units. In our experimentsthis cou-
pling is controlledby way of the couplingconstantws (see
sectionb).

This gainplaysa crucialrole. With too low avalue,the
coordinationbetweerhip andkneeoscillatorsis very loose
andwe obsene resultsqualitatively similar to theindepen-
dentcase.With a high value (here,1.0), a strongcoupling
occursandbecausehe lower limb is mainly driven by the
hip control unit, the systemessentiallybecomesa e xible
1-DOF system[6]. To illustratethis point, we carriedout
the following experiments. The hip unit parametersvere
setto (t = 0.06,t! = 0.65). The kneecontrol parameters
weresetso thatW|th anintersgmentalcouplingws = 0.0,
multiple regimeswould co-exist. Thefollowing valueswere
used: (tK = 0.035,tX = 0.4). The proprioceptve feedback
gainto thehip wassetto 2.0 (its critical valueasdetermined
experimentally). With ws = 1.0, the systemwas obsered
to stabilizeinto a stableregime in which hip andkneeos-
cillated in phase(seemotor commandsn the close-upf

gure 5). Interestingly it canbe notedthatthe kneekick-
ing motion occursonly shortly beforetherobotis reaching
the point afterwhich the rubberbandis extended.Froman
intuitive point of view, suchbehaior couldbe optimaltask
performance.

Bootstrapped2-DOF exploratory control

Takinginspirationfrom obsenationsmadein developmen-
tal psychologyregardingtherole of freezingandfreeingof

degreesof freedomin the developmentof infants'locomo-
tion skills, we experimentedvith a controlledreleaseof the
seconddegreeof freedomafterthe systemhasreachedsta-

tionaryregimein a1l-DOFcon guration. 1-DOFcon gura-
tionssuchasdiscusse@arlierwereselectednotnecessarily
closeto theresonansolution. Thereachingof the station-
ary regime wasvisually evaluatedby the experimenterand
theseconddegreeof freedomwasthenreleased.

Unlike in our previousstudieswhereall con gurations
led to a stable,in-phasestationaryregime with large am-
plitude, the introductionof the seconddegree of freedom
induceddifferentbehaiors, shaving quite a high sensitv-
ity to the valuesof the kneecontrolparametersOntheone
hand,the introductionof the seconddegreeof freedomcan
induceaphaseshift whichresultsin dampenedascillations.
Suchphenomenomasfoundto berepeatabl@ndrobustto
externalperturbationsOnthe otherhand,whenthe 1-DOF
regime is closeto resonantcontrol, the oscillatory beha-
ior is left unchangedy the additionof a seconddegreeof
freedom- see gure 6.

In our experiments,we did not obsere ary instance
wheretheintroductionof thesecondiegreeof freedomlead
to bettertask performance. However, variouscaseswere
obsenedin whichthereleasdedto acollapseof the hip os-
cillations. In suchcaseswe froze againthe seconddegree
of freedom.After re-freezingthe systenreturnedo anos-
cillatory behavior, typical of its 1-DOF con guration. With
asubsequentleasef thedegreeof freedom thatbehavior
wassustainedUnderexternalperturbationsiowever, it col-
lapsed.With anothercycle of freezingandfreeing,it recov-
ered. Thoughfurther experimentsarenecessarythis result
is interestingn thatit con rms obsenationsmadeby some
developmentalpsychologists.Threephasesn the acquisi-
tion of somelocomotionskills werereportedby Gold eld
[4]: (1) inability to control excessie degreesof freedom
which pushesnfantsoutsidethe limits of posturalstability,
(2) reductionof degreeof freedomto simplify controland
(3) controlledreleaseof degreeof freedom.Empirical evi-
dencefor the effect of alternatefreezingandfreeingphases
is shavn in gure 7. The close-upon the right-handside
shav that althoughthe control parameterdiave not been
changedthe kicking patternof the kneehaschangedbe-
tweensubsequenteleases.

7. FUTURE WORK

In this paper we setoursehesto empirically validate our
hypothesighat physicallimitationsinherentto body devel-
opmentcould be bene cial to the emepgenceof stablesen-
sorimotorcon gurationsandallow for moretoleranceand
adaptvity to ervironmentalinteraction.Using experiments
with asmall-sizechumanoid-obotundemonlinearerviron-
mentalconstraintsye proposeda comparatie analysisbe-
tweenoutrightuseof thefull bodyfor explorationandpro-
gressie explorationusing a developmentakycle of freez-
ing andfreeingof the degreesof freedom.Experimentson
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Figure 7. Effect of alternatefreeing and freezing of the
knee. Neural parametersare unchangedand setto t! =
0.035,tf) = 0.65,t{ = 0.055,t§ = 0.45,wh = 0.5 andws =
0.5. Fromtop to bottom time- serlesdenotehip and an-
kle positions,hip and kneemotor commands.Right-hand
graphsareclose-uponthetwo differentregimes.The hor-
izontalaxisdenotegime in ms.

1-DOFexploratorycontrolshavedthatsomestationaryos-
cillatory behavior is obtainedfor a wide rangeof parame-
ters. Optimal performances unlikely to occurandwould
requirevery ne tuning. It is even more so with an out-
right useof two degreesof freedom. The control param-
etersspaceis very ruggedandthereis no continuity in a
neighborhooaf controlparametersCouplingcontrolunits
resultsin morestablebehaiors, which canbe attributedto

neuralentrainmenbetweercontrolunits. Ourlastsetof ex-

perimentson the developmentateleaseof degreesof free-
domisinconclusveasto theinteresiof afreeingphaseafter
stabilizationin 1-DOF con guration. However, it shoved
that, as obsened in developmentalpsychology alternate
phaseof freezingand freeing are necessaryvhen explo-

rationleadsthe systemoutsideits areaof posturalstability.
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