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ABSTRACT

Startingwith fewer degreesof freedomhasbeenshown to
enableamoreef�cient explorationof thesensorimotorspa-
ce. While not necessarilyleadingto optimal task perfor-
mance,it resultsin a smallernumberof directionsof sta-
bility, whichguidethecoordinationof additionaldegreesof
freedom. The developmentalreleaseof additionaldegrees
of freedomis thenexpectedto allow for optimaltaskperfor-
manceandmore toleranceandadaptationto environmen-
tal interaction. In this paper, we testthis assumptionwith
a small-sizedhumanoidrobot, that learnsto swing under
environmentalperturbations.Our experimentsshow that a
progressive releaseof degreesof freedomaloneis not suf-
�cient to copewith environmentalperturbations.Instead,
alternatefreezingandfreeingof thedegreesof freedomis
required.Such�nding is consistentwith observationsmade
duringtransitionalperiodsin acquisitionof skills in infants.

Keywords: Developmentalrobotics,embodiment,neu-
ral oscillator, freezingandfreeingof degreesof freedom.

1. INTRODUCTION

The�eld of developmentalpsychobiologyputsforwardthe
hypothesisthatconstraintsin thesensorysystemandbiases
in the motor systemmay have an importantadaptive role
in ontogeny. In this paperwe will considermorphological
limitations in the motor apparatusof a developingsystem
as instancesof ontogeneticadaptations,i.e. with an im-
mediateadaptive role at a particularstageof development
andnot only bene�cial for theemergenceof stablesensori-
motorcoordinationswith anincreasedtoleranceto environ-
mentalperturbations,but also facilitating or even provid-
ing for earlystagesof learning.Laterstagesof learningin
turn areboostrappedby higher-valuedsettingsof the mor-
phologicalresourcesunderconsideration.A few telling ex-
amplesof morphologicallimitations presentat birth in the
sensory, motor, andneuralsystems,are the accomodative
system[12], working memoryandattentionspan[3], the
inef�ciency of movements,andthepoorposturalcontrolof
head,trunk,arms,andlegs[11].

In ourcontext, thismeansthataninitial reductionof the
numberof biomechanicaldegreesof freedommaybeneces-
sary(but notsuf�cient) for learninganew skill. Preliminary
but descriptiveevidencethatin sometaskstheactivity of the
numberof degreesof freedomis initially reducedandsub-
sequentlyincreasedhasbeencollectedby Bernstein[1]. He
showedthata freezingof thenumberof degreesof freedom
is followed,asa consequenceof experiment and exercise,
by thelifting of all restrictions,andtheincorporationof all
possibledegreesof freedom.Thereareseveralotherstudies
thathave reporteda freezingof joint segmentsin theinitial
stageof learninga motor task. Theseincludethe learning
of handwritingsignatureby adultswith the non-dominant
limb [8], a ski simulatortask [13], andstudiesperformed
by Jensenetal. [5] onthedevelopmentof infantleg kicking
between2 weeksand7 monthsof age.

2. SIMULA TIONS OF LIMIT ATIONS

A few attemptsto addressdevelopmentalissueswith simu-
latedenvironmentsandreal-world deviceshavebeenmade.
Typically thesesystemsstartwith a setof initially constrai-
ned(morphological)resources,which aresubsequentlyre-
leased.

Elman[3] describedarti�cial neuralnetworkswhichare
onlyableto learntheprocessingof complex sentenceswhen
handicappedby severecapacitylimitations. Theselimita-
tions are later releasedwhile the networks graduallyma-
tureto anadult-like state.Interestingly, in their initial stage,
thesenetworks fail to learnfully formedor adult-like sen-
tences.Taga[10] reportedcomputersimulationsof thede-
velopmentof bipedallocomotionin humaninfants.By free-
zingandfreeingthedegreesof freedomof theneuro-muscu-
lo-skeletal system,the U-shaped changes in performance
typicallyobservedin thedevelopmentof thesteppingmove-
mentcanbereproduced.Taga'smodelseemsto suggestthat
thesechangescanbe understoodin termsof the releaseof
initially constrainedmorphologicalresources.Anotherim-
plementationof theseideaswasproposedby Berthouzeand
Kuniyoshi[2]. They performedvariousexperimentswith a
nonlinearredundantfour degreesof freedomroboticvision



Figure1: Humanoidrobotusedin ourexperiments.

system.In their experiments,two out of four availablede-
greesof freedomaredelayedin orderto reducetherisk to
gettrappedin stable but inconsistent minima. Accordingto
theauthors,theadvantageof theadoptionof this develop-
mental strategy is a reductionof thelearningcomplexity in
eachjoint anda fasterstabilizationof theadaptiveparame-
tersof thecontrollers.

3. EXPLORING PHYSICAL MATURATION

In [6], weinvestigatedtheimpactof morphologicalchanges
onthecontrolperformanceof agivenneural control struc-
tur e. Takingasexampletheexplorationof swingingbehav-
iors (pendulation)in asmall-sizedhumanoidrobot,wepro-
poseda comparative analysisbetweenoutright useof the
full body for exploration and progressive exploration us-
ing a mechanismof developmentalfreeingof the degrees
of freedom.It wasshown thatwith adevelopmentalrelease
of theseconddegreeof freedom,thesystemwould always
convergeinto thesamesmooth,andin-phaseswingingbe-
havior with maximalamplitude(resonantcontrol).

In thispaper, we follow-upon thepreviousexperiments
by incorporatingproprioceptive informationandfocussing
on the issueof toleranceandadaptivity to perturbations,in
particularphysicalconstraintsandexternalinterventions.

4. EXPERIMENT AL SETUP

Theexperimentalsetupconsistsof a small-sizedhumanoid
robotwith 12degreesof freedom(DOF).With its redundant
DOF, it allowsfor enoughcontrolcomplexity. Throughtwo
thin metalbars�x edto its shoulders,therobotis attachedto
a supportivemetallic frame,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- areusedin our experiments.Each
joint is actuatedby a high torqueRC-servo module.These
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Figure2: Schematicsof theexperimentalsystemandneu-
ral control architecture.Joint synergy is only activatedin
experimentsinvolving coordinated2-DOFcontrol.

modulesdonotprovideany form of sensoryfeedbackabout
the positionof the joint. Appropriatesensoryinformation
howeverissimulatedbymeansof anexternalcamera,which
is usedto trackcoloredmarkersplacedon therobot limbs.
This sensoryinformationgivesfeedbackon the kinematic
statevariables(anatomicalangles)of therobot.

5. NEURAL CONTROL ARCHITECTURE

A schematicof the neuralcontrol architectureis shown in
�gure 2. It is basedon neuraloscillators1, which arewell-
studiedcontrol structuresand which allow for distributed
control.

Eachneuraloscillatoris modelledby the following set
of differentialequations,derivedfrom [7]:

t uf �u f � � u f � b
�
v f ��� � wc

�
ue��� � wp

�
Feed����� te

t ue �ue � � ue � b
�
ve��� � wc

�
u f ��� � wp

�
Feed�
	�� te

t vf �v f � � v f � �
u f � �

t ve �ve � � ve � �
ue� �

1Suchcontrol structuresare not novel. Our focus is not on control
structurespersebut ratheron how they interactwith eachotherandwith
theworld throughthebody.



whereu f � e is theinnerstateof theneuronf (�e xor) or e (ex-
tensor),v f � e is a variablerepresentingthe degreeof adap-
tation or self-inhibition effect of the neuron,te is a tonic
excitation (external input), b is an adaptationconstant,wc
is a couplingconstantcontrolling the mutual inhibition of
neuronse and f , andwp is a variableweightingthe feed-
backFeed. t u andt v are time constantsof the inner state
andadaptationeffect. Theoperators

�
x � � and

�
x � 	 returnthe

positive(respectively negative)portionof x.
Jointsynergy betweenhip andankleunitsis implemen-

tedby feedingthe�e xor unit of thekneeoscillatorwith the
outputof the�e xor andextensorunitsof thehip controller.
A factor � ws

� �
uh

f � � � �
uh

e � ��� is addedto the term t uf �u f in
the�e xor unit of thekneeoscillator. uh

f anduh
e aretheinner

statesof the �e xor andextensorunits in the hip oscillator.
ws is theintersegmentalcouplingconstant.

As in [9], eachneuraloscillatorisusedasaneuralrhythm
generator. Its outputactivity y is givenby y � u f � ue, i.e.
by thedifferencebetweentheactivitiesof the�e xor andex-
tensorneurons.This valueis thenfed to a pulsegenerator
whoseactivity at time t is givenby:

pgt � te
�
sgn

�
yt � � sgn

�
yt 	 dt ���

sgn
�
x � is thesignfunctionandte is thetonic excitationde-

�ned above.Thekicking motionpgt servesascontrolsignal
for theservo motorof thecorrespondingjoint.

Unlessspeci�ed otherwise,the following control pa-
rameterswerekeptconstantthroughoutthestudy:b � 2 � 5,
wc � 2 � 0, te � 20 for the hip (respectively te � 15 for the
knee).Otherparametersweresetasdiscussedin thetext.

6. EXPERIMENT AL DISCUSSION

Weorganizedourexperimentssoasto providethebasisfor
acomparativeanalysisof differentlearningstrategies,from
a physicalandfrom a neuralpoint of view. Movementsof
the robot wereanalyzedvia the recordingof its hip, knee
andanklepositions. Sameinitial conditionswereusedin
all experiments,with the humanoidrobot startingfrom its
restingposition.Our experimentscanbedividedinto three
categories:

1. 1-DOF exploratory control. Left andright hip servo
motorsarefedwith identicalmotorcommands(from
asingleoscillatorunit). Otherjointsarestiff, starting
from their restingposition.

2. 2-DOF exploratory control. Eachjoint (hip, knee)
is controlledby its own oscillator unit. Two cases
areconsidered:(a) independentoscillatorunits and
(b) coordinatedunits via an intersegmentalcoupling
constant.
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Figure3: Resonantoscillationsfor (t u � 0 � 065� t v � 0 � 6)
without perturbations(top). Resultingbehavior underper-
turbations(bottom). In eachgraph,the time-seriesdenote
motor impulses(bottom),ankleposition (middle) andhip
position(top). Thehorizontalline in thelowergraphcorre-
spondsto thevisualpositionof thelocationafterwhich the
rubberbandis extended.The horizontalaxisdenotestime
in ms.

3. Bootstrapped2-DOF exploratory control. Thesec-
onddegreeof freedomis releasedandcontrolledwhile
thesystemis in thestationaryregimeobtainedin the
1-DOF con�guration. Again, independentandcoor-
dinatedcasesareconsidered.

6.1. Intr oducingnonlinear perturbations

In orderto studytheeffectof environmentalinteractiondur-
ing learning,weintroducedanasymmetricnonlinearpertur-
bationin theexperimentalsetup.As shown in �gure 2, the
humanoidis attachedathip-level to athreadwhichconnects
to thesupportive framevia a rubberband.Therubberband
is only extendedwhenthe robot is tilted backwardsby at
least10 degrees2. To illustratetheeffectsof this perturba-
tion, we con�gured the hip controllerwith the parameters
foundin ourpreviousstudyto leadto resonantbehavior. As
shown by �gure 3, oscillationsof the hip aresigni�cantly
dampenedto lessthan10degreesamplitude.

6.2. 1-DOF exploratory control

Gold�eld [4] suggestedthat 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 theparameterspacein thecaseof anunper-
turbedsystemwasperformedby LungarellaandBerthouze
[6]. A full spectrumof oscillatorybehaviorswasobserved,

2This settingwaskeptconstantthroughoutthestudy. Its role couldbe
exploredmoresystematicallyin futurework.



rangingfrom exactanti-phaseto in-phaseoscillationsof the
legs with respectto the body motion. Without any exter-
nal intervention, the systemwould settleinto a stationary
regime,to which it would returnevenafterstrongexternal
perturbations.

In this follow-up study, exploration of the control pa-
rameterswasrealizedby astochasticexplorationof theneu-
ral oscillorparameterspace.Wefocussedontwo parameter
settings:(t u � 0 � 035� t v � 0 � 65),and(t u � 0 � 06� t v � 0 � 65),
with wh

p �
�
0 � 0 � 7 � 0� for the�rst settingandwh

p �
�
0 � 0 � 20� 0�

for thesecondsetting.In the�rst case,all experimentslead
to astationaryregime,robustto externalperturbations(e.g.,
manualpush).Two of theresultingtime-seriesareshown in
�gure 4. In thesecondcasea varietyof behaviors wasob-
served. For extremevaluesof wh

p, no sustainedoscillations
couldbefound.
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Figure 4: Time-seriesof hip position (top) and ankle-hip
phaseplots (bottom) for wh

p � 0 � 25 (left) and wh
p � 4 � 0

(right). (t u � 0 � 035� t v � 0 � 65)in bothcases.Thehorizontal
axisdenotestime in ms.

Theseresultscon�rm ourprevious�ndings. Thecontrol
parameterspaceis very largeandrugged(parameterstaken
in a small neighborhooddo not necessarilyyield qualita-
tively similar results). Adaptivity to externalpertubations
or optimaltaskperformancerequirevery �ne tuning.How-
ever, all con�gurations lead to a stationaryregime of hip
oscillations,thoughthehip-anklephaseplot is notnecessar-
ily stationary. We hypothesizethat this relative robustness
will helpbootstrapthecoordinationof multiple degreesof
freedom.

6.3. 2-DOF exploratory control

Independentcontrol

Becausean exhaustive explorationof the parameterspace
for two independentneuralcontrollersis not plausible,we
restrictedthe hip control parametersto the two casesde-
scribedabove. In both cases,a sparseexploration of the
knee neuraloscillator parameterswas realizedwith t k

u ��
0 � 02� 0 � 09� andt k

v �
�
0 � 35� 0 � 8� . Proprioceptionwasfed to
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Figure 5: Co-existing regimes for ws � 0 � 0 and t h
u �

0 � 06� t h
v � 0 � 65� t k

u � 0 � 035� t k
v � 0 � 4 (top). Uniquein-phase

oscillatoryregime with ws � 1 � 0 (bottom). In eachgraph,
thetime-seriesdenotehip andanklepositions,hip andknee
motorcommands(from top to down). Right-handwindows
areclose-upsonthetime-series.Thehorizontalaxisdenotes
time in ms.

the hip unit only, with a gain wh
p � 2 � 0. All experiments

yieldedthesamequalitativebehavior: Stationarylow-amplitude
(30 units) hip oscillationsandnon-stationaryanklemove-
ment.

With a lower gain,thehip motorcommandsarenot en-
trainedasmuchto overalloscillationsandphysicalentrain-
mentbetweenkneeandhip motorcommandscanoccurbe-
causethephaseshift is slower.

To furthercon�rm thehypothesis,a lastbatchof exper-
imentswascarriedout in which the kneecontrol unit was
alsofedwith proprioceptivefeedback.After �xing theknee
unitparametersto t k

u � 0 � 06� t k
v � 0 � 65,thekneepropriocep-

tive feedbackgain wk
p wasvariedin the interval

�
0 � 0 � 8 � 0� .

Oscillatory behaviors were found to be qualitatively sim-
ilar to thoseobtainedwithout proprioceptionto the knee,
namely, low-amplitudehip oscillations,stationaryregime
robust to externalperturbations.With an increasein gain,
ankleoscillationsbecameincreasinglyin phasewith thehip
oscillationsandtheoverallbehavior wassmoother.

With differentkneeparametershowever t k
u � 0 � 02 and

t k
v � 0 � 35, a wide rangeof behaviors wasobserved, from

non-stationaryandnon-smoothanklebehavior to in-phase
andstationaryoscillations.With anincreasein thetheknee
proprioceptive gain, phaseshifts becamestrongerandsta-
tionaryregimeswerenot sustained.

Joint synergy

Basedon the �ndings of our previous study, and also on
the physicsof the humanmotor system,we hypothesized
thatanintersegmentalcouplingbetweenkneeandhip con-
trol unitswould enableneuralentrainmentto takeplacebe-
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Figure6: Resultsof the releaseof an additionaldegreeof
freedomafterstabilizationin a 1-DOFcon�guration. Left:
(t h

u � 0 � 045� t h
v � 0 � 65) and(t k

u � 0 � 025� t k
v � 0 � 45). Right:

(t h
u � 0 � 06� t h

v � 0 � 65)and(t k
u � 0 � 025� t k

v � 0 � 35). Fromtop
to bottom, the time-seriesdenotehip andanklepositions,
hip andkneemotorcommands.Thehorizontalaxisdenotes
time in ms.

tweenthe two control units. In our experiments,this cou-
pling is controlledby way of thecouplingconstantws (see
section5).

This gainplaysa crucialrole. With too low a value,the
coordinationbetweenhip andkneeoscillatorsis very loose
andwe observe resultsqualitatively similar to theindepen-
dentcase.With a high value(here,1.0), a strongcoupling
occursandbecausethe lower limb is mainly drivenby the
hip control unit, the systemessentiallybecomesa �e xible
1-DOF system[6]. To illustratethis point, we carriedout
the following experiments. The hip unit parameterswere
setto (t h

u � 0 � 06� t h
v � 0 � 65). The kneecontrol parameters

weresetso thatwith an intersegmentalcouplingws � 0 � 0,
multipleregimeswouldco-exist. Thefollowingvalueswere
used:(t k

u � 0 � 035� t k
v � 0 � 4). The proprioceptive feedback

gainto thehip wassetto 2 � 0 (its critical valueasdetermined
experimentally). With ws � 1 � 0, the systemwasobserved
to stabilizeinto a stableregime in which hip andkneeos-
cillated in phase(seemotor commandsin the close-upsof
�gure 5). Interestingly, it canbe notedthat thekneekick-
ing motionoccursonly shortlybeforetherobot is reaching
thepoint afterwhich therubberbandis extended.Froman
intuitivepoint of view, suchbehavior couldbeoptimaltask
performance.

Bootstrapped2-DOF exploratory control

Takinginspirationfrom observationsmadein developmen-
tal psychologyregardingtherole of freezingandfreeingof
degreesof freedomin thedevelopmentof infants' locomo-
tion skills, weexperimentedwith acontrolledreleaseof the
seconddegreeof freedomafterthesystemhasreachedsta-

tionaryregimein a1-DOFcon�guration.1-DOFcon�gura-
tionssuchasdiscussedearlierwereselected,notnecessarily
closeto theresonantsolution. Thereachingof thestation-
ary regimewasvisually evaluatedby theexperimenterand
theseconddegreeof freedomwasthenreleased.

Unlike in our previousstudies,whereall con�gurations
led to a stable,in-phasestationaryregime with large am-
plitude, the introductionof the seconddegreeof freedom
induceddifferentbehaviors, showing quitea high sensitiv-
ity to thevaluesof thekneecontrolparameters.On theone
hand,theintroductionof theseconddegreeof freedomcan
induceaphaseshift whichresultsin dampenedoscillations.
Suchphenomenonwasfoundto berepeatableandrobustto
externalperturbations.On theotherhand,whenthe1-DOF
regime is closeto resonantcontrol, the oscillatory behav-
ior is left unchangedby theadditionof a seconddegreeof
freedom- see�gure 6.

In our experiments,we did not observe any instance
wheretheintroductionof theseconddegreeof freedomlead
to bettertask performance.However, variouscaseswere
observedin whichthereleaseledto acollapseof thehip os-
cillations. In suchcases,we frozeagaintheseconddegree
of freedom.After re-freezing,thesystemreturnedto anos-
cillatory behavior, typical of its 1-DOFcon�guration. With
asubsequentreleaseof thedegreeof freedom,thatbehavior
wassustained.Underexternalperturbationshowever, it col-
lapsed.With anothercycleof freezingandfreeing,it recov-
ered.Thoughfurtherexperimentsarenecessary, this result
is interestingin thatit con�rms observationsmadeby some
developmentalpsychologists.Threephasesin theacquisi-
tion of somelocomotionskills werereportedby Gold�eld
[4]: (1) inability to control excessive degreesof freedom
whichpushesinfantsoutsidethelimits of posturalstability,
(2) reductionof degreeof freedomto simplify control and
(3) controlledreleaseof degreeof freedom.Empiricalevi-
dencefor theeffectof alternatefreezingandfreeingphases
is shown in �gure 7. The close-upson the right-handside
show that althoughthe control parametershave not been
changed,the kicking patternof the kneehaschangedbe-
tweensubsequentreleases.

7. FUTURE WORK

In this paper, we setourselvesto empirically validateour
hypothesisthatphysicallimitationsinherentto bodydevel-
opmentcouldbebene�cial to theemergenceof stablesen-
sorimotorcon�gurationsandallow for moretoleranceand
adaptivity to environmentalinteraction.Usingexperiments
with asmall-sizedhumanoidrobotundernonlinearenviron-
mentalconstraints,we proposeda comparativeanalysisbe-
tweenoutrightuseof thefull bodyfor explorationandpro-
gressive explorationusinga developmentalcycle of freez-
ing andfreeingof thedegreesof freedom.Experimentson
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Figure 7: Effect of alternatefreeing and freezingof the
knee. Neural parametersare unchangedand set to t h

u �
0 � 035� t h

v � 0 � 65� t k
u � 0 � 055� t k

v � 0 � 45� wh
p � 0 � 5 andws �

0 � 5. From top to bottom, time-seriesdenotehip and an-
kle positions,hip andkneemotor commands.Right-hand
graphsareclose-upson thetwo differentregimes.Thehor-
izontalaxisdenotestime in ms.

1-DOFexploratorycontrolshowedthatsomestationaryos-
cillatory behavior is obtainedfor a wide rangeof parame-
ters. Optimal performanceis unlikely to occurandwould
requirevery �ne tuning. It is even more so with an out-
right useof two degreesof freedom. The control param-
etersspaceis very ruggedand thereis no continuity in a
neighborhoodof controlparameters.Couplingcontrolunits
resultsin morestablebehaviors,which canbeattributedto
neuralentrainmentbetweencontrolunits.Our lastsetof ex-
perimentson thedevelopmentalreleaseof degreesof free-
domis inconclusiveasto theinterestof afreeingphaseafter
stabilizationin 1-DOF con�guration. However, it showed
that, as observed in developmentalpsychology, alternate
phasesof freezingand freeing arenecessarywhenexplo-
rationleadsthesystemoutsideits areaof posturalstability.
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