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Abstract

Developmentatoboticsis anemeging eld lo-
catedat the intersectionof developmentalpsy-
chology and robotics, that has lately attracted
guitesomeattention.This papergivesa surwey of
a variety of researctprojectsdealingwith or in-
spiredby developmentalssuesandoutlinespos-
siblefuturedirections.

1. Intr oduction

Judgingfrom the numberof recentandforthcomingcon-
ferencesand symposia,thereis an undeniableand in-

creasinginterestin a rapidly growing researcharealo-

catedat the intersectionof developmentalpsychology
androboticsthat hascometo be known asdevelopmen-
tal robotics! Developmentakoboticsconstitutesan in-

terdisciplinarytwo-prongedapproachto robotics,which

on one side employs robotsto instantiateand investi-
gatemodelsoriginatingfrom developmentapsychology
or developmentalneuroscienceand on the other hand,
seeksto designbetterrobotic systemsby applying in-

sightsgainedfrom studieson ontogenetiadevelopment.
We believe thatthe growth of the af nity betweerdevel-

opmentapsychologyandroboticshasbeenpromotedy

atleasttwo primarydriving forces:

Engineersare seekingfor novel methodologiesori-

entedtoward the advancemenbf robotics, and the
constructionof better thatis, moreautonomousand
more adaptableobotic systems.In that sensestud-
ies on infantdevelopmentprovide a valuablesource
of inspiration(Asadaetal.,2001;Brooksetal., 1998;
Metta,2000).

Robotscanbe employedasresearchoolsfor thein-
vestigationof embodiednodelsof actionandcogni-
tion (seeSporns2002,for instance) Neuroscientists

1Developmentalrobotics and Epigeneticrobotics are very similar
researctendesours. They shareproblemsand challengesand have
a commonvision. Epigeneticroboticsfocusesprimarily on cognitve
and social development(Zlater and Balkenius,2001). Developmen-
tal roboticsencompassesbroaderspectrunof issuesandinvestigates
alsomorphologicaldevelopmentandthe acquisitionof motorskills.
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anddevelopmentapsychologistsbut alsoengineers,
may gain considerablénsightsfrom trying to embed
theirmodelsinto robots. Thisapproachs alsoknown
as syntheticneuralmodelling (Reele et al., 1990),
or syntheticmethodology(Pfeifer,2002; Pfeiferand
Scheier1999).

In mary aspectsdevelopmentalrobotics is similar to
biorobotics,which canbe de ned asthe “intersectionof
biologyandrobotics”(Webb,2001,p. 1033).Biorobotics
addressesiological questionsy building physicaland
biomimeticmodelsof animalsandstrivesto advanceen-
gineeringby integratingaspectof animalbiomechanics
and neuralcontrol into the constructionof robotic sys-
tems.

The main goalsof this article are: To surwey the state
of the art of developmentakobotics,andto motivatethe
useof “robots ascognitive tools” We maintainthaton-
togeneticdevelopmentcanbe a sourceof inspiration,as
well asa valid designalternate for the roboticist,and
that robotsrepresent new, and powerful researcitool
for thecognitive scientist.

In the following section,we give an overview of the
variousconcurrentresearchthreads. After a discussion
of the implications of the developmentalapproachfor
roboticsresearchwe point to future researchdirections
andconclude.

2. Reseach Landscape

This sectionis a surwey of a variety of researchprojects
dealingwith or inspiredby developmentalssuesTable2

givesa representatie samplingof studies,andis notin-

tendedto be fully comprehensie. For the inclusion of

studieswe adoptedhetwo following criteria:

The study hadto provide clearevidencefor robotic
experiments. Computerbasedmodelsof real sys-
tems,suchasavatars,or othersophisticategimula-
tors,werediscarded priori. In otherwords,the sys-
temhadto besituatedn therealworld, sinceonly the
world crystallizesthe “really hard” issues(Brooks,
1991).



Figure1: Examplesof robotsusedin developmentalrobotics:
BabyBot (LiraLab), BabyBouncer(AIST), Infanoid (CRL),
COG(MIT).

The study hadto shav a clearintentto addresshy-

pothesesput forward in either developmentalpsy-
chology or developmentaheuroscienceThe useof

connectionistmodels, reinforcementor incremental
learningappliedto robot controlalone— without ary

link to developmentatheoriesfor instance- did not

fulll thisrequirement.

Despitethe admittedlyratherrestrictve natureof these
two requirementswe wereableto identify quitea num-

berof researclpapersatisfyingthem.In orderto provide

somestructurewe proceededvith clusteringtheselected
papersaccordingo their primaryinterestareas(1) social

interaction;(2) sensorimotocontrol; (3) categorization;
(4) valuesystem;(5) developmentaplasticity; (6) motor

skill acquisitionandmorphologicathangesThis group-
ingin primaryinterestareagnay seenratherarbitrary

As a matterof fact, the bordersof the variouscateyories
arenotasclearlyde ned asthis classi cationmight sug-
gest. Neverthelessyve think thatit is usefulfor the as-
sessmendf arapidly growing researctarea.

2.1 Socialinteraction

Studiesin socialinteractionandacquisitionof socialbe-
haviorsin roboticsystemsave lookedat awide rangeof

learningsituationsand techniques. Prominentresearch
areasare mechanism®f sharedor joint attention,low-
level imitation (reproductionof simpleandbasicmove-
ments),social regulation, and developmentof language
— for a thoroughreview on “socially interactive robots”,
seeFongetal. (2003).

Scassellat{1998,2001), for instance,describedhe
early stagesof the implementationof a mechanismof
sharedattentionin a robotic systembasedon a model
suggestedy Baron-Cohern(1995). He adwocateda de-
velopmentalmethodologyas a meansof providing a
structureddecompositiorof complex tasksandfacilitat-
ing learning. Another developmentaimodel of joint at-
tention was implementedoy Nagai et al. (2002). The
model involved the developmentof the sensingcapa-
bilities of a robot from animmatureto a maturestate,
and a changeof the careagiver's task evaluationcriteria.
The “rudimentary” or early type of joint visual attention
displayedby infantswas investigatedby Kozimaet al.
(2002).

An architecturdor a mutuallyregulatoryhuman-robot
interaction was reported by Breazealand Scassellati
(2000).Thesuggesteframeawvork stroveto integratevari-
ousfactorsinvolvedin socialexchangese.g.,perception,
attention,motivations,and expressve displays,so asto
to createa suitablelearningcontext for a social infant-
like robot capableof regulating the intensity of the in-
teraction. Although the implementationdid not parallel
infantdevelopmentexactly, the authorsclaimedthat“the
systemgdesignwas heaily inspiredby the role motiva-
tionsandfacialexpressionglayin maintaininganappro-
priatelevel of stimulationduring socialinteractionwith
adults” (Breazealand Scassellati2000, p. 51). Along
a similar line, DautenhahrandBillard (1999)discussed
the emepgenceof globalinteractionpatternshroughex-
ploitation of movementdynamicsin the caseof human-
robotinteraction. Theauthorshasedheir experimenton
anin uential theoryof cognitive developmentproposed
by Vygotsky (1962),which stateghatsocialinteractions
areof essentiaimportancefor the developmentof indi-
vidual intelligence.

Socially-situatedlearning guided by robot-directed
speechs discussedn (Breazealand Aryananda2002).
Therobot's affective state— andasa consequencis be-
havior — is in uenced by meansof verbal communica-
tion with a humancaregiver. The paperexploresrecog-
nition of affective communicatie intentwithouttheneed
to associatea meaningto what is said, but just via the
extraction of particular cuestypical of infant-directed
speech(Fernald,1985). Varshaskaya(2002) applieda
behaior-basedapproactto the problemof earlyconcept
andvocallabelacquisitionin a sociablerobot. The goal
of the systemwas to generatée‘the kind of vocal out-
put that a prelinguistic infant may producein the age
rangebetweerll0and12 monthshamelyemotive grunts,
canonicalbabblings,and a formulaic proto-languagé.
The synthesisf a robotic proto-languagéehroughinter-



| Subjectarea | Goal/Focus | Robot | References |
Socialinteraction low-level imitation MR+AG Andry etal. (2002)
(Basicsocialcompetencies) socialregulation AVH BreazeahndScassellat{2000)
regulationof affective communication | AVH BreazeahndAryanandg2002)

languagedevelopment

MR DautenhahrandBillard (1999)

eye-armcoordination

low-level imitation AVH Demiris(1999)

joint visualattention UTH Kozimaetal. (2002)

earlyimitation, self-learning UTH+MR | Kuniyoshietal. (2003)

joint visual attention UTH+MR | Nagaietal. (2002)

joint sharedattention UTH Scassellat{1998)

earlylanguagedevelopment AVH Varshaskaya(2002)
Sensorimotocontrol saccadinggaze®xation AVH Berthouzeetal. (1996)
(Basicmotorcompetencies) visuo-hapticexploration HGS Coehloetal. (2001)

hand-ge coordination UTH Marjanovic etal. (1996)

visually-guidedreaching UTH Mettaetal. (1999)

visually-guidedmanipulation UTH MettaandFitzpatrick(2003)

RA Stoica(2001)

perceptuatateorization

indoor navigation MR+AG Wengetal. (2000)
Valuesystem invariantobjectrecognition MR+AG KrichmarandEdelman(2002)
category learning MR+AG PfeiferandScheie(1997)
perceptuatategorization MR+AG Spornsetal. (2000)
neuromodulation MR+AG SpornsandAlexander(2002)
Categyorization sensorimotocataorization AVH BerthouzeandKuniyoshi(1998)
invariantobjectrecognition MR+AG KrichmarandEdelman(2002)
sensorimotocateyorization MR+AG ScheierandLambrinos(1996)
Developmentaplasticity role of behaioral interaction MR+AG Almassyetal. (1998)

obstacleavoidance sensorydeprivation | MR

Elliott andShadbol{2001)

MR+AG Spornsetal. (2000)

Motor skill acquisition

bouncing

pendulationmorphologicakhanges HD

LungarellaandBerthouzg2002b)
HD LungarellaandBerthouzg2003)

Figure2: Representate examplesof developmentallyinspiredroboticsresearchAVH = Active Vision Head,UTH = UpperTorso
Humanoid,MR = Mobile Robot, HD = Humanoid,HGS = Humanoidgraspingsystem,UTH+MR = UpperTorso Humanoidon
Mobile Platform,MR+AG = Mobile Robotequippedvith Arm andGripper

actionof a robot eitherwith humanor a robotic teacher
wasalsoinvestigatedy DautenhahmndBillard (1999).
Recently developmentally inspired approachesto
robot imitation have receved considerable atten-
tion (Andry etal., 2002;Demiris,1999;Kuniyoshietal.,
2003). Many authorssuggested relatively straightfor
ward two-stageprocedure: First, associatepropriocep-
tive or motorinformationto thecorrespondingisualper
ceptsandthen,while imitating, exploit the previously ac-
guiredassociation®y queryingfor the motorcommands
that correspondo the obsened visual percept. Learn-
ing by imitation offers mary bene ts (Demiris, 1999;
Schaal,1999). A human demonstratqrfor instance,
canteacha robotto performcertaintype of movements
by simply performingthemin front of the robot. This
stratgy reducedrasticallythe searchspacefor the task
that the agentis trying to solve and speedsup learn-
ing (Schaal,1999). Furthermoreit is possibleto teach
new tasksto robotsby interactingnaturally with them.
This is appealing,and might lead to open-endedearn-
ing not constrainedy ary particulartask-enironment.
Inspiredby the Active IntermodalMatching hypothesis
for early infant imitation (Meltzoff and Moore, 1989),
which proposeghatinfantstry to matchvisualinforma-

tion againstappropriatelytransformedproprioceptvein-
formation,Demiris (1999)developeda computationahr-
chitectureof early imitation usedfor the control of an
active vision head. The authoralsogivesan overview of
previouswork donein the eld of roboticimitation (see
also Breazealand Scassellatiz002). Usually the robot
imitatesthe humanteacher Stoica (2001) reversedthis
relationship, and shoved that imitation of the human
(teacher)by the robot, could lead naturally to eye-arm
coordinationaswell assensiblecontrolof thearm.

2.2 Sensorimotocontmol

For embodiedsystemgo behae andinteractin the real
world, anappropriatecoordinationof actionandpercep-
tion is necessary It is commonlyacceptedhat action
andperceptioraretightly intertwined,andthatthere ne-

mentof the couplingis the outcomeof a gradualdevel-

opmentalprocess.Accuratemotor controlwould not be
possiblewithout perceptionandvice versapurposvevi-

sionwould notbefeasiblewithoutadequat@ctions.This
holdsfor the coordinationof vision andmotor controlin

particular andsensorimotocoordinationn general.

Therearea few examplesof applicationof a develop-



mentalapproachto the acquisitionof visuo-motorcoor
dinations: Marjanovic et al. (1996), for instance were
ableto shav how acquiredoculomotorcontrol (saccadic
movements)could be reusedfor learningto reachor
pointtowardavisually identi ed target. A similar model
of developmentalcontrol of reachingwas investigated
by Mettaetal. (1999). Their conclusionwasthatre exes
might speedup learningand considerablysimplify the
problemof the explorationof the workspace.They also
pointedout thatcontrolandlearningshouldproceed:on-
currentlyratherthanseparately- asit is thecasein more
traditionalengineeringapproaches.

A slightly differentresearcldirectionwastakenby Co-
ehloetal. (2001). They proposeda systemarchitecture
thatemployedhapticcategoriesandtheintegrationof tac-
tile andvisualinformationto learnto predictthebesttype
of graspfor an obsened object. Of relevanceis the au-
tonomousdevelopmentof comple visual featuresstart-
ing from simpleprimitives.

Berthouzeetal. (1996)employedimitationto teachan
active vision headsimplevisual skills, thatis, gazecon-
trol, and saccadingnovements. Remarkably the robot
even discoveredits “own vestihulo-ocularre ex.” The
approachcapitalizedon the exploitation of the robot-
ervironmentinteraction and the emegenceof coordi-
natedbehaior. Interactionwasalsocentralin the study
performedby Metta and Fitzpatrick (2003). Starting
from aminimal setof hypothesegheirhumanoidsystem
learnedby actively poking and proddingobjects(e.g.,a
toy caror a bottle) the behaior of the objectassociated
with a particularmanipulationof it (e.g.,atoy carrolls
alongif pushedappropriatelywhile a bottletendsto roll
sidevays). Theirresultswerein accordancevith thethe-
ory of GibsonianaffordancegGibson,1977).

A developmentahlgorithm testedon a robot that had
to learnto navigateonits own in anunknavn indooren-
vironmentis describedn Wenget al. (2000). Therobot
wastrainedinteractiely, thatis, on-lineandin realtime,
via directtouch of oneof the  touchsensordocated
on the robot's body By receving somehelp and guid-
ancefrom a humanteacher the algorithm was able to
automaticallydeveloplow-level vision andtouch-guided
motorbehaiors.

2.3 Catgyorization

Traditionally, the problem of categorization has been
investigatedby employing disembodiedcateyorization
models (for an overview on the issue, cf. Pfeifer and
Scheier,1999). However, a growing body of evidence
supportsamoreinteractive,dynamic,andembodied/iew
of how categoriesareformed. Embodiedmodelsof cate-
gorizationarenot passiely exposedto sensorydata,but
through movementsand interactionswith the erviron-
ment,they areableto generatégood” sensorydata,for
exampleby inducingtime-locked spatio-temporatorre-
lationswithin onesensorymodalityor across/arioussen-
sory modalities(seeTe Boekhorstet al., 2003). In this

sensethis areaof researchiepresents subsebf theone
relatedto sensorimotocontrol.

Catagorization of objects via real-time correlation
of temporally contingentinformation impinging on the
robot'shapticandvisualsensorsvasachievedby Scheier
and Lambrinos(1996). The suggestedobot control ar
chitectureemployedsensorimotocoordinatioratvarious
functionallevels—for saccadingninterestingregionsin
the environment,for attentionalsensorimototoops,and
for categorylearning.Sensorimotoactivity wasalsocrit-
ical in work performedoy KrichmarandEdelman(2002),
who studiedtherole playedby sensoryexperienceor the
developmentof perceptuatateories. In particular the
authorsshovedthatoverallfrequengy andtemporalorder
of encountereg@erceptuastimuli hadade nite in uence
onthenumberof neuralunitsdevotedto aspeci ¢ object
class.

A sensorimotorelatednot object-relatedjypeof cat-
egorization is reportedin (Berthouzeand Kuniyoshi,
1998). The authorsusedself-oiganizingKohonenmaps
to performan unsupervisegdateorizationof sensorimo-
tor patternswhich emegedfrom embodiedinteraction
of anactive vision systemwith its ervironment.The self-
organizationprocesded to four sensorimotorcateyories
consistingof horizontal vertical,and"“in-depth” motions,
andanintermediatenot clearlyde ned category.

2.4 Valuesystem

There have beena numberof explicit realizationsof
value systemsn robotics. In all thoseimplementations
the value systemplayed either the role of an internal
mediator of salient ervironmental stimuli and events,
or was used to guide some sort of exploration pro-
cess. A learningtechniquein which the output of the
valuesystenmodulateshelearningitself is calledvalue-
basedr value-depende¢arning.Unlike reinforcement
learning,value-basedearningschemespecify the neu-
ral mechanismdy which stimuli can modulatelearn-
ing (Pfeifer and Scheier,1999; Sporns,2002). Another
differencebetweerthetwo learningparadigmss thefact
thattypically, in reinforcementearning,learningis reg-
ulatedby a (reinforcementksignal given by the erviron-
ment,whereasn value-basetkarningthis (value)signal
is anoutputof theagents valuesystem.

Almassyet al. (1998) constructeda simulatedneural
model,oneof whosefour componentsvasa“dif fuse(as-
cending)valuesystem”(p. 347),andembeddedt in au-
tonomougeal-world device. Thevaluesignalswereused
to modify the strengthof the connectiongrom the neu-
ronsof thevisualareato the onesof the motorarea.One
of theresultsof thesevalue-dependemhodi cationswas
that without any supervision appropriatebehaioral ac-
tionscouldbelinkedto particularresponsesf thevisual
system A similar modelsystemwasdescribedy Krich-
mar and Edelman(2002) (see Categorizatior). Com-
paredto previouswork, themodeledvaluesignalhadtwo
additionalfeatures:(a) its prolongedeffect on synaptic



plasticity, and(b) the presencef time-delaygKrichmar
and Edelman,2002, p. 829). Anotherinstantiationof a
value system,whoseoutputwas usedasa gatingsignal
to modulateHebbianearning,is describedn (Pfeiferand
Scheier,1997;Scheierand Lambrinos,1996) (seeCate-
gorization).

Spornsand Alexander(2002) testeda computational
modelof a neuromodulatorgystem? in anautonomous
robot. The modelcomprisedwo neuromodulatorgom-
ponentsmediatingthe effect of rewardsand of aversive
stimuli. Accordingto the authors,value signalsplay a
dual role in synapticplasticity, since(a) they modulate
the strengthof the connectiorbetweensensoryandmo-
tor units, and (b) they areresponsibléeor the changeof
theresponseropertiesof the valuesystemitself.

In contrastto the previous cases,where the value
systemwas usedto modulatelearning, Lungarellaand
Berthouze(2002b)employed the value systemto direct
theexplorationof theparametespaceassociatewvith the
actionsystemof arobotthathadto learnto pendulate.

2.5 Developmentaplasticity

The developing brain is plastic, and its plasticity is
experience-dependent.

Almassy et al. (1998) analyzedhow ervironmental
interactionsof a simulatedneural model embeddedn
a robot may in uence the initial formation, the devel-
opmentand dynamic adjustmeniof complex neuralre-
sponsesiuring sensoryexperience. They obsened that
therobot'sself-generatechovementsverecrucialfor the
emegenceanddevelopmeniof selectve andtranslation-
invariant visual cortical responsessince they induced
correlationsin varioussensorymodalities. Anotherre-
sult wasthe developmentof a foveal preferencethatis,
“strongervisualresponsefo objectsthatwerepresented
closerto thevisualfovea” (Almassyetal., 1998,p. 358).

A further example of “synthetic neuralmodeling” is
illustrated in (Elliott and Shadbolt,2001). The au-
thorsstudiedthe applicationof a neuralmodel,featuring
“anatomical activity-dependentdevelopmentakynaptic
plasticity” (p. 167),to the growth of a sensorimotomap
in aobstacle-aoiding mobilerobot. They concludedhat
the deprivationof oneor two receptorcanbetakencare
of by a mechanisnof “developmentabplasticity”, which
accordingo theauthorsvould“permitanervoussystems
to tuneitself to thebodyin whichit nds itself andto the
ervironmentin which thebodyresides”(p. 168).

2.6 Morpholaggical changes and motor skill
acquisition

Morphologicalchangege.g.,bodygrowth) represenbne
of themostsalientandexplicit characteristicef ongoing
developmentaprocesses.

2Neuromodulatorgystemsareinstantiationsaluesystemshat®nd
justi®cationin neurobiology Examplesincludethe dopaminegic and
thenoradrenegic systems.

Lungarellaand Berthouze(2002a) investigatedthe
role playedby thosechangedor the acquisitionof mo-
tor skills by using a small-sizedhumanoidrobot that
had to learnto pendulate,i.e., to swing like a pendu-
lum. Theauthorsattemptedo understandvhetherphys-
ical limitations and constraintsinherentto body devel-
opmentcould be bene cial for the exploration and se-
lection of stable sensorimotorcon gurations (see also
BjorklundandGreen,1992; Turkewitz andKenry, 1982).
In (Lungarellaand Berthouze 2002a),they reporton a
comparatie analysisbetweeroutrightuseof two bodily
DOFs, anda progressie releaseof thosetwo DOFs by
employing a mechanisnof developmentafreezingand
unfreezingof DOFs(Taga,1997). In a follow-up case-
study LungarellaandBerthouzg2002b)investigatedhe
hypothesighatinherentadaptvity of motordevelopment
leadsto behavioral characteristicaot obtainabldoy mere
value-basedegulationof neuralparametersTheauthors
wereableto show thatthe outrightuseof two of theavail-
able DOFsreducedthe likelihood for physicalentrain-
ment(i.e., mutualregulationof body andervironmental
dynamics)to take place. This in turn led to a reduced
robustnes®f the systemagainsernvironmentalperturba-
tions.

Inspiredby aninvestigationconductedy the develop-
mentalpsychologisEugeneGold eld andhis collabora-
tors (Gold eld et al., 1993), Lungarellaand Berthouze
(2003)performeda seriesof experimentdy employing a
humanoidrobot, which was strappedn a Jolly Jumper
infant bouncer(seeFig.1) — a populartoy for infants.
In the authors'own words, the main motivation for the
study was the exploration of the mechanismsinderly-
ing the emegenceof movementpatternfrom the self-
exploration of the sensorimotospace,startingoff with
seeminglyrandom,spontaneousiovements.Theresults
presentedn the studyareof preliminarynatureonly.

3. Developmental robotics: existing theo-
ries

Early theorization of developmentalrobotics can be
traced back to Brooks (1991) and Brooks and Stein
(1994). Sandiniet al. (1997) were amongthe rst to
recognizehow crucial it is to take into accountdevelop-
mentif we our goal is to understanchow to construct
“intelligent” roboticsystemsThey calledtheir approach
DevelopmentaEngineering As in theengineeringradi-
tion of building things, it wasdirectedtowardthe de ni-
tion of atheoryfor the constructiorof complex systems.
The main objective wasto shav that “the adoptionof a
framework of biological developmentwould be suitable
for the constructionof arti cial systems”(Metta et al.,
1999, p. 1). In (Metta, 2000), the author pointed out
that this activity canbe ervisagedasa new tool for ex-
ploring developmentakognitive sciences.Sucha “new
tool” hasa similar role to what systemand control the-
ory hadfor the analysisof humanmovements.The au-



thorsexploredsomeof the aspectof visuo-motorcoor

dinationin a humanoidrobotcalledBabybot(seeFig.1).
Issues,suchasthe autonomouscquisitionof the train-
ing data,the progressie increaseof the taskcompleity

(by increasingthe visual resolutionof the system),and
the integrationof varioussensorymodalities,have been
explored (seeNatale et al., 2002; Paneraiet al., 2002,
for instance).They alsoproduceda manifestoof devel-

opmentalroboticswherevariousaspectgelevantto the
constructionof comple< autonomoussystemswere de-
scribed(Metta et al., 2001). In their view, the ability

of recognizinglonger and more complicatedchainsof

cause-dect relationshipamight characterizdearningin

anecologicalcontet. In a naturalsettingno teacheican
possibly provide a detailedlearningsignal and enough
training data(e.g.,in motor learningthe correctactiva-
tion of all musclespropertorquevalues,andsoon).

Aroundthesameime,in AlternativeEssencesf Intel-
ligence Brookset al. (1998) exploredfour “intertwined
key attributes” of human-like intelligent systems: de-
velopment,embodiment,social interaction, and multi-
sensoryintegration. Negatingthree centralimplicit be-
liefs of classicalAl, they madethe following assump-
tions: (a) humanintelligenceis not as generalpurpose
asusually thought; (b) it doesnot requirea monolithic
controlsystem(for the existenceof which thereis no ev-
idence);and (c) intelligent behaiior doesnot requirea
centrallystoredmodelof realworld. The authors draw-
ing inspiration from developmentalneuroscienceand
psychologyperformeda seriesof experimentsjn which
theirhumanoidobothadto learnsomefundamentaten-
sorimotorandsocialbehaiors. More to the point of our
review, Scassellat(2001) proposedthat a developmen-
tal approach- in humansas well asin robots— might
provide a usefulstructureddecompositionwhenlearning
complex tasks,or in his own words: “Building systems
developmentallyfacilitateslearningboth by providing a
structureddecompositiorof skills and by graduallyin-
creasingthe compleity of the taskto matchthe com-
peteng of the system”(Scassellati2001, p. 29). The
samegroupat MIT tried to capitalizeon the conceptof
bootstrappingf skills, i.e., the layeringof new skills on
top of existing ones. Also, the gradualincreasen com-
plexity both of task-enironment,sensonyinput (through
thesimulationof maturationaprocessesgndmotorcon-
trol wasexploredin taskssuchaslearningto saccadand
to reachtoward a visually identi ed target (Marjanovic
etal., 1996)(seeprevioussection).

Another example of this novel and developmentally
inspiredapproachto roboticsis given by (Asadaet al.,
2001). The authorsproposeda theoryfor the designand
constructionof humanoidsystemscalled Cognitive De-
velopmentaRobotics(CDR). The key aspeciof CDR is
to avoid implementingthe robot's control structureac-
cording to the designer$ understandingf the robot's
physics” (Asadaet al., 2001), but to have the robot ac-
quireits own “understandinghroughinteractionwith the

ervironment”(p. 185). Thisdepartdrom traditionalcon-
trol engineeringwherethe designerof the systemim-

posesthe structureof the controller In CDR in partic-
ular, andin developmentakoboticsin generalthe robot
hasto getto grips with the structureof the ernvironment
and behaior, ratherthanbeing endaved with an exter-

nally designedstructure. CDR also points out at how

to “prepare”therobot's ervironmentin orderto progres-
sively teachtherobotnew andmorecomplex taskswith-

out overwhelmingits arti cial cognitive structure. This

is scafolding, i.e., the procesdy which parentssupport
andguidethe developmenbf infants.

A last example of “existing theories” in develop-
mental robotics is AutonomousMental Development
(AMD) (Wengetal.,2001).Inspirationaklsoin thiscase
was humandevelopment. The main differencefrom the
traditionalapproachs the factthatin the rst case,the
taskis “understoodby the engineer” whereasn the sec-
ond case,it is the machinethat hasto developits own
understandingf it. AMD relegategshehumanto therole
of teachingand supportingthe robot throughreinforce-
mentsignals.Therequirementdor atruly mentaldevel-
opmentincludebeingnon-taskspeci c, becausehetask
is generallyunknown at designtime. For the samerea-
son,thearti cial “brain” hasto developarepresentation
of the taskwhich could not be possiblyembeddea pri-
ori by thedesigner It is foreseerthatopen-endedearn-
ing mightbeobtainedf algorithmsaredevisedfollowing
theseguidelines.

4. Discussionand Future Dir ections

A numberof obsenationscannow bemade.Almost60
of the reviewed studies( outof ) fell eitherin the
catgyory social interaction or the onerelatedto sensori-
motor contrl (asis evident from Table 2). Thesetwo
catgories constitutesprimary directionsof researchin
developmentatobotics.

As amatterof fact,quitesomestudieshave latelybeen
directedtoward designingsocially interactize robots. In
averyrecentandbroadoverview of the eld, Fongetal.
(2003) — trying to seekfor an answerto the question:
“why sociallyinteractize robots?”— maintainedhat“so-
cial interactionis desirablein the caserobots mediate
human-humarjpeerto-peer]interactionsor in the case
robotsfunction as a representatiomf, or representatie
for, thehuman®” (p. 4). We believe thatin orderto ac-
quire moreadvancedsocialcompetenciege.g.,deferred
imitation), it may be desirableto endav the robot with
mechanismghatenablet to go througha procesf pro-
gressve developmentof social skills. This opinion is
sharedby Fongetal. (2003).

Brooks (2003) emphasizedhe “crucial” importance
of basicsocialcompetencefor peerto-peerinteractions,
suchasgaze-directioror determinatiorof gaze-direction.

SAccordingto (Brooks, 2003, p.135),remote-presencebotsmay
bethekiller applicationfor robotsin the shortterm.



Early motor competenciesire a naturalprerequisitefor
the developmentof basicsocial competenciesHenceit
is not surprisingthat anotherareaof big interestis the
onerelatedto sensorimotorcontrol, in particular basic
visuo-motorcompetenciessuchas saccadinggaze x-
ation, hand-ge coordination,visually-guidedreaching,
and so on. However, we were able to single out only
a few studieson motor skill acquisitionthat have at-
temptedo gobeyondgazing pointing andreading, i.e.,
early motor competenciesin mary ways, the spectrum
of outstandingesearchssuesaswell asthe compleity
of our robots,have considerablyincreasedver the past

few years but notmary “developmental’reconnaissance

toursinto unexplored researchdirectionshave beenat-
tempted.

The problemof learningto control mary degreesof
freedom,for instancejs important,andimitation learn-
ing may be indeedthe bestrouteto its solution(Schaal,
1999). From a developmentalperspectie, learning
multi-joint coordinationsor the acquisitionof complex
motor skills may bene t from the introductionof initial
morphologicakonstraintsyhich overtime aregradually
releasedLungarellaand Berthouze 2002b; Scassellati,
2001). In the samecontext, mechanismef physicaland
neuralentrainmentthatis, mutualregulationbetweeren-
vironmentandthe robot's neuralandbody dynamicsas
well asvalue-basedelf-exploration of body and neural
parametersalsodesere furtherinvestigation A promis-
ing approactthatattemptedo capitalizeon theinterplay
betweenneural plasticity morpholagical changes and
entrainmento the intrinsic dynamicsof body andtask,
waspromotedby LungarellaandBerthouzg2002b).

Anotherresearchssuethat needsfurther attentionis
autonomy i.e., throughself-supervision(independently
from humanprogrammingand intervention), the robot
shouldforgeits own motivationalandvaluesystemsFor
an arti cial systemto be truly autonomous;the mech-
anismsthat mold local structureto yield global func-
tion mustresidewholly within thesystemitself” (Sporns,
2002).In otherwords,thesystemmustbeself-contained.
We believe that the adoption of value-basedearning
schemeanay be a stepin the right direction. Metta
and Fitzpatrick (2003), for instancewere ableto shav
thatamirror neurons-lile structurenvolving basicobject
recognitionis of relevancefor an arti cial systemwhen
it hasto collecttrainingdataautonomously

Catgyorization(thoughtto be one of the cornerstones
of cognitive development)hasalso provento be a hard
problem.And castingit in a developmentalight maybe
adwantageousasshavn by Almassyetal. (1998);Krich-
marandEdelman(2002); SpornsandAlexander(2002).

To concludethe paper we believe that the big chal-
lengefor thefuturewill beto gobeyondgazing pointing,
and readiing. In orderto guarantedruly autonomous
behaior, the robots of the future will have to be en-
dowedwith bettersensoryand motor apparatamorere-
ned value-basetbarningmechanismsandmeanof ex-

ploiting neuralandbodydynamics.
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