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Associative learning based on subjective consistency:

modeling co-development of vocal imitation and lexicon acquisition

Yuki Sasamoto*!, Yuichiro Yoshikawa*? and Minoru Asada*!

This paper presents a learning mechanism that enables co-development of vocal imitation and lexicon acquisition

by integrating multimodal information based on subjective consistency. Infant-caregiver interaction is often assumed

in modeling infant development. A caregiver is basically assumed to react to an infant in a teaching manner, for

example, imitating the learner’s voice and labelling an object that it is looking at. However, such tendency is not

always expected. Subjective consistency is introduced to judge whether to believe the observed experiences (external

input) as a reliable signal for learning. The learning mechanism estimates the outputs of one layer by combining

that of other layers and an external input. Based on the proposed mechanism, a simulated infant robot learns asso-

ciations from its caregiver’s phonemes, its own phonemes and objects to co-develop the vocal imitation and lexicon

acquisition. The result of computer simulation indicates that the proposed mechanism realized mappings for vocal

imitation and lexicon acquisition even when a caregiver does not always react to a learner in a teaching manner.

Key Words: vocal imitation, lexical acquisition, mutual facilitation, subjective consistency
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Fig.1 An example scene when the learning for vocal imitation
is facilitated by acquired lexicon
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EELOMDETE

FLURE, WEEBORAIPEFTE L IIRLIMEREZ
FoZ s, BHEGEHENCH—-DERZHAERT 52
LIIWEETH S, Zhuc LT, AR, BHEEICILA
HOREECEM I N2 U T, BREloFEEZ L
TWV3EEZLNTVS (17, Thbb, BCHROFRN
I T 2 B2 F > TV R EEHED, LR G-
ZHLH-ODFTEL L TSHEICEL THRAE TS LT,
FLRIE, Z2OWROREEHE) & [H 2 2 TE 7558 L 2 0)iA
F2 2 LTE, BAEBEMORIZERL TR LEERS
ns,

BRER  PEREZOIRNIEDHITFET
HROBRDOEHICE > T, BEE» Y ZETIN
¥ FARICZ 042 SN HREERZEECH S LI
Tw3, (18], EHED, BETICH 2% OMEDTH 5
FHEBEAL T2k eREL, $ARKBICZOI L
T 5 2 LT, FRIFZEN S ZRIGAT, bz
LTwaEEZ6015,
BCEBNGHEMTREIBVWEETE

FLRICIE U 2 3875 5 O 1781 % 4007 L 72015 [10] [11] 555
LTwz kI, EHEPILRICHL T, ARDFEL H
FEREHBLZD, WREZ2DO7 OV EFARICETRLED T
DN RATENCIG U 5 2 &1d, BEMRCIISHEDME -,

AWFZETIE, EROWRREZBEL T, Fig2 IZndriy b
BES EYERDBHAET 2R 2222, uly b, BEELEOH
IKREIATEN L, BEEOTEHINET LR E T2 1 AT v
TSR, HATy T, Ry FIEBE LR 50
ZR%. 20K, FARICEFET I LAVrE2ENT 2. £
Fix, oRy FOFEICH LT, BN, MR, PR
RO 3 2N DITETINE T 5, 1721, EFHOITEDS
WiZEe Ry FOTEICHIETE25DTH D LIRS W &
EEEL, ZNZTNOTEOMBRIIMERNICEES LTS, &
TEIOFEMIZM T OM Y Th 5.

BERER: vy FORFIISUTHFT S, REL, 5%
BuRy b OFEEBET 2 S TG 5 5H) 2% T
254L, vl POHFELERRCEE (Z05AE,
Ry FOFEREEITNIGL BWiDFIE) 25T 286
bHBHILEREBELT, BELEOHKLALTEN R Y b
DRFEOEITH DHEHR%E py £T 5,

HAB Ry FAREt xx & xx 5

Mapping of Caregiver’s phonemes Mapping of
Articulation — Sound Sound - Object
Connection Weight [ [Bol fLuf ] Connection Weight
a—s: Ww* s —~o W

s—a.'ws

e SRR

45
Own phonemes /'I” e
.y
7

L—

,.
R

—

Mapping of
Object - Articulation
Connection Weight

0—a: ot
a— o Tyod

Fig.3 Mutually associated multimodal mapping model
MFRR: uRy FORFBIIGL CWEkERE S, KL, #

BEDPRRY FORFISHIET 2WEE2IRRT 2210 T
2, By FOREICERZSDEREZIRTT 25460
HHILEEBER/LT, BEHEORR L MEIE Ry b
DFFE LTRSS L TR B HER%E ps £ T 5,
MEIFERR: Xy MickosniE#Z 5, Tabb, WikE
BT, 20401255 T5. H50iE, vry bR
TV AIMRDLHTIZFFET 5. L, BEEEVPYED
Wi RHAZ DD, aRy Mo L CSEAFKT
2BV HLIEEEELT, BEEDOHKLEZEENY
KDL EAZDTDDSDTH BMER% pp LT 5,
ahy b, TOL)IREEELDA VY F 7 avEEL
T, vRy FHBOEHE EEFEDOEHEOMNE (EHEE O
1), BEHEOER EMEROIR L v Ry M HEDOEHEOIIG
(GEAIERR O ER DR )) 2¥ET 5. 2L, EHHE, 17
2 EITED & NWIER ( pv, ps, pp ) IIHLCTRARY MK
BERL, BARy ML, ZOWRZHICHS I LIERL, &
BEOITHZBIHT 2. 2o DMERIZ, BEEENT LRy M
WEEE52%, 2D, vuilRy ML TERIICIR S 5 fifg
HKERL, DBBIFL T, BRELESR
AT, BREEEZ CHTHAFHY S 2L —va v
219 2T, BEEPLTLOO Ry Mok o THEMN ALK
FiChH 5 LIRS R WRMEZBET 2. 2L C, 2D L) Rk
BTThH, RBET 2 BB STMICIE WIS BIc LD,
Ry NG ERUY & FEAREE D D DORIER FEHAETH B
ZEERT. OFh, BEENuRY N LT VERNT
HHIRPTIE, Zhe X DEEL ONEEREE L, EFENR
Ay MR L T BRI TRE VIR T, fioey ey 75
HEIN2DOEEEL CFE T 2 HAIGENEE 23T 2,
3.2 #AES~XIKIL
Hifii O RFFHE/EHIC Lk >T, aXy FMZMTO 3 EoEs
2T 5,
(1) aXy PHBORFICL > TEHRENS, aXy FOFH
FHRT bV (a € RMi)
(2) BEEORFZBIIT 22 L TR EINS, BEEEDTH
FHNR2 boL (s € RMe)
(3) MRZEBIMT 2 Z L TOBREINE, BRI L (0 RN
)

200x 4 xx H



4 fit A B O & N B % W &

The remaining

layer
BYOOOO
sz///‘\\\
EX
v, O O/v (= 14 )
1 % OC) 2 2
e firs IN e secon
{r}l}put; latyer O V2 0, ;l;lkll)ut layelfi

Fig.4 Notations for learning rule

Bl 21X, Ry FPBFERRINIRT PV a. 1IZX2FHF LT,
EHAVE AR ZIT )56, BEEE MR py THHZIIN
7 b ose ICKBHFE, HHFE 1 —py T sz IKKBFHFERLT
W, INeBRy FI—=TICANEING, ZIZT, a;, s i
HHOWED 7 I T 2 BRI FLTHD, e, ¢
FHUANOMED T RV EEKT,
3.3 YvEYIDEHE
AW TIE, vy EVTOEEAE LT, HARER R LY
2y vOEEA9] ZEHT 5, HAEERRI LY 2V 2
UL, RN 2—I M2y b= D—DTHD, BHIZ
N2 _ODEHMOMRNERZAE T EMNTES, 20
720, AR THEET 3 ANICH L THIB—BITEE S W
FEREN R TONIGFAEFEE LTEITH 5.
RV 2v=e T, AN 2z KTy, KO
ZoWi RO, HEOHARETS W 2H0T,
1

1+ exp (— don wnmxn)’
1

1+exp (=3, WnmYm)

DWERIZHE>THEITEND. 727 L, ym 13y D m FHOEE
THD, 2o 3D n BHOBETH S, wom FATED n
HHD// —FEHIED m FHD/ — FOREDOBMI2EL,
EPRRKREWVIZE, ZNo6D/ —FDBMELTWSE I E%2ET,
AWfZETi, WIfiCHWL 72 3 MoBll»rs, v v Er 7%
HETZERMEL, Figl3 inT LR L2 3 DOER
PHEIHESG L2 =9V 2y V=0TV EEZL, 2
DEFILTIE, 3HORY FPIVOKETEHIZ 3 >ORL B2
neENn, M;, M., N o/ —FicdisfiFsin, ary Mz
N/ — FRALOMEGMELIEZL T EUTD 3 MOTIl% Y
HT 2,
(1) vXy FHEOHHEBETHOZFHRLE ONGERT, ME-
<y €y wAS
(2) BEEOHHRY LWkt oRIEE2RT, TER-HE GEH)
2 v ¥y wo°
(3) wiktury FABDOFHERI L OMNILERT, HiE GB
) gy ey s woa
22T, Figd ITRTEHIC, 3 DODBD I bindric AN
BHY, HOTHDOBIZANBH > BEITOVTEZS, ¥
DICANDH - E (LT, %1 AHE) ~OAND vi TH
D, KICANH-IE (BT, 5 2 ANE) ~DAND vy T

Pr(ym =1|W,x) = (1)

, (2)

Pr (mn = 1|TW,y) =

JRSJ Vol. xx No. xx

Holtd, 205 DD ASDMIEEHRIZLLT OFIHIZHE -

THEHING (M XoEH IR A 2SHI LW,

(1) %1 ANEROE 2 A% ZNZFN, v1, ve THEEL
TREET, =y EY s (R (2) Iy, BhEoRiEzH
FTs, 2CD/ — FOREBEF 27705 81% 1 947
VEL, a4 7 VECIREEZE 5. 2L T, %
AL T, 20628 — FOSFRHC 1127 2508
PEHETSE, /J—Fn & /7—F m»EERE vy, T
BELTWREEA, ZNOMHERC 1 IR 28E% Kun
ELCHET 3. EHOBEE 2HERVELITY, Ky %
AET 5,

(2) LEOFHEZE, SEIF, H 1 ANEDOHA vy THEE L IR
HETITY). FRRICERAICBELT, 2o 28—
FIFFIC 1 ICR3E23HR T2, /—Fn& /—Fm
DY AEERE wem TRHA LTV 2EA, 200 0FEIFIC 1
R MER YK, EUTCEHET S, 7, Wi moRE
ZEET L0, B2 ANEDOA vy THEELIRETH
FRRICEIEL, /—Fn & /—F m BHEHEHZ1 %3
W% 2K, £9%. 2LT, ANEZEELIRET
J=Fnkt /J—Fm DR 1 ICk28EE K, %,
Bl KO 2 ABEREE L RETHE L, 1K,
Kl OFELT, UTFDOXIICHET 3.

3) /—Fnt 7—F mOHAEME we, 2 LTk
72 Kom, Kby 12&0, UTFOX I ICHEFT S,

Wnm = Wnm + (Knm - K':Lm) . (4)

ZIT, al3FERETHS.

LROFIEZBEDIRE LT, HEBELZERL LI LT
ZODANEDOIEH END X )iy BV I E¥ET 5. Hi
ZIE, aRy bBFEFE LD, BEEHKAH LGA, v &
oRy FHEDOEF a, ve BBHMSNEBETEDEH s &1
D, BRY FPEFHEOFRFEEZFNCTE 2 X HIH 272D,
MIATELBEEDOEHE s poZ2ICIBT 2Ry FHY
DEF a 2oy EVIEZAHALTELLEETE S LI, B
REEFTH WAS ZHH LT 2 ENBEE 22,

3.4 FHNESEE  BERESORAEICEDCHKSE

HiffioEHANC XY, MAIE, aRy FOFHE2ETENG
SRS 2354, ofy MRy FHEOEF EZRIC
MNIET 2EEEDEFROBMREZ AR T LI ENTES, Lal,
BEADEHE TR TR ZWRFEZ e Ry M) BAR, #
D & 9 HHTIGEEEOATIE, Ry b 2 NISEER
BT LMEPD B,

NN LT, Figd WRTHHETLTE, D~y E
VIUDPMHAIEALTED, ¥EHRCETE,SEZoNSE
By Ev AN L TREINLES S ERFICHHET 2
ZEMTESL, 2D, vy EVIBPERMAL TR, 22
PofEINLEEZ2EHICHHATE S, Thbh, EEED
SDEFTIERL, BEINZESZWETIESLAKLT

xx, 200x



P & SRR O IEHGE D 72 O LBV ARSI T COIREE 5

—
N o O

o o o o o
B

Qox\:

The observation probability

= (0,1)(0,1)(0,1) (0,1)(1,0)(1,0)(1,0)(1,0)
s = (0,1)(0,1)(1,0) (1,0)(0,1)(0,1)(1,0)(1,0)
o = (0,1)(1,0)(0,1) (1,0)(0,1)(1,0)(0,1)(1,0)

The combination of three variables

(a) Without integrated signal

o

S e e
Rs O & x>

RN

= (0,1)(0,1)(0,1) (0,1)(1,0)(1,0)(1,0)(1,0)
§ = (0,1)(0,1)(1,0) (1,0)(0,1)(0,1)(1,0)(1,0)
o = (0,1)(1,0)(0,1) (1,0)(0,1)(1,0)(0,1)(1,0)

The combination of three variables

The observation probability

(b) With integrated signal

Fig.5 Observation probability with respect to combinations of three input variables
(a) without integrated signal generated by proposed mechanism and (b) with it

HETHIENTES, 20700, BEEVEHETWHIEL 7
WEBEZRRY MIEZZHATH-TH, Ry M3~
MEZ2FEH T MEZIGTCE S LEZ o005, L2LARDYS
Zhzuairy P EFHWIT S LR, vRy FBEENIC
B - L D 2T T, 2 OO ADRERR X 112 DS
b5, RETIE, 20X REROES 2RI EBNICHIRT
LEE52ERT B0 DEEEICHE WA TR IRET 2,
ﬁ%kﬂ%:,30@@@5%ﬁh#'kﬂﬂ%b,%mf
DB ASIDIH > BT OWTEZ S, O, 82 AN
JE~D AT vFX (= va) (MT, WEEE) . 1 ANE 5
%2 ANBADEEDOy €V 72N LRI NBES ol
(MUF, BEETHES) KO $E 1 ANE»S BoTwddb ) —
ODEEANLE 2 AEADEED <y Ev 7 %44 LT
ENaEE oY (LT, METIES) 284 LA ES vb
Z, RADXIHIZHET 5,

f( EX IN _ BY

BY
V2T, vg Uz + ABy va

(5)
EETFHIES,

vy = ) = Aexvg ™ + Aoz
ZIT, A (ne {EX,IN,BY)}) & SMBIE5,
Mg FHES, ZRZFNOTEENEEEERL,

An = o (~en/o) , 6)

Z exp (—em/UQ)

me{EX,IN,BY}

L ENG, 22T, ol e, WRTBREERTIX—FTH
5. F7, en \HMEH vy VDO ZODEF EHART, EnfEy
JHtn7-boch sz, EFHIOMEEOME LT,

en = ZHU; — v |, (7)
1¢n

LitESh s, X (1) &), EFHolMoMEEHEL, %
nucEoE, A (B) ZHVTHATA2ZLT, BRI
JIGUTHARBEEZRD S, ZHUckD, H5—oODEFEHMhD
ZonfEFLIEITNR, MARICZOESBKEIN S, Wi,
b5 —DODEFFMUD ZODEF LEIT UL, MARIZZDE
FURMINE X I IHEEEEIE I NG, IREFIETIE
MME R, EEFEES, MEFHIES, Zhzniucownt, £
s E2EREL, X (6) TEAMNIKAG L EBSE, AN

HAB Ry FAREt xx & xx 5

ERBE LTy EVIR¥ETE, Thbb, HiffiorEllo
FIE (1), (2) IcBWT, &2 ANEZIMED S DAT) vFX
37 <, WAREE vy THEEL CHAHELEN T 5.
Plnkiz, MBESLEI TRy ¥y %24 L T
INHEHFIEDOTREL, ZU2NETEEFEARLTH
BT 5I LT, BELZOTHE FIKELTHEET 5 L2
CTEMNTES, kD), BEEDPELVONIGZH E DR
SRVEEICH N R EE T A MEENHTCE L EE S
N5, £, ZNoZHADOEIICL > TEANITHET 2 2
ET, LD —BLTVUAEEBIDELLNIEZRTESTTH
rufy FHEWEBHKITE 3,

4. YTalb—YarvxER

BRETHEOEMEZMErD 2201, HEM 21— a

YEHWTUTID 3 D03 Z L 7,

FlERER: AR B VT, REPFEICLD, ﬂo%ﬁm
BEZ 6N 35512, ZNEFTE 20 2R T

2=ER 1: %&ﬁﬂmif%ﬁﬁﬁu$/buﬁéﬁéﬁﬁ%@
L, REFHOEE K ORAZBGEET 5.

EER2: VUGB U 2 EZEOTEI 20T L 7298 [10] 226
TR TIE, BEZERAIICN L TER 7 v itiF 2
1) BEZEFHITE LD TH L I EBRINT VD,
ZIT, ZOLH)KEFEEVPARIZ LA ERIGE G X
BOVIRDLUCEWTH, RETIEICLD, MHAMRMER 2%
JGDEBTERETH 2 LT 5.

4.1 EFRTE

FLRIE, TN 2 EH 2 REREOFHE L ChH 2 RER

WTEB X912k [20], 2D, BHTE S [14] &) IcHEE

LTw3tEZ6NS, Thbb, FIRIE, BERLAZEHE»S

BREIC & 2 RSP E AR L, T EARAENTEELL

TEHEDOMIEN LN S L) ICHEFEEEN 2 FEI T TS

tEZoND, 22T, JITRIEHEDED, nRy b EEF

FHOFKEIFBILVOEHICEI O WL O 0FH (£—) T

FENDbDE L, BARNICIE, a, s X, ZNFND M

HHLILDEDE—T7 THEINTVEINEERLT Y ML

Thar el HIzIE, ary FOFKFED Jag ag/ DL IHIT, 2

FHOE—S L 8BHHDE— 7 DA E THRINIETH-

200x 4 xx H



6 fit A B O & N B % W

1.0

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Maternal teaching rate pa

0.1

0.0

00 0.1 02 03 04 05 06 07 08 09 1.0
Dependency on subjective consistency n

Fig.6 Average probability of predicting corresponding vector
by acquired mappings until 100,000 step with respect to
dependency on subjective consistency( 7 ) and maternal
teaching rate ( pq )

78, a3, 2H/HLE 8/HOEHED 1, ZHDSDTFEA 0

ThHd M RILRI bNtid, £, FSRITFEROHELGDIET

D6, bHREVROTRITIRETH % [21] Z ERESINT

w5, 22T, Ykix, N EEHOEOMFICOWTERHLTY

20RROTRI PV o THILTESL L L HIZIX, vRy

L2 HBHOMERISEH L TV 33546, o i3 i HHOEHRD 1,

ZNLIADI0 TH D N RuR7 bvksd, ToDOXR7 b

X, ZNENDORPUIATINEFUR Y PN T 2, B

ZIE, BEEOETHRININY v s 1%, WL ADOFFHT—

8 e HE Rk TS 28— 7 BICOML, X7 L

L(H2E—FBEENTIULL, GFhT0RITNF0) L

72bDITHYT 5,

THERTIE, FBWEBEGEMICLD, L) iciiooxt
JEAE IR I N2 IOV TR T 5720, MRz EE
¥ 5. AR, BEDOVKRKD 7 VoL, N =21
EL, TRTDIRVEZRKT 27-DDE—F8HS M =21
Ll e, TRTCOEBDFLM (a=s=0=[0,1]" &
Ya=s=0=[1,0") L& 284%2IEL G E L,

FEhE1, 27T, X0EMERIRIE LT, EEOFREIN
TV BRPLEREE LT, 20094 2 H 22 HIRR T goo NE— [22]
ISR E LT LAY 107 Ho 5 187 H £ TIHER ¥ 2 354
ZFEBORTHAEERAGmICE W THH T 258&L L, 20h
DHFAMELZ I 2L —v a Vv OT 37— & L. fhil
LT =506, BETOYFKLY T Lo, N =39
ThHY, TRTDIRXVEWKT 5720DE—F8IE M =37
chor., i, EB1, 27TE, REFLEOEHEZHED
DB, BHINET2NIET 265 LAY, WMED
HHRRBO Ly 2y vy v OEBTE (3.3 HiEH) &, &
BINBEAK IO ERA L B2 NIET 255 LAY, #2
KT BAHZR) 2T 2. BAMICIE, BEICHE) BRE
ERTNIXA=F n ZHAL, WEOYHEDOI-ODES v %,

v = (1—7])’UEX+7]()\EXvEX—|—A1N'UIN—|—ABy’UBY), ®)

EWET D, Thbb, n OENIRESVIZE, REFEICES

JRSJ Vol. xx No. xx

=

1.0+ 1
;8¢
jiee
0.87 Tt 1
?
0.6} .

[ —

e
.’ .

04t 1
TL

Performance

:
0.2+ I
ol

'Y Oi.\ L L L
00 0" 005 01 015 02

Maternal teaching rate pa

Fig.7 Average probability of predicting corresponding vector
by acquired mappings until 100,000 step with respect to
low maternal teaching rate ( p, ) under the proposed
method (n=1.0)

HEPZ, KIZE, B@FEOYEETFHEIOHEZHAIEZ 5 2

ERTERT 5.

4.2 FERER: EBENESRRBICE SR HITFEBEOM
HISh R OHEE
REFHEICL->T, #AoNEVREGZoNGHI, 20z

HHTE 202 HERT 27201, DA TEHSLNIBHEZ 6N

IRDL2 A L CHBRL 7. BRI, Bongz py = 0.05,

ps = 1.0, pp = 1.0 £ L, 100,000 X7 v 7ORFHANH

YIial—vaviEFEMmL % Figh I, 100,000 AT v 7D

BB S Nz 3 SOERDMAGOLE L ZN2 BEES &

UCHBIC B 2R T, Figh(a) 1, ANShi(E8%

Z0F FHES L LTHOLEATHD, (b) 1%, REFE

KL DA LFBe2H&AifETE L THCRGATH S, KK

BTid, a=s5=1[0,1" kl®a =s=[1,0" %IEL Wi

ELTw2DT, 206 DBIIHILED, 3 2DEHDMOFA

BT ICE GG, BIOIERRDO A5

ZNOIELLIEZEEHTE S, L2 LAYS, py =0.05 &

L7, a & s DEDIELWIIE (a = s = [0,1]7 KO

a=s=[L0")BANINZHENF v ALV KD HIE

WAL, R E LT, Figh(a) KRt &g, 3 20EHDIE

Luitit (a=s=0=[0,1]" Kl a=s=0=[1,0") %

HEifEE & LTH 2EMMLOMH A G D OBLIHE & 13T

FREE Z>Tw5, 207k, Yl AN OLEMGRE 42

72T, IEL WSO EDRNEETH 5. UL T, 25

TFHICE>THRAE L E52HAifE5 L 952 & T, Fig.5(b)

WRT &L, IELWNIBZEEMES & T 24D, oA

HEbE LD BHNWICE o T2 2 b5, ZORMHE

Do, REFEICKD, Eol b5 2 525481, i

EHEHEET E LTHY WX I IZT S L) Wl AiE L 4 2

Z LR S e,

4.3 RER1: THENBSHEIC K ZREMNROIRE
4.3.1 BURFKFOYENT =2 R
RIGEEE O HINIZ 8\ TIRRLE > 72000 & 72 2 F5 038 X

NHRULTH-TH, REFHEIC X D IHEEINE DL E I g

THLDEMEPDDT-DIC, BEHEDBRRE py, ps, pp Z[F

Uil po ICHEEL, pe 2 0.0 225 1.0 £T 0.1 §o£4L&¥

xx, 200x



P & SRR O IEHGE D 72 O LBV ARSI T COIREE 7

ZNFNDOEAITONT, n % 0.0 225 1.0 £TO0.1 T
234, 100,000 A7y 7ORFHIFEHAY S 2L —vay
% 10 MISEHE L 72, Fig6 &, p. & n DEVLIC X D, WNEFEE
DN F =<V ADENERLTWS, HL, BHEEIZ 100,000
ATy TREOBFRIS TR A7 r—< v AR LTED, H2
WEE L, BOBREWI E2KT, 71— r R, ANR
7 bVEEBY)ANTZZETHIET S, BRI, 398D
DARERANRY P VR ZNENERRICATL, v vEV S
EALTHERINZRZ MLy 39 8) g7 b L
DOHTIEL S WIBT 2 DI b o BEOHEGD, %
vy EVICET MM E LTI L 2. 72, REFEIC
B 2K T X — 5 I3RS B o = 0.2, THEINE
BEDBEE 0 = 1.0 £ L%, Fig6 &b, HREIEHOLA (
po=1.0), THbbH, WEMES L L TEENGEZRTESH
BN 28546l BEOEEFEOATHE A7 1+ —=
VABMGFOENTVE Z LD, —H, BRI
BE(02<=p, <1.0), Thbb, HMHBEEL L TOHEER
SRVLESLHIINIEATIE, FRNESEICHESI RS
IHED BREE () PRVIEE, IEL W EEPAERIC > T
WA EBLID, REFHEOFIEIHERTES, LirLhk
D6, BIREIPLVECEE (pa <0.2) TE, 72 AFHB
ML S BRI HD BTt ) BREEDN S D2 o 72 £ LT, et
7 A=<V AREL, n =08 fHETDNT7 4+ =<V A b
FVL AU, BoREDID A D IRWEGE T, o otk #E
BT 2EAEDBL L 2D, HEO<y EY 7D bR A
T2HELMA 570, FERNEGENEHWI LT, ioey
Ey /b 2D MG TEESINIHERTHE LEZ 6N,
4.3.2 MR OWEREICHT T 2 REFIEOE
HREPMENGEA TOREFILEOZREZ TN T 2720
IZ, n =10 LHEEL, p. % 0.0 25 0.2 £T 0.01 2%
LR HADEER 7+ —< A% Fig.7 IIRY, Zhkb,
Po PR R BIZDN, N7 4=V ADABMITT > Tw 5 Z
EWBDD B, 0.05 < p. < 0.15 DHFPHTIE, FHHKEL, 5
HICkoTE, HEABEEN A7+ —2 VY ABELNT VS
DD, pa <= 0.05 DHPFTIZ, N7 r—<iF¥aTICHE
FoTw3, IhiF, TBWEAEICES (AT, —HL
EBTHNL, ZNBLEZESNEZRTHDTH-T
b, BEL Ty EV JOEENED N O TH S EHEZ
LNt DFD, BEFILRICLD, EHEE, NT74r—2V R
DORLEL LIZEGERL, Hrvy EVIB—ELE5%2M
BLTuhR, ZOEFZELLHIEZTRTHDOTH S & T
FISHWT L8 T2, L Lads, 20—EHLE50-
7B ERT D TH - It, ZOE-S WIBZERTEFIC
koD =y BV FOEEMRING, 2 LT, REMIC
1, WIEZEMAHEE L 20D TIERL, TRTOeyEY /T
HLZWETEH 20D, BolznzEEHLTLEY,
HLLT, BB 7 3 —< VAR BoTwE, 2Dk
b, BEFEPWIEZE L Z 2HED30 % DERWEE (p. < 0.2)
T, RBEFIEO L) REBNBAEIILO(HAeICKD, ¢
RTCORy VI T—HLIWIE2AET2b00, Z2hIE
LB E 2 250 2 <, HBERTI2HENH S,

HAB Ry FAait xx & xx 5

0.5 — |
%$

0.3 "
#

I
o

L IEE FENP R g 1

external signal —m— |
direct prediction —&—1
indirect prediction —= -1
.

0.01 0.1 1
Maternal teaching rate pa

o
=

Subjective consistency

o
o

Fig.8 Average of average subjective consistencies among dif-
ferent three mappings during final 100 steps of learning
with respect to maternal teaching rate p,: subjective
consistency for external signal (filled squares with solid
line), direct prediction (blank triagle with broken line),
and indirect prediction (blank diamond with dash-dotted
line).

4.3.3 BORLICH T 258 0 IS IE

REFHEICED, ZRRIH L TED & H ITHEIGIICFEE D
THE & o 7o Z B 7012, REFEICOARF S THELL
Bt (n=1.0) OBRF L AERK TR (99,900 ~ 100,000 A
Ty )BT BEETICHT 2 EENEAEOMGE Fig.s
IZRY, Fig8 25640505 X912, 0.2 <= p, < 1.0 DHEHiPHT
1, BOREIMEL % BIcon, SHEMESICHT 2 REINEREE
DHAWTFHO>TVWBEIENRTENS, ThbOLIREFRICX
D, HBEBIEICHIGT 255 Tk WAL, 2ok
BT BEFELTHEIVRIEINEVEIICTE I LT, #on
FIZ L o OTHEEZ IS FEIARBIC R > TwDb EEZ 65,
L L%d3s, BoRRBhZaEVEE (pa <0.2) T, 4+
WESBIEEAENEEZRTLDOTIEZVIZHEbLST, 20
THNESED p, =02 OBELABRETSH 2 I L1bhrs,
D432 I THHL 72, WEZMbEE L v Tldil
HolibErETHERTHL EEZ NS,

4.4 FH2: ERETCOEFTEOREZEUIRIR TOREE

HiffiOFETIE, 3HOERFIZODVTRALTH S LIREL
T, FEAR7 r—2 v RERGAE LTz, Lo L, FEBEOILIRICE
U 2 BT HDOTE% 0T L 72928 [10] 1< kg, EFEOBYK
DRI AT 5 BB, 7 ~LFHFic2» Tz 35
RREE L, TS L > CZOHED R LS. 22T, ZOBZE
FHHE RIS, pv 2 0.05, ps & pp % 0.35 & L72GAIK
2wV, 100,000 A7 v Z7ORFHAEMEH G 2L —vavz
10 ML 72, n ik 1.0 £ 0.0 D 2 @D ICREL, 87 4 —
v v AT & FERED T XD Bl L 7,

B2y EV T DYER T+ —2 v ADEB%E Fig.9 (a) (b) ()
WY, R OYE PRI > THIBEFAE LG (n=0.0
), FEEEDYEE (), () ICBIL Tld, BREREE DM H AR
KRB ETICE L E-TED, EitoEH ((a) CBIL T, 13
EAEMIEEEE TR TV R, —TF, RBEFEIHE > THIR
2B A (n=1.0), BEEEOEM=zIZ LA ERETE
BRORIWTH->TH, HBEF-ME~y BV TDORENAT7 r—2

200x 4 xx H



8 oA B OB F I M % H L

1.0 1 Lhsbepieetieetiniy tr Gaptteestieid
038 b 08 ‘ 08 T

o Lot BRI S| o A o 47

] ‘yH - 2 # 2 ?

< . < =1

2 06 ;4) ¢ £ 06 /I( £ 06 %4

] ¥ n=10 —e—: S b =10 —e—i S }/l N=1.0 —e—

‘ﬂt:) 0.4 ¢ 1=0.0 —o— 5040 f 1=0.0 —e— E 04 d n=0.0 —o—

=9 / A~ L& =% ¥
02l # 02l §
00530000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000 0% 20000 40000 60000 80000 100000

Learning steps

(a) Articulation-Sound Mapping

Learning steps

(b) Sound-Word Mapping

Learning steps

(c) Word-Articulation Mapping

Fig.9 Average transitions of learning performance of (a) articulation-sound mapping,
(b) sound-word one, and (c) word-articulation one with the proposed subjective
consistency (7 = 1.0 ) and without it (7 = 0.0)

0.7 0.7 0.7
et redicion A e pedheon o pedipon
;L:>; 0.6 mimigmﬂmém —- § 0.6 indireet prediction — 1 | é» 0.6 indirect prediction -1
205 205 1 2 05}
=2 ;MWW%@ z Z
z AN z spapiibabyal ] 2 shidipiestaione
£ 0440 £ vdg grpaas sottetestiirs 5 0aq, dadets £4d
203 2 03Y° 1 2 03%
802 802 ] 802}
3 3 3
3 0.1 3 0.1 & 0.1}
09 520000 40000 60000 80000 100000 00 626000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000

Learning Step

(a) Articulation-Sound Mapping

Learning Step

(b) Sound-Word Mapping

Learning Step

(¢) Word-Articulation Mapping

Fig.10 Average transition of subjective consistency calculating in learning (a)
articulation-sound mapping, (b) sound-word one , (c) word-articulation one:
subjective consistency for external signal (filled squares with solid line), di-
rect prediction (blank triagle with broken line), and indirect prediction (blank

diamond with dash-dotted line)

ADVHERESNT LB I LD b2 5,

n =10 OHBED, FEFICHT 2 FENESED 100 A
7 v 7HOBETHEHEOER (Fig.10 (a) (b) (c)) ZATHDS
&, ARG F TN 2 REINEA A E NMEC IO TR
LT L, THbbEBEFELSLGAONIIME S 2 H £
DEELZVIIICEEMEATVE Z Db, ik
D, BEFECIE R 7 7 —2 VADEEIN TV, F,
B D £E (Fig.10(a)) ¥, FEEDFE (Fig.10(b)(c)) T,
MEFIES2 L 0EBELT, 2F0E&2NLAERZ LY
FHLTEATHE Z EBba D (Fig.10 (a) OD—H#H#R),
B OFFICEB O, K D IEERERTE 255507 H DR
DA N, HAMRENZEEPERINTHE I L1 bh 5,
COMERIL, BOBTNLD Y Y ZITOWTOERE)NIE
WIROEARIC OV THHBIIN LEZ OGNS, Thbb, B
Ry MCHRZ G2 2EREOTHICHOH D, ary b
HHey EVTIZBOTIIF LA ENIEEFETERVRILT
HoTH, MEFRICLY, o~y ¥y 708 ikE% HH
T2 28T, HARRMEMNIHHGOEE ARG L 24 5,

5. & 3

5.1 FPFEEULTOMEDT

BERAEE O — > IR D 3 [23] & WHEN S 2 E Tk
b5, ZNUE, T—F OEAEROEEEICEWT, T R—
ZELTTI M TFENLT=F LD TLAHTFE AN

JRSJ Vol. xx No. xx

F—FH 525N, WAL LT, @Ik ZE 2 5
IHEH L7278 T ® 3 [24] [25]. Nigam et al. % Ando and
Zhang 1, XED AT 3V 20T 2fEICE VT, oM
WKLDZDATITVDTUPHEINTHRWEDT—5
R=ANEZ 5 NRZ, Y DI T InTuizny—
FIZDWTE, 526 2T 01 WISEI R & #EE L 7
SV EHGRHEZRERZELTVS, ZHICH L TAIE IR,
BT — Y DR TRV I EREL TS HTHEMLTYS
28, B E LT, ME->TIS M EnAEF—snE52i60
TLEI), LI ZEZBEL VL EBEL S,

F 7o, AT, S E §EE D D OMEE % RG22
TR2EODANZRALZREL 1D, ZD X)) B [ER
HEANZALIE, TNEFTOLOEEIN T3, Wolpert
and Kawato 232 L T\» % MOSAIC [26] Tl, EHED¥H
Y 2= VO THMEEZE A L, BEROREDSRICH L Tl
NCE Y 2 — VERY L FHOEAMPT #2ITH) LT, KT 2—
LVONEDRBOEEBEBHENT WS, U LT, #%F
HETIE, FEITAREFEL 2 L0HE )M TICREHET, GF
i L SERED ZNFNDEY 2 — L DEFIZB VT, Ll
TUDEY 2 — N EHARENICEZE ZED SN E VT 2
EWEHL TR HTRR L EZ 605, F72, Uchibe and
Doya D% L T\ 5 CLIS[27] TI&, #EEY 2 — 123 %
T, HEY 2 — VOREMMEREI > THEHTREEY 2 —
WRBIRT A2 LT, i 2 — L6 FMEAR, X5

xx, 200x



P & SRR O IEHGE D 72 O LBV ARSI T COIREE 9

WCZ DB 2REPEMREY 2 —VOEHEOFIT &
7Y, BHBEY 2 LDATHYEHEIEIGEL) bAKOR
WHEBRPERINTWS, REFED, —DDeyEr I
Bizfho<y ©v 7o RBE AL w3 TR TH
%, L#»L, CLIS Ti&, RIS CHIGHICERIN S £
Ya— ko TN ETE, HOEY 2 —LDFEHITH
AT 20120 LT, IREFETIE, BROEZ2—NI2ko>T
BN EEDBANEHEIC X > TEHICHET 225 % 4%
BMLTWLRTHRELEEZOND,

Lo L, $REFEE, Lo PRIE H AECEBEEEO R
R EHDOFEZRET 2D D TR, 206 DFikE L 124
MICEEREL ) B2 &2 o, s EflAGLEID Az
19 2L I3SBOHBETH 5.

5.2 HROFEEEOBEEME

5.2.1 RIEBREDHLE

AWFZETIE, HIROFFEM EFEROTGEICB TS, vy E
VI ENTIVD 2 0DFED I L, Ky By I OE
WO AT, 20780, BEEHNREETHIEELEOH
Fa, DRI ERE L CREBTTRTH D 2 EOEFH
EFWEMBHED A TF IV ERFLTWB I E, hE, EEEOFE
EBEOIEMHA T b DEBAZHNZRELTLEST
Wiz, L LARIE, Z20X) GE#FRIDORE, Thbbh
TV FARICEREIRETH S, SHOFEPLESY, A
BA3, BEHRL 22 FH 2o HEEZY D I 72 dICIidEETH 5 2
EDMERII N TS [28). D F D, HFEOMERNAERIE, &
ZODHFHEBIGHES T ) ELTRHET 5 2 LicET
2LEZ6N, JiUdA T IVLOFEICE W TUIRETH 3,
¥/, AT, BEHLAROAT TV OEKER—L LT
Wiz, FEBROBEFE L, ARSI TERNICS VWEF
HLI7_VoAT IV EFL WS EEZONS, 5l %
D& IS WA T IV EEGEROBEEH OIS L, .
BRIz &5 TE, BT 2HBOZE LTHATL 25D TH
D, 20k REND, LROH T IVMOEBIHET 2 &
EZoND, ZDXDRREZE, FARMICIZANIZE Tk 7 2
BEOBEROMELRZ 6N s, HlZ1E, EHEBEHOLODA
T VLB T, FLIEAEGEINIC AL U 7 Eh < —
YD EDERITH, FOBEER L BT EOBREER Y — D
EDERTITIBT 2 2% EDR N Z2 MG % B0 % 2 & H
HThY, TNk TEREZEHERIIP IRV REDAT I
JELTHBCTEZELI LRI EEZONS, 2D, AT
TVALORBEICK LT, AR TREL 2 EBNEAEN O 7
A TFT7RMEAL, SHEEHEEROLIERRIIBNT, D
X9 ICHEADEINIC B RZRD A 7 VAL RET H 2 9% Bk
THILED, SBOPETDH S,

F 7o, AR TIE, HEHEM LRSS L CiES
L7228, MRS IEFNEIC RIT T AL BB T 50D
b3, EEOFLIETIE, HBEDFNRITHARERICIZ
i > T % 2 &% [29][30], BOGMOIE 31] zFHESE
TV ZEBHLGNTWS, Znsiick-T, —RAW
DB L TV 2 EHICBICERL S8 5 2 LT, BloBiuT
el 720, ARPBOTRTEHEETE L2 L)% D

HAB Ry FAaEt xx & xx 5

LT, BHRNREBFEECT TR0 BHEONE I ENELS
N5, o>T, INSDFBERIPTE2EEAA=ALT)[32] &
MAETHILET, LOMBARLKEETLVERS Z LS5 HD
ML B,

5.2.2 FEEHERD 6 DEE

EF1I2BWT, BEHOLRED 0.2 M LoBEE, #BE
FIRIC & O FFEEMI L EROFED - O DOXIBAEE DS HE & 7
505, ZNLLTNOERETIE, BMokPHEZLTLE) LN
bhots, TITREFENESL¥EELLTLE) EE, WIE
LTV HDZERIGL TV &A% LR EENIR I -7
LEZ o, THIEFEREDOALLS, FES Lo o
B, EEBDH-WNICFHOMIRP S EOMMAZ —HL T
RTZEEWNETEIHRTH B LELZINS, LrLERB6K
DY T 2L —yavid, EBRORTHAEERZBMLL, %
BEDEEOERETIEUFT 2 2 L, Th—EHOWEIR
BACEANTVRB I EZAHRE LTV B AICHEENSSLETH 3.
—7. EBROBEFEHEDOIGEZ, LROFBORLPHE/EHD
BEEICX>TEDLY I BbDTHY, £/, BEETOWERL I
WOKBIIGU TELL, Z0E, BEEOERELLEHT
2D THDZEDBTHRENS. fEoT, INHERBENDAE
HEEL, X VBRAEEREDTTOY I aL—vavaEHE
JEL T 2 EWSHOPEE 2 5.

FEE 2 DFERD S, RETEIEZ, FYHTRONS X I 7%,
BHEDIIICIZ LA B E R I L RILICB LT, Bk
DBk > THEG L WBE2RAT 2 2 & T, SHEHD7:
DOXNIGEDFEBZAREL T3 2 LRI N, THiE, S0l
2z, o 52 o2 EFEES%E, —EERNZ DN
EEFHTHIML, MEEPFEHTREPERETSHILET, &
PR D7 0 DRIGD B ORE L o7z, ERAD T EDT
%, —J7, UL, FHEYMHCIIBEIR L 23/ O F RN 28
WEBITTRETH 228, FEREOYEIEE B IcHER, REICH
HHIIC R 2 E ORI —> D3R L LCRIT 2 X9 1ok
%[33]. 2L T, BUOEHENRBVEZHRINT S L) Ic% 2013,
SOICHIBNBETH 6D LI ThH 3 [34]. AWFFLOFEEHEE
5, 20X RILORERLL 723575 1O B S - AR
WO DBz L, FRE L RO SRR E VT,
HONB 2 HHEMREMICAA LG FERE LTl 2 g2
MRINL, Thbb, YIOFHRN IR %2
W22 LT, FERENARRNE L L, FERENains o
ICHETHOEE ZET 5 2 & T, HOHHENZRRN 2 R s ¢
ZREFEL IS EEZONS,. 5K, REFEOIEN
BAEOEBESD S, EOX) IR SR SN
200 %WGEEL, AP RO LR B QMM Z KD 5
ZEDRETH B,

6. & b b I

AW TIE, FHEBMY & ER o LR O RS RAVER % H
FEL, BRI DRI NI L 7 5 R I B VT
AN 228 % R & § 2 RRNIESE RO HaTEZ
RELKL, Fk, vy PEEFHELDA VY 77 a VYT
ZEELLHERS S 21—y a V2 FERML, BHEOEREK

200x 4 xx H



10 oA B oM F O

N 2IREFIROFHOE@IEERER L 72, £/, FEBHD
AREBEEDA V¥ 77 avTRoND L), EFED
AIIT L TFEE A EBZ R I R WIRDLUICE W TY, #EF
Bk, EROZODOMGOEEEMHETSZ LT, IELL
MIBDEEDFBE L 705 2 L 2 HER L, HHT & FER DI
FED 7 b O EAEHER 72 WIS B D EIL S N7z,

KD EMBIAIL 2R FHAFHTH 213 E, ETLDOEY
PEDORBEEICEN S 2 L BRSNS 28, ANDIRZE VDL
BT 2 2 EWEEE e B, AW THEM L 7 EHE R 5
RETIRIE, 2089 2L RRIR2 2R L, —RIIHNIG
ZRETZEDHE L RIS B LT H MBS 2 [REIC T 5
EDHIFE N, HIEI TR FUEICH D fA, ' TV & RSB
LT ZET, iltEgs 2L —2a v IicBHC 2 2 E03% 0o
REEDRMFEET R T 4 7 2B 2HE2HEED € F LIS
M ZID fHA%E FMFCHEET 2 2D OEE LR HE2E L
Hrrz N %,

Z & X W

[1] Minoru Asada, Koh Hosoda, Yasuo Kuniyoshi, Hiroshi Ishig-
uro, Toshio Inui, Yuichiro Yoshikawa,
Chisato Yoshida.
vey. IEEE Transactions on Autonomous Mental Develop-
ment, Vol. 1, No. 1, pp. 12-34, 2009.

Frank H. Guenther, Michelle Hampson, and Dave Johnson. A
theoretical investigation of reference frames for the planning of

Masaki Ogino, and

Cognitive developmental robotics: a sur-

[2

speech movements.
633, 1998.

Hisashi Kanda, Tetsuya Ogata, Kazunori Komatani, and Hi-
roshi G. Okuno. Vocal imitation using physical vocal tract
model. In Proceedings of the 2007 IEEE/RSJ International
Conference on Intelligent Robots and Systems, pp. 1846-1851,
2007.

Katsushi Miura, Yuichiro Yoshikawa, and Minoru Asada. Un-
conscious anchoring in maternal imitation that helps finding
Advanced

Psychological Review, Vol. 105, pp. 611—

[3

[4

the correspondence of caregiver’s vowel categories.
Robotics, Vol. 21, pp. 1583-1600, 2007.
Deb K. Roy and Alex P. Pentland.
sights and sounds: a computational model. Cognitive Science,
Vol. 26, No. 1, pp. 113-146, 2002.

HMESE, IKEFIER, WER. BEEICHEO v Ry t OREEINEESE
. HAv Ry F2E435E, Vol. 26, No. 3, pp. 261-270, 2008.
s T B BB, AR, AR AP RIS 2
VFE—=FNVHEFEE HAB Ry F#EREE, Vol. 27, No. 7, pp.
814-822, 2009.

Theano Kokkinaki and Giannis Kugiumutzakis. Basic aspects

[5

Learning words from

[6

[7

[8

of vocal imitation in infant-parent interaction during the first
6 months. Journal of reproductive and infant psychology,
Vol. 18, No. 3, pp. 173-187, 2000.

Martha Pelaez-Nogueras, Jacob L. Gewirtz, and Michael M.
Markham.
ternal imitation and motherese speech. Infant Behavior and
Development, Vol. 19, No. 1, p. 670, 1996.

[10] Catherine S.Tamis-LeMonda,

Baumwell. Maternal responsiveness and children’s achievement

[9

Infant vocalizations are conditioned both by ma-

Marc H.Bornstein, and Lisa
of language milestones. Child Development, Vol. 72, No. 3, pp.
748-767, 2001.

[11] Julie Gros-Luis, Meredith J.West, Michael H.Goldstein, and
Andrew P.King. Mothers provide differential feedback to in-
fants’ prelinguistic sounds. International Journal of Behav-
ioral Development, Vol. 30, No. 6, pp. 509-516, 2006.

[12] Gregory Hickok and David Poeppel. The cortical organization

JRSJ Vol. xx No. xx

10—

JfE—ER

(13]

14]

(15]

[16]

(17]

(18]

(19]

[20]

[21]

(22]
(23]

(24]

[25]

[26]

(27]

28]

[29]

30]

(31]

(32]

33]

% H &

of speech processing. Nature Reviews, Vol. 8, pp. 393-402,
2007.

Elizabeth Bates, Philip S. Dale, and Donna Thal. The Hand-
book of Child Language, chapter 4: Individual Differences and
their Implications for Theories of Language Development, pp.
96-151. Blackwell Publishing, 1995.

Susan S. Jones. Imitation in infancy the development of
mimicry. Psychological Science, Vol. 18, pp. 593-599, 2007.
Elise Frank Masur and Doreen L.Eichorst.

neous imitation of novel versus familiar words:

Infants’ sponta-
Relations to
observational and maternal report measures of their lexicons.
Merrill-Palmer Quarterly, Vol. 48, No. 4, pp. 405-426, 2002.
Janet F.Werker and Suzanne Curtin. Primir: A developmen-
tal framework of infant speech processing. Language Learning
and Development, Vol. 1, No. 2, pp. 197-234, 2005.

Susan S.Jones. Infants learn to imitate by being imitated. In
Proceedings of IEEE/RSJ International Conference on De-
velopment and Learning, 2006.

Lakshmi J. Gogate, Laura H. Bolzani, and Eugene A. Betan-
court. Attention to maternal multimodal naming by 6- to 8-
month-old infants and learning of word-object relations. In-
fancy, Vol. 9, No. 3, pp. 259-288, 2006.

David H.Ackley, Geoffrey E. Hinton, and Terrence J.Sejnowski.
A learning algorithm for boltzmann machines. Cognitive Sci-
ence, Vol. 9, pp. 147-169, 1985.

Patricia K.Kuhl.
speech code. Nature Reviews Neuroscience, Vol. 5, No. 11,
pp- 831-843, 2004.

Barbara A.Younger and Leslie B.Cohen. Infant perception of
Child Development, Vol. 54,

Early language acquisition: cracking the

correlations among attributes.
No. 4, pp. 858-867, 1983.
http://baby.goo.ne.jp.

Olivier Chapelle, Bernhard Scholkopf, and Alexander Zien, ed-
itors. Semi-supervised Learning, chapter 1: Introduction to
Semi-Supervised Learning, pp. 2-12. MIT Press, 2006.

Kamal Nigam, Andrew McCallum, Sebastian Thrun, and Tom
Mitchell. Learning to classify text from labeled and unlabeled
documents. In Proceedings of the 15th National Conference
on Artificial Intelligence, pp. 792-799, 1998.

Rie K.Ando and Tong Zhang. A framework for learning predic-
tive structures from multiple tasks and unlabeled data. Journal
of Machine Learning Research, Vol. 6, pp. 1817-1853, 2005.
Daniel M. Wolpert and Mitsuo Kawato. Multiple paired for-
ward and inverse models for motor control. Neural Networks,
Vol. 11, No. 7-8, pp. 1317-1329, 1998.

Eiji Uchibe and Kenji
concurrent reinforcement learning with importance sampling.

Doya. Competitive-cooperative-
In Proceedings of International Conference on Simulation of
Adaptive Behavior: From Amnimals and Animates, pp. 287—
296, 2004.

VeSS, BRIFEE, SRATT R, IV, AAGERERFLIE 030
SOHGEIDHLICE T2 7 72y b EERETIORE. HFHEIIE,
Vol. 2007, No. 3, pp. 3847, 11.

Andrew N. Meltzoff and M. Keith Moore. Newborn infants im-
itate adult facial gestures. Child Development, Vol. 54, No. 3,
pp. 702-709, 1983.

Xin Chen, Tricia Striano, and Hannes Rakoczy. Auditory-
oral matching behavior in newborns. Developmental Science,
Vol. 7, No. 1, pp. 42-47, 2004.

Dare A. Baldwin. Infants’ contribution to the achievement of
joint reference. Child Development, Vol. 62, No. 5, pp. 875~
890, 1991.

Andrew N. Meltzoff and M. Keith Moore.
imitation: A theoretical model. FEarly Development and Par-
enting, Vol. 6, pp. 179-192, 1997.

Christine L.Stager and Janet F.Werker. Infants listen for more

Explaining facial

phonetic detail in speech perception than in word-learning

xx, 200x



P & SRR O IEHGE D 72 O LBV ARSI T COIREE 11

tasks. Nature, Vol. 388, pp. 381-382, 1997.

[34] Janet F.Werker and Christopher E.Fennell. Waving a Lexicon,
chapter From listening to sounds to listening to words: Early
steps in word learning, pp. 79-109. MIT Press, 2004.

1% A. BEBEOEHFXOEL

MEMER R LY v 2> v [19] TE, ANV EZ20HHh
Va5 26N & 2y FY—2% N L THEINSEZD
7 P'(Ve | Vi) 2, WHERIRD AJIMEZ D5 P(Va | Vi)
WGED 5 & 9 I E b, ZOFHIEEIE G IZDITD X 5
IcERKIN 5,

(A1)

P (Vo | V7
G=3v, vy P(V1,V2){lag P’((Vz;\vll)) }

ZIT, AUEEZ, VD5 Ve NERL ZGEDET DS
ik, RBOANODAHEDRIZERL, G DEI/NI R
2ODGAINENZ L LT, 2D, RAKETEICKD, 2
DFMREE G % % v b7 — 7 DFEERIE wo TRMS LR
ZHV, DT X ICHEEMENIHETINS,
oG

e .
OWnm

3 (A.2) OFUE IO T 7L X —BRORBINERD & )
icFRIN%,

(A.2)

Wnm = Wnm —

G

dwnm

=—t{sy P'(HIVy,V2) luplum+—
> P/(V4, H' |V )1’ 11
V2’.H 2 1 Un™ Ym (*

(A.3)

22T, HBREWFIZE I 2REZ, n,m IEET222o0
)= F&Z%, tu, 1/ —F n OIRE (0, 1 D 2 i) 2£T.
Y & Vup BRALZERTH 225, Y k> TRAIZEET 2
BRI, MBI T 2 L2 W T 5701 EORTE (1), (
Uy EMELTHS

Ry 2vey T, AE, BhE, HhEoREZ,
2y bU =& UTHRYBLERT 52 T, 529 ZE
T3, Txbb, X(A3)ICET2, HUEHD Y, P/(H |
Vi, Vo) luntum 1, Fv b 7= DA% Vi, Vo THEIEL
T, BAUEOREZ DX LER L 72RD, faT 52200/ —
FOREE Lu, & Luy, DSEEIC 11275 380 by & LCEHE
o, $7, WUEHO Y, P(VE, H' | Vi) ),V
&, *v b7—27D A% Vi TREIEL, BEhlge g oR
ERBEDIRLUEF L 2RO, #ET2200 7 — FORE '),
& tul, DSFIRHC 1 IC ke BAHIE K, £ LCHMEI NS, Tk
D, REBEFLDOT a=—4e T2, MAHMEDHEHR
BREIIU T L S Icksh 3,

knm) - (A.4)

CHUTKIL T, ARFRTIE, WAROMEREET 5701,
AHABIRE AREERT, #v b7 —2 &40 L Ol e e
SNBEFON P(V1 | Vo) %, AIRERIRD Z DI OESD
3 P(VL | Va) IO 3 2 b EZ 5. T2bb, 3 (A1)
2, WA DI N L 7 DL F ORI ¢ 2B 5.

Wnm — Wnm + (67 (knm -

HAB Ry FAaEt xx & xx 5

P(Vq|V2))
PI(vy|Va) [°

(A5)

’_ P(Va|Vy)
G'=v, vy P(Vl,Vg){log P’(V2\V1)+log

ZIT, BLSMARAAE ZIHIE, Vo 25 Vi AL 7085
GOETOSME, FEROLNOSHEDEI%2ET, K (A1)
ERBRIC, G DEIVNZ VR, 2005 AN 2 2R T,
X (A3) LRBRICEMT 2 &, =2 F —BIEDRHTIERD
oI Ns,

’
528 —=— 4 {Tg P/(HIV1, Vo) unum+S g P/ (H|V2, V1) 2un?um -

’ 7 !’ !’
Sy PG H VO Wl oSy g P E V) 2 wm }-

(A.6)

K (A.6) DAMHE—, FE L, KX (A3) OALE T
Sy P(H| V2, Vi) 2unuy ZRLIEBDTHY, Z4UE, %
vy b V=7 DAHN%E Vi, Vo TEELT, RiUEDREDA
DB LEBL WD, #5E6T2200 /7 — FORE 'u,
& luy, AR 1 ICR2HEE 2% (28HIZ, Xo kT
i 2un & 2wy, EERBILTOZ)BOBLCHETs L%
. o, A=, FUEE, X (A3) OAEE IHIC
Sviu PV H | Vo) w”um RLESDTHY, Zh
&, 2y bU—2DANE V, TEEL, Rid e B oRE
DR LEH L KD, #iAT 5200 — FORE '), &
Y, DSEIBFIC 1 IS 2B L, MR Vo TREIEL, Biuge
ANEDORER DR LER L R0, BAT222o0/7 —F
DIREE 2w, & 2ul, HFAREC 1 ISR 28EOR E LCEHR SN
%, I, HUE—- FHEE LU GHRINZHEEE Ko,
A% =, HIEHE LGRS A HER K, L35 L,
K REAREOEN RN, UTok)ickans,

(A7)

Wpm = Wnm + & (Knm - K;Lm) .

AR BEfE (Yuki Sasamoto)

2010 fERBRRZFR B TAHZERIAIRE - BRBEAIK
TAFRE AT IRR RS T, FERR AL R
FICAELBIEICR S, BHFSER R T 4 7 AW
FEIHER, (HARm Ry b2E&2EESE)

H)I| #—EB (Yuichiro Yoshikawa)

2005 FKIEAZARFBE 227 RIAIRE - BRAEAIR
LAk v, B (L4%) . F4E ATR ATRER R
T4 7 AR, 2006 45 JST ERATO
HALAIfES AF A 7mY =7 FF%EE. 2010 F
& D RIR2ERABE R T2AR RN & 72 D BI7E

ICE 2, BMFE R T 4 7 ZADWHFFRICHEDR,
(HAm Ry FERIEXE)

%H 2 (Minoru Asada)

1982 fE KPR AR LB RLRE T 2SS R R I R s
T. 1989 fERBRRY: T Bh#d%. 1995 4 [HHH%.
1997 FERIA AR EBE AR RARE - HEREAIR
TAAECEIE, T (RBOK) & 74 b BifEC
3. ZOM, 1986 £S5 1 ERKEAY —5 v~

FRYPEEPZEE. 1989 4, LB ARWIEH,
1992 £, IEEE/RSJ IROS’92 Best Paper Award. 1996 {FHA R
Ry FERESCH, 1997 EATHIBERVIERNE, 1999 47 HARK

200x 4 xx H



12 oK 5B OB I M

WFEEORT 4 7 A« Xh b2 AEMERVE, 2001 F3CHRRE
KEHE - BB LB FUEEH, 2001 EHARBEB A R T 4
J A XA a7 ZAEME ¢ AAEERE, 2006 R EEATBCRTT
LT RIERANT ~ D WEE 2 Bk in 2006 74 A AT v 7t T4
J R—=ya v, 2007 (W) KISEREEESKINTHRE, 2008
42008 7'y FF¥A VH, 2009 EHAR Ry bEEWCEZNE
nRZE, @t (L), BrEREEYS, ML, ANLTAHEEY:
2, HAEMW YA (7 zu—), sHIASIHISEY S, > A7 LHlETEHR
ey, HARSG » A4 (BH), IEEE RAS, CS,SMC societies 7
ED4H. NPO RoboCup HAZHE&HH, RoboCup [EFEZEH AT
TLYF Vb, (HAm Ry FEERIEXE)

JRSJ Vol. xx No. xx 12—

s

xx, 200x



