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A Learning Architecture for Intelligent Robot

— Symbol Grounding via Feature Construction —
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In this paper, we discuss some open questions and their possible solutions for human-robot interac-
tion. Especially, the paper describes about the problem of situation dependency of natural language.
To tackle with this problem, we propose a learning architecture which can construct constraint ex-

. pressions between sensors and actuators. The architecture uses the idea from constructive induction
for discovering the new features. The paper also describes a learning system ACORN-II to illustrate

this architecture.
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3.1 EKIRIE

Bl2it, FAxDHIRECHRE S - BEBH O
Fv } Einstein DB TH 5, Einstein (3T
BERE#L VT ERD EADATyE VT E—
Zi & DEREIY A, Acorn-1I 28a< ¥ F % 5%
TAEEODDF—FE LT, INLEBEFE LY H
LOEEER, BLU, AF v EVTE— 5Okl
MEITR ) OOV AEKADENS,

X 2: Autonomous Mobile Robot: Einstein

3.2 [X&E{@h]

185 (2) TR/ & HiC, EEFMERIIRIRIC
BIEST D, 22T TRECHENS En)aw
YRS A0Ky b OfTE2S,. AEOHENK
SRR TBHEEELDT LT B, M3,
ACORN-ITIZEZ 6N 5 [KELLENS XT3
EEH (A)~(C) BLUESEF (D) #FLZbHD
THb, MiZaRy + OEF, AT Ry b3
BOPNTWEHEBERL TnE, TIT, H3(D)
F.(A) & EEEESAKEVIC EbLY, &
ERE B o TWB I EERSRA,

F L, BFEOrETEKXEY (primary fea-
tures) & £ DKRYT—4 (0~3) #RL7AdD
TH5S, sensor,,sensor;,motor,,motor; DAEIL,

ST T, 4 RTLDOBRFIF — 7 25 4 DY v T AR

F1L#N Binstein DAREEEY OB HE, £
RS o ME. ARERONREE. £
RER o HIEEE * F 7

—RT, (BT LOBDEED) TLALDF
BYAT AT, VAT ARBETTABRHT. &
Bl T 5DICHV RN FEEROBRT S
VEBH BT, L L, IIETHRRL 5T, #a
OB DI T row-level DELR D SRS
FRIHIET T8 FBETHIETHY, o5
P LOMBRENEWEARBELIKET 5 I LR
BRTHD, LoT. TITH KXV ET Y
FarL—y 07— R HEKEHOHEE L, IhbI
KECHRB—fALT7 ) T1) X i (Generalization
to Interval) 2 WH L. TERA VA LicfEicid
Feature Construction 2 & - TH = L BME% 45K
THIEERATVD, TOHIOVT, FELLC
BB TN T B,

3.3 —fx{t7 T XL

Acorn-1I 3. IEFEH - BHEAH» 5 —fK1L %
772 5 7212, [Hiraki et al. 91) THWLR T
% . Generalization To Interval (GTI) &%
w3, GTI #id. Michalski @ closing inter-
val rule[Michalski 83] & % v*i3 [Salzberg 91] @
nested generalized exemplar theory & [EA%IT., 4
&% n JOTZEM Er LR E L TEIT 5%, GTI
%% [Michalski 83]. [Salzberg 91] &% 5 D i,
BETh b LBEMERTHRREIUT, BE0M
BEIME (typicality) 8 b ¥ CEBTHHTH 5,

#2203, GTIEOBRERRLIZODTH B, T
T, BESERTHEEE R, T, 47U A
VAN ENDIE (B) FEBlE ITRL T,
ENTVEN H VT ) T AV E = NVDORESEHFIMN
TORRINF — 5 OIICHRE E )M MBEL 2 D,
ST, ETOIIBV T, TRRE» LHRT I TORKE
PELVHODE LTS,

TIDHRI, X7 a A PEFMEESLLDLE
ins, 2 h, inputlayer CADEND DR EFITHL
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3: Positive examples (A)-(C) and negative

example (D) for command “Big Trun”

7, plEEREFNR S A DR T 120D T
A= T, PToRICL o TEHFEND,

._ number_of.neg-instance(R,)+1
Pn = number_of_instances(Rn)+1

p>a(<l) Threa, HHERTOHKLATES
Bzonb,

BlziE, z £y WIBKIK Lo TEBINE
AVAT VR
instancel (z=1)A(y=2)
instance2 (z=3)A(y=2>5)
5 GTI i x &y CRONS 2 KILZEM LD
B

(1<z<3)A(2<y<H)
AL UCAERT 5,

GTI . BESBIET — 5 THAHETL—
BALEIT R D S EWTE, O, AV 7Y RXVS
WEANEN AR » OS2 FEBTCELIED
By 28ii WRLAGZHCELTWDEERD

[ H i sensor, sensomvl motor, motor;J
(AYy [ 0| 5.000 165.000 | 0.000 0.000
1) 17.293 | 176.762 | 5.965 4.080
2 5.086 165.005 | 5.965 4.080
3] 21.668 | 181.068 | 5.965 4.080
(B) | 0| 15.000 | 305.000 | 0.000 0.000
1| 36.864 | 326.259 | 10.046 | 8.162
2| 15.150 | 304.999 | 10.046 | 8.162
3| 43.643 | 332.989 | 10.046 | 8.162
(C) |1 01 20.000 | 350.000 | 0.000 0.000
1| 44.589 | 373.973 | 11.302 | 9.418
21 20.173 | 350.008 | 11.302 | 9.418
3| 52.809 | 382.133 | 11.302 | 9.418
(D) || 0| 85.000 | 285.000 | 0.000 0.000
1| 109.557 | 309.006 | 7.221 5.336
2 | 85.139 | 285.040 | 7.221 5.336
3| 117.775 | 317.166 | 7.221 5.336
# 1: Primary features of Positive examples

(A)~(C) and negative example (D) for “Big

Trun”

b,

3.4 Feature Construction (=& 5l
K DER

GTIEREEN LA FECE LT VT X
ATHA, L, TIVIVXAIIATENDEH
Bla 50 LTV B RIS, 2E T A IAIC T
ChRVIEE, FHOEE THRINDERO L
WEEA R AL TLE ) THEMS D 5.

BlxiE, %nFE10EF (A)~(D) DEFENKE
i LEEGTI AW T—#{bETe > &, X
DL HERPBEECERERTLE S

9 & THEFHOBERFIF — 4 115 L ToHR GTI %:#EH
L7-#ER%RT,



% 2: Acorn-II’s learning algorithm for con-

structing reagions

For a set of Region R, parameter p; and ¢; w.r.t.
r; € R, and instance I
If I is positive instance
If exist r; € R, that contains /
then change p;, ¢;
Else extend r;(€ R,) so that it includes /
and change parameters p;, g;
If I is negative instance
If exist r; € R; that contains [
and p > «
then replace r; with boundary points

Else change ¢;.

{(17.293 < sensor! < 44.589) A (sensor]
176.762) A (motor! = 5.965) A (motor}
4.080)} Vv
{(17.293 < sensor! < 44.589) A (326.259
sensorf < 373,973) A (motor] = 5.965)
(motor} = 4.080)} V
{(17.293 < sensor! < 44.589) A (sensor]
176.762) A (10.04 < motor} < 11.302)
(motor} = 4.080)} V
{(17.293 < sensor! < 44.589) A (326.259
sensor} < 373,973) A (10.04 < motor}
11.302) A (motor} =4.080)} VvV ... V
{(17.293 < sensor! < 44.589) A (326.259
sensor} < 373,973) A (10.04 < motor}
11.302) A (8.162 < motor] < 9.418)}

I

Il

>IN

>

INIA

ININ

i, [RECEN] PEBOHROKE 21K
FLTWAICHEbL LT, FET58ME%5b¥
5720 DEWRRPEAREIC L > TR a2
LbODITITTHHI LIERET 5,

D& MBI LT A1, Bl E3o
moforl

melere ___y t Y0, WKy b OEEREY

sensorO+s ensory

motory SENSOTy 7""‘5%0’1
motor, sensorO+tsensor,
+sensor;
(A) || 1 | 0.684079 194.056 0.004024
2} 0.684079 | 170.092 0.004024
31 0.684079 | 202.737 0.004024
(B) § 1} 0.812416 | 363.124 0.0025388
2 | 0.812416 320.15 0.0025388
310812416 | 376.634 0.0025388
(C) || 1] 0.833258 | 418.564 0.00225205
2 | 0.833258 | 370.182 0.00225205
31 0.833258 | 434.943 0.00225205
(D) || 1-1 0.739018 | 418.564 0.00199735
21 0.739018 370.18 0.00199735
31 0.739018 | 434.941 0.00199735

% 3: New features of Positive examples (A)~(C)

and negative example (D) for “Big Trun”

Fy I meton ) SRR S (Y A H sensorl +

Smotor,

sensor) TH 72 ICAER L 7B A AV THIR % R

motor

> e ==L
BMLEL CRL L vy, mﬁ%’%m%%%\l‘

T RIB AT B &L [RE CER I
W a4 7 s Faz—5DEER:

motory

0.00225205 < ;;;—0%0—'_—15 < 0.004024 --- (1)
PELN5,

LAl [KECENR] a< v F OBEREHE
DRE S EVIYRPIAEF L Cwrods, RN
ELTHEORREER L 2B 7 7 UA )
5252 L3R TH B0, £ T, ACORN-
II TR (1) &) RN RET 5720,
Matheus[Matheus 91] 52 & o TGEEZDEEN
P L BN T A, Constructive Induction DF

WORRIEBRICIET 5 L X GNBDT, HHRREHFE
LT EABSAROD S ERTERY, TORIHE
L. Wrobel{Wrobel 91} 1#t5? grounded model ? 7 L' —
LY=L LT, QELVVOMIALOEELFIAT
1+ T% { primary feature #ZAb - YIRT A = & DEEHIC
DVTIwRLE TV 5,



2T VT, FRME (new feature) 4BET 5
ZERRATVS,

Matheus[Matheus 91] (. new feature * B R
TAHLTEETREZLELT, UTna% 5T
Twb,

I. WO (ED¥ A 325 T) new feature ¥ 4E
BT 500 ?

II. New feature ¥R T A 72012, EDL H %
FRU—aryEFEe, BREETHED
feature IXF L CTENEFHHT 200 ?

1. (MEEKT: feature 233 5 & T1UTL) £ D feature
BB REN?

AcORN-TI Tid, GTI T & o TARE I N D FER
DED, o LOREL -MELYBL 256
{2\ new feature 2 AT B - ODFHiE (fea-
ture construction) ¥MEU/ZL., #I THEKS
Wi -2 B AT, BEZEM % BT 5,
# 413FHi & feature construction NDEXEZ |
# 5t GTI # & feature construction NEHE%
FEL7ADTHAH, T I T, feature construc-
tion i3, ¥¥, BERFEL T2 EMEL S 200
BYEER, {—, 4+, /) DAPH 1 0DF R —
VavE#EAT A, RIT. TITHERSNIHL
WEME DRToBMIC A TH -2 RBEZEME £
BT %, feature construction ZSEEH IN 5L ¥
4 IV, GTI CAR S R -SR0Sy Lk
Kol & THb,

Bl E. feature construction & GTI IZ & -
THEEZER R S F (T 2 -0 0FEE L BR
FTHHELDWTHRRZ, L L, BRIKEGZ S
NBEAREOBEL B L, T THORLS
LS FECIRBERRRIFERE BB, 22T,
AcorN-1I T\ BRIIF — & DREAD & KEOY
YTNVICEBT B % EORBIGHVO NG,

¥ 4: feature construction: algorithm for con-

structing new features

Let OP be a set of operators OP = {—,+,*,/}.
For a set of existing features Foig = {f1,..., fn}
Select two features f;, f; from Fy14
Forg = Foa — {fi, fi}
Select a operator opy from OP
frnew 1= New term which apply opy. to fi, f;
Frew = Fora + frew
Return Fi, .y

#* 5: Relation between GTI and feature con-

struction

Let N be a number of reagions constructed
by GTI, F be a set of existing features F =
{f1,...,fn} and v be a positive integer
1 N>y
Then Fpep = feature_construction(F),
M := a number of new reagions constructed
by GTI using Fpew
2 If M < v Then Return M
3 Else F = Fpeu goto 1.

4 FTEHESHOERE

LT, RO ANHE TRy bS8 T
7a VICEREEVHVLNRLZ L EFABEL.
FOWEMEE % B RIEE IS 2 7200
FET XTI F v RE Lo AT —FF7 7 F ¥
Tit, GTI H:& feature construction 22D
FHEFZHHENICHYAZ LICL ), iR a~<
YRS LATE R 2Ry P ASRO R VL
77 Far—sHok#HRE L TEET S,

CCTRELA-FEB7 X7 7F v %Ky b
WEET D ET, RN~ VKRt AIEES -
BEHLEDL I LTEZ PP RHBEE R 5,
ACORN-II Tix, 7 =2 A7~ a Y OEHELET,



Ty AGERFoTu Ry M RFEHT L 00 Y
§—7x A A%MEKL. E (B) $pe5262 8
ITL TV B, [ERICIE. tele-existance ¥ AT A
* [Kuniyoshi et al. 92) KALND L HITE Y 8
YYRTLAEFATAIEDEZ LN D,
AKX OBENEE LT, AN —-Y 2D
e M EZFE T — % F 7 Fxlarus
[Langley et al. 89] %% %, Icarus Tt #&F
B AF I Classit{Gennari et al. 89) .l & L
FEBOY T EV 2 - VEMASDED T ETH
M-z 2 BETHIEERA TV D 4
th, AR L OB Y 2EFL T (FREFTH D,

HET

AHFSEid PRIME Project D—E & L TiTh b
Nizo BERMDLTOERIIEML T B ViR
IR DRI L 72V,
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