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Abstract: In order to explore the cognitive mechanism and simulate the cognitive ability, we develop an artificial sen-
sorimotor system with operant conditioning function (ASSOCEF) to improve the cognitive and intelligent ability of robots.
The system reproduces the biological motor cognition by simulating the sensorimotor system and realizes the mapping
from perception to action. Meanwhile, the system is endowed with operant conditioning function based on Skinner’s op-
erant conditioning theory. It forms the close-loop system between perception and action in compliance with the logic of

“stimulus-response-reinforcement’. Two classic experiments in behavioral psychology and control theory, Skinner pigeon
experiment and Wiener worm experiment, are performed to testify the validity of the system. Comparisons of the exper-
iment results prove that the system successfully simulates the biological sensorimotor system. With such a system, the
robots are endowed with the abilities of autonomous learning and self-adaptation to the environment.

Key words: sensorimotor system; operant conditioning; Skinner pigeon experiment; Wiener worm experiment; cogni-

Vol. 32 No. 5
May 2015

tive robotics; neural networks

1 5|35 (Introduction)
TRZINEHLEL B A AT & Rk . AT
H E\ *ﬂ%ﬁAM£L%‘% BHEE DG S, [ %8
B BRI AS X ki, B TR T
“ U\%Hm%&}\p" ” (cognitive robotics) ¥t . Brooks
AT APHI AL T — A~ 44 A Cog I NTEAL A%
N FFREHLas AAZIAT R AT, FEEEH T AL
NI
TENFIHLAS AT, A HITE SR B A N5

Wi H #: 2014—03—25; 3¢ H#: 2015—-02—10.
T35 1E# . E-mail: aiandrobot@163.com.

PRI EE N, W R ERAFTER
i) AE. /‘A@MLEJJW%?\%@U\E’Jﬁ\?ﬂkﬁ%ﬁﬂn
Mg 2 — A RIEWIS BN RGBT H NGB A
?‘%f&*ﬁ?ﬁ@% Natale5 AP N JTEHLAF N BTl )

WIB BN FRGE, el i A, B A TE S TE I
S IZ B2 PR L Kuniyoshi fllSangawal* 37,
TP B, T T A G IS S A RN K
B AU Kimura®E A By DY EHLES NSt T 15
EREIE s R, BAPER R OB s,

JE U AR A TR H (YETP1610), FE R HARRAIEA T H (61075110, 61375086), L5TTH AREI RS0 H /AL ST #E RSk
THRIEE 300 H (KZ201210005001), FE5E 3 abifor & 1973 I H (2012CB720000), s A 424 R S L IR £

(20101103110007) %% B.

Supported by Beijing Universities Young Talent Plan (YETP1610), National Natural Science Foundation of China (61075110, 61375086), Key
Project of S&T Plan of Beijing Municipal Commission of Education (KZ201210005001), National Basic Research Program of China (973
Program) (2012CB720000) and Specialized Research Fund for the Doctoral Program of Higher Education (20101103110007).



55

ST HATRIERAE O HLBEM N TIRIEIEZ) R4 675

PASZI 38 B 3 254758 ; ChaoMILeel® ) [ EHL 2%
ANFR ARG B TRz s M4 R A
g, TR R R B TR IR BN Mathews S5 AL
R T — A4 APASARIN N LIS B R LR, nIHSEL
Sy AL S e B AR AL, PASAR &
AT ARG FINL, Sk AR BEAE RO B 22 S IR 4l T A
AATRIEBRT TR

XL T N T IZ ) RGBT 2 s A0
i S N R BENALEE S LA % R R R, R
DU J CASEAE Ay v R sy A EILRE, 40T 2 > L o
e R O T IR AN R, A SO AN
(Skinner) A E A A S BRI A 21 A K, vt IR S
T RABRAERA RN PLREI N TGI8 5 R4S

W S AN BRA RS SO BER 56 [ 25 44 O 32 5
£:44(B.F. Skinner)$& Hi B {4k & IR B T ELRT IR
(P20 LA A B, R FL (A% O sl gl ” AT
THOF. AR “ AL 43 A IE 3 4K (positive reinforce-
ment)Fll 71 5# {4 (negative reinforcement) 4 Fii, 1 5% 1k,
PRATAT HUAAT 5 ) B Nt 38 o, 17 A7 s AL M e Al
A BRI BRI SN0, A2 AR N e IR )
PERZN, AR IR PRSI [ AR DA )
AR BN, AT ASE 15 1 IR 1) BRARR AT 2 17 2%
BRI A AE A, ST RS SR, 4
NI ERAE AT RO BEAR S  T AE I SN iz g 2
(IR AR, AN AR SN, [N SEMAIs B (R, X 1E
S W AR IAZ L.

W AN A E S RO S 1S B AR K= B
5] S NSRS AR B TUERE. B R 4190
SEARHIHELR, B A AN D228 KR 30 T
XPICHEAT U S A5, T eh e PRI REAAC TR 272 04T
h. ZalamaZ NPV % T Grossberg 1) 4 11 Js i #5574,
DA ACAZE R L2 NPT ] i AT P A T~ 22
BT SO, AR BRI AR SR SR BB TR AZ L AR
Ttoh % AL T #8411 S St R Ul ER 18 AT S A5,
fERLES N e AT 2 SCEIAT A 82 B 3l I iE £d
HREE AT AR, Salotti % AN T —Fht
THAF T AR, iZ A58 HH Rescorlafll Wagner 1] £
BUGAT BT R Rk, 25 -G DU J 19 28 0 L EA T
O, B 2SI T ORHRAE S AT SO N AR AT ST
B Cyre NU2ER N T2 W 4l 48 0 I 2% (ASNN)
Ryt T — A A B SR SO DR BN T, A58
HIAZ O 3 A AL B B PR T, 2 Rl L4k, i
T HAN 52 2 PRS2 S I )7 B SR AR TR R AT
Rk, R 2 A NSRS B 2R B, DR SRR
S EE ST RURI O SRR, 12 O A B A 25 21T, 42
H—F AR A A RO B L, B A A1
T RS A R A SRR, R LN H T AL AR A
TR ) 8, R B TR RSPk, DA B A EAR A

ARV BERHRAE A AF SR REAT T S, (R IR
W RIESTIE BN ARG, BATHIRA A F SRS
ENANZE ARG a2 1.

ASTCA S T e g R AT 2 A1 S PR, F TRl
TROGEIBEN RGBT, AT S R EN Rz 3 1
RS S AR 1 [R]  3 FAT A A A SN HLRE, RES LU
RPASILRT FE LA A 2 24708 O T AR R AT 2%
PE, Bevk 10 USRS FLEAT IR UE. YA SR
59l Ay e e A S AR AN AE ML At S 20 S S
(KIS RAEW] T AR [ 15 P
2 AR (Model description)

HA BRI HLRE T2 50 R 5 (arti-
ficial sensorimotor system with operant conditioning

function, ASSOCF) i1 DL P KARELA ke, TP 1.

BAI-1E )WL

HHRSMMM
AT Btk
WA f o) L NIDCSM ASSM
0CCM Y v
H i PREE [ R
i1 0FSM STSM

1 ASSOCF&5 7~
Fig. 1 Structure of ASSOCF

1) & 5n-i2 5l W S % He(sensorimotor mapping
module, SMMM). JH A5 B Sy — A3 )28 i ot 1 48 R 4%
N3[l,m,n], Hordr, iy N 25 RS2 2 ) AU AR
WL, B 2 S 2 2 P BUERERE W2, Tk
NEAEFIANETT, DAYt T R AE I B A 2115
B, B RITE “RBENZE T BB RS mAN R TT, X
SN Z AR AE BT VRN, Ba 5 2 AL
EFEFEW L, W2, MIhRe B T A=Az 8 R 48
HPIE AR E X i B AL S AN TG, AR BE
LT HInASIE, H “IB3NE" . A7 BT (feed
forward) 77 AL HE, LIKME . B3 )= B3E R R
g)), ST IBEN RS B LR G 2.

TEIX BT B B A2, AR RS BB R AN ek
FICATARE WD Aty AT D 550 0 PRSI e
WU TR RN S A, BRI K B I 2 B
S, (e A IR ARG BAEAE R h A2 DL
45— 1 gmhd T A% 38 S AL FRLIP) . BRI, AR TR o g Ja
XTI LRI ANINIX 53

2) PRAE AT R T SR B (operant conditioning
computational module, OCCM). Wi 1 Fi7w, HEARER By



676 E o

5 N H 532 4%

SOBRAREE VAR ) pR B TH L BRI IR
AN TR .

@ A H# A E T B 7 B H(negative ideal degree
computational sub module, NIDCSM). fTif 9t Bl A8 &
ST BN BT N PPIRASBEA T VAL 1 — M. ek
FIME R N PR S S BEARIR S 2 W] ) ZE BEOK, F R
LR =N Ry N L <2 N0 - i A N
I3 MR SORESFARS R s 2, £ B
AR ) U6 B AR SO B RS REA T VA, THEAS
HUX P ANASFPIRES 1 T B AR AR 2 22, Il 25
15 BT LIRS Ky 51, IR F RS L AR S Y
IARZS Hy 5o, S0 BRAELRE BRI B A e (+), T AR AT LR 11 i HA
HAe1s = e(s2) —e(s1).

@ HX [n) bR £ AE 1F 5 7 A5 (orientation function
sub module, OFSM). U [i] BRI LS4 T HAR AL A4
(VA P, Sl T A RS R )RR FE . 326
TR RE s AT I E e 20IRAS s J5 I HR) 2R 4L
8, FAEYROA S —2L, & > Of, S IEH ), Ui
R ) THADIRES, REPEREE AL, 0 < 0
I, A, B RS EREE IR % § = O, A%
W), 15 W) R G 1 BB AT AR AL B MANIDCSMH
PR BAR B ZEE A NN, RO R E v 557k
THECI R B BUE, R E HiH BISMMM AH 2 5 EU{EW 1
KW 211 %
>0, Ae,, <0,
=0, A, =0, (1)
<0, Ag;; >0,

K Ae;; = e(sy) — e(s;), Bn) R FOLE E LIX A
TELE, hXS Ae,; PR I% i eR B, HANEBEAe, 4a0)
Y. A, > OW, SAFRARFERE R, Rgbtfe
FE ) A 7, DRI i) R £ < 0, HLAe, ;BOK, B Ry
oM, R2Z, M Aey; < OFF, FOALREAR /N, Rghk
R [n) AR 4, DA n) R 4R > 0, HLAe, 80K, B n)
PRELOME /N, M Ae;; = OB, FBIAR AR, RGPk RE
AL, DRITE A K50 = 0.

® 173hi%k £ T F e (action selection sub module,
ASSM). ZAEL BN SMMM %, i 3RS a1 4R
B IE A, 2 I EE A 57 (winner-take-all) [
R MR S KIS EAT .

@ R A& B T R H(state transfer sub module,
STSM). iZA R K BEASSM i, vH AT aE 2 5
FIURPIRES A, W SBrIRES, 6 I H #ISMMM
R B2 (7 HH BINIDCSM, BATHSUBT IHR &
() B ERAR RS 7.

3 RBEATHFE(Operate process of ASSOCF)

SRy R 2N E PN TN i ae i EZ i L i
HMAsr, i =1,2,-- L ERERBEHEANMEITTH RN

51’]’ = (S(A&‘”)

Ahy, &G MZ TR ARG BB 2 o M TT
(RN K3, 2o MGG m? s wi; R s
RS T0 S BRZ S A E T 2 R S B,
W, RNBRE S AT 51882 H o M T2 1]
(AR, RGOk G~ D BEEAT:

LB YUk 1 8 10— 2 B e R
SMMM 45 K (RPN Z B2 M B 8)) |2 55455 2 40
Heih), ARUEHFEW 1, W24E[0, 1] EBEHUEUE, #iE
W RREIRAS, 18 2 )40

BER2 R EPRA A RN )2
PRI LT P2 1 CAESE TR

EANBE B IR, J1:
B30 AR TR

s =s;. (2)
BB 32  ERG) - Z
h; = ; wi; S}, 3)
W= e @)
HE 33 WX (G)-(6)iHHizahEmit
Mo = Y wjoh?, (5)
mg, = 5710; (6)

FE4 Wissh 2, ) A RIE)
EEA MR

L

TSl
i p, BB o N NEX N IHER, |mk | Ko km;
SREACRRT=

TS R WA 4E” (winner-take-all) [f) J5
LB KB ERAT

(7

PB6 I IMEPITIE RS, WPk
&;

TBT MRS EBAE AR .
WAMEPAT IR A so1a, PATJIREN Spew, TELAR
FERRECh e, MPARF LA FT 5 1 AL Bl 2 2200

Ae = €(Snew) — £(Sold); (8)
WIS F M) B0 E S ) bR E A, i
H0;
PRI SHABIEE R SRS, R
(9)—(12) AU :
HIE 91 HE SR SRR R S
Awj, = dn hj, 9)
Wio(k + 1) = wjo(k) + Awjy. (10)



%5 RS HARAERE LR N LIz 8) R 5t 677
W 9.2 TR RGN R R R 4 {jESEE (Simulation experiment)

Awg; = 0nwje(k) h;(1 —hj) s, (11)
wij(k + 1) = wi; (k) + Awij, (12)
b g2z 2 %, 2R, 16 > OR, FRon REGetkhe
T AU, Awjo=0n I} >0, Aw;;=0m wje(k) hi(1—
h) si > 0, Wwjo, wi R, KRB Ef R, Bk
FERIMEZE AR AN BN 2190 < O, Aw;, S Aw,; ;328
A1, Ww o, wi PN, X NS AE ST H 80N, A 18 26 1A%
FRALAH N R 210 = O, Aw;, S Aw,; ;35 4 %, N
Wjo, Wi N, R ENVER AR, R I R
FEAAZ. FHUCSEIL T A RS SO e
TE10  SHIREN PR
ST FIWE L S5 ARAAE, W, )
SEARESE, I, B2
RYGSATIRFE M TR B2 PR,

HIFRAL - 4 52 RSN —IB B M AR R 444
ABUHARFEBINLRUE, T IR,

!
| R A B |
!

2 AT 2% B AR BATE B
S bremifiinl S o)

v
|m%@ﬂgﬁm,wﬁmw¢ﬁWM$ﬁﬁ

I

| wmmER T |

t=t+1 '
| THEAMEPIT R PREER, WxFrRE

!
| RSB R R |
{
| SR e
!
SIS R MR, SR |

!

[ smrenmins |

K2 RGusiTiiiER
Fig. 2 Flow diagram of ASSOCF

H T RAEA R G () IE A AT Rk, AR
PR LSRR BIX - H (1.

H AR FE b A= P 1) S S —3a S LI & SR AR AEAE
A T R FA R B AU TR .
TIERIZE L&, AT R AR A N g I 7
BLas A ML b, SEH T AT A0 B2y Sl i o
PRSI SR [RIINE, S — D BTABR M RE, 1)
VTR S, K A AU DI KRR
A S5 5t 2 2] B8 (operant conditioning learning mo-
del, OCLM)#H LA
4.1 Wi &258 5% (Skinner pigeon experiment)

UNTTFTR, Wik T UEW RS0 SO BR, F
AT T RERIBIAT A SEB:, 25 44 (R e a8 891 S50l
e 22— AEIRRASSER A, 8 7 s E — M ()
FAA A GNFE), TG AT S . WE3 ekl WK 4L (f 4%
HL, 85 7R A3 2 W A, o AR TG K
WA, W22 7 ks, gl B, JF LA I 851
W3 (2 L 1) RSB A AR 45, AE SR B0 HEA T — BN T )5,
ERRUCANGK SN €I CIRTE E A -l S R N gl
FEEH AU B R B, TR T 38 ) e

D7 FLSEH P B 2 TR SE R34 T T AL

e, SRENEMA T = 1, AR YR

CORHT L U IPURENE R, Hoh, Bz
NN ARR IR AR A “ UL, d N 2 AR ER

R AN U7 s E A T
Hon = 3, AL KL OALHL 7 B (AR HL” K

TR (AR 3P BlAE; i 2 ISRER S5 R, Kk 2
PRZETTA B 7€ 100, 2 BUE A FEW 1, W21E[0,
0.051BEHLIUAE. 2 HIARIRAE A “YUHR” . AR5, K 2400
ARAS RN B AR N2, AT Tt 28 19 2 1) LA
ik @)—6) it HE iz g =5 . B, iz
Bt A7) AR R S EE G A, ik
PR BORBEIAT. 25, IR TR RS
BRI RS ERAT JE PR, JEK Al h

K1 MUBAIR AL FEE

Table 1 State transition matrix for machine pigeon

WRZLEEA Rl R
DUk i fUIKE Lk
S (s DLk DLk
e (S St DLk

PRI S B ARURE AR AR 23 AT V5, JF R 5
(O FFRPIRASHAZ IR (1 P AR A2 2.



678 7o o5 N A W32 %
A2 BREREREAL 3 ' ‘ ' '
Table 2 Negative ideal degree value for each state I LU 20 Rt 3: AL |
WA WE FM DUR 21 1
2 i
FHAEEH —10 0 10 gz sl i
o L i
AR (D) 2K, BE(13) B ) e B AR v 557 i?g - .
% - 1
exp(1/Ae;;), Ag;; <0, 1 : . . .
5y = 8(Aey;) = 4 0, Ay =0, 0 20 zto ”60 80 100
—exp(—1/Aei;), Aey; >0, eI

Hrp: Ay = g5 — e, R HLEE A MR s, 468 2R
As; S BAR BEAE AR AL, O, R AR I L )
ERATIEN

)G, SRR Bk 22 AL SV, M =89)-
(2)FERUE, e %y = 0.1, 22 2] 1000k )
FRFPL.

SIS S W3R, M2 2] TFUR I, ML RS BaE L
TEPEWK I, DRI 3Fh B 1 N2 AH S Bl A 24 S 1
AT, WIS YKLl e L N T T, WK (e,
S PIRE BT T e, HKHE (O F A2 T B s,
Z3L1000K 24 2 i, HLas iR 21 (L L IR L8
1, MK W O 2L RN T 170, X 1560
WLESRS O I RAENTE, BREAE R g gdr.

Ty 7 TH, B AL R 2 o BB A, LA
PR Z T HAR, W4 R, TG, Pl
AL TR, Bl 2% 2 BIHEAT, MLAs R i 2 2
WK 2T (0 e L, AT PR 25 0 ) 2 AR, 2 2] #|
A0S, HLAS Y TR e 7R 2 RS HLAR ARSI 2]
JEIL T AW “IEN-ATE)” HLEIRITE G FE: HLARRS
I AR AR B & A EPIRAS UK. i),
MENVEPAT ORI AR I, HLAS RSB ERE R A A
AR Bk, AT mT DA e, TR e R
W4T 5)), SEEL T AN S AT B PR R4, S &ARIL T
EYEA S BIEN I RERFE.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
03p
025\
0.1 F "3
0.0

~~~~~~ Wik b |
- e
— g |

HLERR B E

~~

R o e o Bl e e R

(=]
Sy
(=]

FBH
Kl 3 HLEsROBIERLAR AL Ol
Fig. 3 Change of the action probabilities for the pigeon

Fig. 4 Change of the pigeon’s states
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Fig. 6 Result of the Wiener worm experiment
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Fig. 9 Another result of the Wiener worm experiment
based on ASSOCF
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Table 3 Program running time comparison

Wr gy Ty YRR R
OCLM 0.4037s 129.7701 s
ASSOCF 1.9398 s 0.4179s
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5 %5 (Conclusions)
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