814 % F 6 I
1988 4 11 H

E

)

ACTA AUTOMATICA SINICA

. = 1k Vol. 14, No. 6
Nov., 1988

I %% 24 (Boltzmann Machine) 5
Hi&E MR IR A

AN R T EFHI—FH
HayfellEBR4E, BEIRNETE

MLFESIT BRI R A&,

AT O RAGRHIA

AT

IS > T BB ﬁﬁméﬂxﬂ‘?#ﬁﬁz
pIE R B, HEEITIR E;—:Jﬁ—tlf\%uq:

BM HJXH:
INAE—
p AN SEEE

—B AT 0 BR 1 RIDLE
HISHAIR.

I

]ﬁ] Ry
]

i
iF SR —— e 2 S UL AR 2 SR LR K

=

325 5 #], (Boltzmann Machine {3

Vi

MM A, PPN T BENER RBIEESHE S

—.;7@ BM) E&EEHIN—FiTERERLY, E—
HTF A T&EfEFREE—ERE., BEFRE
ZIijEt%? A BM RO AR AR kB B

1 (3, 4]

—. BM gy B &= R B

AR Tt RE
.57 R BN AR A&
IR AIEREL. WEAER
RECFLHRPAREFRE, mX—R A ELP M EE BEEA

A BB HE A A0 A I AE I

F R EJE

B, BIRWBD o

—REFBA—NERERENERE. &
| ShES R A R AL T 3 A

BT

MR FE LS

M AFEANR/NBERIRE.

AT 1987 £ 11 H 10 E

I 3,

AL BRTEAE 4

R B R 5 % R 2

TG Z [H]

110 %kmR)., BERE—REZHERERRIUER LRERN

5 A. Rosenfield Z3E
B E— MY AT EE.

REEAEMRAAFRBEERNEE, T

NEAE I —RIE, 1M
PO EFERENMERETE, RER—MRESEZERES —RIENEZH

' HES(ERTONEEH., XMHERETLEAETE
1 B AU [A] &
L% A PR R 1% TH]

A,

ZELR E IR R] &

gy AABE " (Relaxation Method)PS1{RAH{EL, =]

R L

Hummel &1 Zucker
PRZL AT A 4% 3 ASE RS, S|

PR A GX1H

EEBAY XX — K& FE — R4 E PR
i, Hopfield 43 Hi ™3 W 4% py 45
TCHIE H B EE R B REERIT M.
LT MERA), RENIERHESIRSX

ERER/NERY




46 4 o L F iR 14 35

REEANEENFHRE. WEE RSWEEAIEN
E—--——Zw,;SS,-i—Z@S (1)

£<§

How,; BET 57 EERION:;S FERIRAB,B1E0; 6,285 B zBE. XHE
ANETTIRSHN T 4A B REE R WY

AE; & E;p — E;py = Z Sitwi, (2)

@ oo

Hopfield ffiBAUHAE MART A FEE#ESR, 8—RBEER/NREAUREEED
AE. BM BET 4R, %A RBA BTN R TEBREREM, 4FNEER
IR ERE A BREBRIRE., HERIESYRIB XL EBEL, 7 H 3, MAE; ¥
A (2)E X HIEBE AL , B0 i BUS = 1 BB SR ECY

— 1 -
Pi ” 1 + exp(AE;/T)" )

0T RO W, n] ] SR R R,
&R T AR () E B O BGE — IR AR 38, W& 55 AR RV, SPEAI B

-i';.H.

KR FRA(4 5 B)HME= Y LLEE I Boltzmann 4375,
;}é — exp[—(E, — E3)/T] (4)

Hr P, BREURB AR, X—HHESFIEREHREZBRLER, RRRHH REK
%%%%E?JEZ%#‘T LA, MEHIRESWEER S 1 EE RSP EZL ZH.

. LR K E

g M Kirkpatrick 2 AEH T IME SH A& B VU A BB 5 , IR X
(Simulated Annealing R'EA SA) ABEZITEZ ABMHET & fl:%?ﬁé%pkﬁlﬁlwﬂ“‘ Bl

SZitWERH, EF—CNERE Ty T, RGN AEAEBET HEH, ?{%m%&bb&?&
EREPLAY, A TIRE X, BB Boltzmann 4377,
pi(Ty) = Crexp(—E;/Tx),

Q‘_’,..II“_

— 1 .
C=— B

> exp(—E;/Tk)

TILEESEN, AGE TR ERENEEER., YEEAT oN,.RELTR I GE
R RET 1. |

AT AR BRI Rk 451 O R T e R NORA) > RS INAEL R
HIERE , R 5 “%Etbzﬂmmg, HARE IR B RS TRk A, XREEE]

REE SR, KRR R AR, MR RE KU, BOL R RS R IR
TR EAEARA. /AT EAHIX—IIR, T Metropolis S R—FibED




6 3

]

ZN,: FrzZ&E#), (Boltzmann Machine) 5

& M AR (TR B

465

E——

B, 23T K AR
SA JUHIEA

-—-'-

i’

g B

..

RARE, ¥ LRy
HERE T 2%
1) ME—51E
2) I X, #5
3) &

1];

T, ;

AE < 0,

1) 75’5‘ < pmu&%m XI.-..

% SA %&‘E’Jﬁ%@ﬁ
HIZESE . W a it
J;%Ef[l‘? 24] éi}___
HAYRYAE & DLk &, 4

1280, XA

2T Boltzmann 437

ke

0, FELE

A
.|

B,

1k, BN, FEFERIEARY

1U

AT ELE R
R EP, 55D

1

X SA BHEM T AR SR

EERE

o Al

X

—

1 .

PrRERELLEVE W
kISR, 4 T— 0 KREM
mimE T, &
b BRI Xoo TFEAE
CBENLREEI—E A X, R AE = E(X,) — E(X,);

W#EZ X, B0, ITHE p

SMEE Xo,

U3

ﬁgr‘?s

bl NI
T ]

11N

E

-_..._,_-.

LNENCOE
W*‘%"*ﬁ'ﬂﬂm
R THERBEE,
v, H FRERB( B

(AE
expy\ —
T

);

EEIE A7

ith

1. angu_[:l_%q

B (5= ARIEEE
T ER T L
%i% rfij[mw %
P HERS VT B

al

%1) j{

=, BM f2

BM E’j__a./\'}"“' Lt

RERNNER E
BT
FHZE ,(HE 2 B E
A). AFIHLE T
BM 1 HES
R

BM

JUN W

5

n)\jﬁ%"ﬁ:ﬁﬂ?ﬂ:ﬁ_}“

"‘Ai-{l;
Jijﬁﬂ%jﬁ

|

8 7.

%’ 'fl::

e
71N GRS
A%, ~
BA1F

M%L

H Kullback HJ1{E

1) £#/NEBETRITYE

1|-
5
|

EHRENRNERE E.
5 R GE1R K
i AN EAREEEWEGEY

A TR B, 1E

BEE

%L[46]$§1

7 PA

2 L

J4H ,—4H 5
Ee(FEREBEN TILIAZE), WLE
B, NG F

B Ex

WJEEE%EQE

T, 7E 5

pt 5 pm &
VI ER AN, BT 76 M

! [32]%_]_.

G = Z p* () ln :

HIH SR T B E

112 R Y

2 1 H] LB
T B R, Bl ZEES
n] Il 5

% Iﬂ; [:15—23]
e

RIS
H

BE SFEIRAVIERES  BEPLf#

FERIJT EE5F)

= Ey ¥EoliT#EELE Y AR
SRR Gk

e LE.

REFBRA
) E(Xo):

RIS = A FEPLE & € [0,

SA BEE

1&'1;]‘[28] s J 3;%'(

[29, 303

122 T N JE
BANH T K26

ém%ATﬁﬁWé

FIE

B2BuK -

BREENFEIGERTT, BrEENREERNEFEBARASREERIE
= (FEZSRY) ) LB g

%’%‘,

BN

SRBRERNRE.

ITERE
Tﬁﬁ;ﬁ{m F—

NE A

j':‘a—*fﬁ.

=]

= A H] IR

abk%‘?(ﬁiz

AT BLE I
IR

3 X oo B A B TR H b

2R Y.

E&ml T

= T »

———

I B

——

l:ﬁiﬂﬂf_

L TG4 DL Zh e A B
i [E[iE BM @k%ﬂ?ﬁ?b‘t
B TTREBZMESMEBE. EAMBRH
A LB IR S 2R B

5 & EZ 7 PE

A Z U AUE R, FI1E

J'_.IE :%‘JL

Uiy

s A p

HIGE

T ORINE

L] —

AR, X
H. XEWRE p

R B 2 [BRUEE RS,
P (a)

P

“(a)

> FEARFEFLIRI,1988,

T T ARF LB T,
MR ERZ Y
H S B A X 7 12 AR S A B HR A 5 3
HIREAR R y ARG TN DL
S505E, %)
SHHOL. PlAl,7ERI AL
_.ﬁ*l ZIETLE%%‘JEI’JE%,@,

HBl=E

e
£X

A S
5 o0 N n

E IR RS
ﬁééjiiﬁﬁl‘é]ﬁﬁ@n P 3K
JIERBRNEGR T
t 5 pTitEE,

(5)



466 H z & % R 14

Bt AT RE RN G, BEY

oG

Bw;i

pii A 1/0 EFFALET 4, 7 #A 1 2R, p; AR
& GE/NNEBHENE Ap;i= pii — pii BRIEEL

Aw;j = eAp;i, WAIEA

Wiy = wi T EAp;j, (7)
H Api BIE GZ2BE, LS HENETTRAIAEME.

= — — (% — 7). (6)

TRy R iR, " IL2oY

HIF

4, BM Higgse 2]

WEFEINEAENRMNF R EEREPY, HEERNEYEITEERAAEEE
FE A7 H BRI BN , B BEA RV ZGE L HIPIR B, BEEIAFTERE LDARE,F—K
& H ﬂl\%?l“—zii%{ HRFHEE, SR/5 H Bayes IR E; E-REBIEIEHEENL
BRI L. JE—Fh el i@ TRT%/I\*»JII%FW{KE’J%% RESBHRSE, HiXERAEE
NMESGCIRBI®Y, B RNAEENEW 5 i 9 (CRARLT e i2s B8k ) RIFE YL & 7
B, EHREER T, 1A YA %é%ﬁ?fﬁ%%’& MBI EREES—1
AR R B ESELCRITEENEEE — M E.

WA DI ST E wﬁﬂﬁﬁﬁaﬁﬁ%h%#flﬁﬁ. Wi R A E AL SIS E
B —A ARG, BEIVLMNE T B & ER—NMTE0, WiTasE BT A8, RRA T
— AR I RRA HEINL, BEHLEEE SRS RN DL Se 5 A& RO 1T s DL 3 n Bk
DM R, XHEMYTES RS EGEIIERARE, EXEsIHHNE X KEEAISHR
X HR[36—401,
fxJT A. Barto 5 P. Anandan 8 —FMERKEBZINEE: dr_,, TUBEN L&
ﬁpj‘j-&[‘il]-

& A= {a",---, a7} FRITNRE, BRREZIITE ax FEBIEN br€ B =
{1, —1},1&79%%%)&&1']&’3%&%1 0 € R, gt KA N A28 A BTIE A, i 6Txx +

n, BOBREL. Hth xx AHA ’I%Z_-ﬁﬁ%ﬂiﬁﬁﬁﬁmiﬁ‘, ST ENSHRERNH O F
TN, 2R 6 E’Jfﬁ*ﬁﬂmlﬁb
—or{ E[ax|Ok, xx] — brar}xr, 75 br =13,
6 4 — O = N
' ) {—lpk{E[aklek: Xk] — braxyxk, H br = —1, (8)

Hito<<a<1, p>0 AFK.
YEZERA 24 7 ARIB B[S 2] AR R E L, Bl an7E B v B ERBRZX, B
Hf(?‘)={0’ r < 0
1, »r =0,
Wi ax BURT Oz STHEGRREZR(RNFE £ =218 nw=20), 1 6ix:x EX
%..?J’E.Z“Wﬁﬁ RARHUBEHEE Ela|b6k, 221, BIAA Elax|Ok, xx] = Of2x, & A=
1, KHlirs zzc——bwm W(8)=2E 24




6 HA BN BE2EE ML (Boltzmann Machine) HH N BT R 467

Oksr = Or — pr[Ohxr — 21w,
X EEVLER NG A,
E(B)R R Elax|0k, xx] BRANIMRESHRIE, EHET BM tha] Il o
AFALHIE L, B p7, Grax BV MLTTHFARIELLRD 7 RK(DHRAEXL
Wiy — wr = —&(p5; — pij).
WA= ()X E(7)ARFE 2 AL,
VEZRIER] T2 4z, HEWS, REABREINEER n RA:
N HRE o, NET A

i
¥

TERE B

i
1 4+ exp(—7/T)
ammE EREXR, 5EQ)REBE—T, TNEFRAERE, TAHLEESRAEEN
MLz 4, L8 BM BE—MEENL YL, B5HBENEAR BT P LR oI, BREFE
__I%i%ﬂjﬁf)\ AR . “““%

g(r) =

h, FEIEE =40 R5] i b

e BM XFhHTIFEEEE, 7 T3 AT IEAY “Connection Machine™#2, 5 “Connectio-
nist”, XS ERAG B4 E L Eak,

XER[4310 B TH BM {fEIEFIRMAERN, BH T 128 M AR IT, 40 NATF L
TG~ 8 A H B I, A SR AR o M BRI R F 315 A TVEL X 11 AR R BLAR] 148
- RYE 5.

X #Ek[4414148 T F§ Connection Machine JRHIREB=ZEMIKRBITER, HGERMUT
AR E RN R E™ ., BIR=4R v DL Bk , R 3E Hough THPWBRE, E
LA NESHERADLESEICERNEER, ITEMNE TN ARRERBEPRILER
MBS ZE RPN —HSEL BN NIRRT REFEERN K RN ZERHEHEKN . XL
NEESTBAHEESBZERPEZIN EZLCHE. SRERNERX THEENE
EARAOR, BEAORERIERUGRDENESERRE. ITHEHNITIERATSE X
Bk[47].

BRI EVNAEG HARNT g, BE—SEAFEPBARTEE AR LA, B .

V) AR AU FE#RE R B EN AR AR, EFEN IR SRR E R AIRBUH ;

2) EARZEYHREIRMNERE —RATAREEEXE LR HERNEIIRE T ;

3) FEIREH,H—R =, |
%ﬁ%EE%mﬁL%ﬁﬁ%%%ﬁ%ﬂﬁi%&tﬁm%Eﬁ%% BM FFEET
H—EA, EARLEFITH, ENMIRELR IR F RNMESL FROREERR, iR
f%%%ﬁﬁl"%%ﬁ#&ﬁ%%ﬁﬂ@%ﬁﬁlﬂ XABRLEAREERET I FHERR. B




468

B # & F ik

ikl - ik il L

14 ¥

—

X7 HE
AXHZRZRERN, EREFIHEEE BM FEIXARTE
E’Ja%%ﬁﬁ%lﬁ??& H :Lﬁﬁjj '//L

[ 1]

[2]
[3]
[4]
15 )
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]
[20)

[21]
[22]

[23]

[24]

[25]

R TAE R 225 30 Ek[31,48,49],

e AE R ¥

5
%

53X 75 T
2 % X &K

HIB 52 TAE.

Fahlman, S§. E., and Hinton, G. E., Massively Parallel Architecture For AlI: NETL, THISTLE, AND
BOLTZMANN MACHINES, Computers For Al Applications, Benjamin Wah and G-J Li Ed. Computer Soc-
iety Press, 1986. 486—490.

Fahlman, S. E., and Hinton, G. E. Connectionist Architectures for
(1987), 100—108.

Ackley, D. H., Hinton, G. E. and Sejnowski, T. J., A Learning Algorithm. for Boltzmann Machines, Cog-
nittve Sctence, 9(1985), 147—169.

AHEHEL KXW 2>y « =2 BEBNE, 25 & (1987) &7 &, 23—28,

Rosenfield, et al., Scene Labelling by Relaxation Operations, IEEE Trans. SMC-6(1976), 420—433.
Kittler, J. and Illingworth, J., Relaxation Labelling Algorithm a Review, Image and Vision Computing,
3(1985), 206—216.

Hummel, R. A. and Zucker, On the Fundations of Relaxation Labelling Processes,
(1983), 267—287.

Hopfield, J. J., Neural Networks and Physical System with Emergent Collective Computational Abilities,
Proc. Nat’l Academy of Science U. S. A. Vol. 79, No. 8, (1982), 2554—2558.

Kirkpatrik, 8. Gelatt, C. D. and Vecchl, M. R., Optimization by Simulated Annealing, Scinece, 220(1983),
671—680.

Cerny, V. Thermodynamical Approach to the Traveling Saleman Problem: An Efficient Simulating Algo-
rithm, J. of Opiimization Theory and Applicarsons, 45(1985), No. 1.

Hajek, B., A Tutorial Survey of Theory and Application of Simulated Annealing, Proc. 24th Conf. on Deci-
December (1985), 755—760.

Research on Simulated Annealing at Berkeley, Proc. IEEE Int. Conf. on Computer Design,

Artificial Intelligence, Computer, 21

[EEE Trans. PAMI-s5

sion and Control,
Romeo, F. et al,
(1984), 652—657.
Johnson, D. §., Optimization by Simulated Annealing: A Tutorial, Proc. 12th Int. Symp. on Math, Pro-
gramming, 1985.

Metropolis, N. et al.,
No. 6, 1087—1092.

Aarts, E. H. L. and Von Loarhoven P. J. M, Statistical Cooling:

Equation of State Calculation by Fast Computing Machines, J. Chem. Phys, 21(1953),

a General Approach to Combinatorial

Optimization Problems, Philips. J. Res. 40(1985), 193—226.

Kirkpatrick, S., Optimization by Simulated Annealing: Quantitative Studies, J. of Staz. Phys. 34(1984),
957—986.

Gidas, B, Nonstationary Markov Chains and Convergence of the Annealing Algorithm, J. of Star. Phys. 39

(1985), 73—113.

Vanderbilt, D. and Lonie, S. G, A Monte Carlo Simulated Annealing Approach to Optimization over Con-
Phys., 56(1984), 259—271.

Geman, S. and Geman, D., Stochastic Relaxation, Gibbs Distribution and the Bayes Restoration of Images,
IEEE Trans. PAMI-6(1984), 721—741.

Mitra, D. et al. Convergence and Finite Time Behavior of Simulated Annealing, Proc. 24th Conf. Decision
and Control, (1985), 761—767.

Gelfand, S. B. and Mitter, S. K., Analysis of Simulated Annealing for Optimization, ibid, 779—787.
Bonomi, E. and Lutton, J. L., The N-city Traveling Salesman Problem: Statistical Mechanics and the Me-
tropolts Algorithm, SIAM Review, 26(1984), No. 4.

Schwarzschild, B. M., Statistical Mechanics Algorithm for Monte Carlo Optimization, Physics Today, May,
(1982), 17—109.

Sontag, E. D., et al, Image Restoration and Segmentation Using the Annealing Algorithm, Proc.
Conf. on Decision and Control. December, (1985). 768—773.

Derin, H. and Elliott, H., Modeling and Segmentation of Noisy and Textured Images Using Gibbs Random

tinuous Variables, J. of Compz.

December,

24th.



469

B M BZE 2 L(Boltzmann Machine ) 55 1 N AR A R 5]

126]
(27]
[28]
[29]
[30]

[31]

[32]
[33]
[34]
[35]

L 36]
137

38-
39

[40]

41
42

[43]

[44]

[45°
[46

[47.
(48

{49]

Fields, IEEE Trans. PAMI—B(IQS?), 39--55,

Chee Sun Wan and Derin. H.,, Segmentation of Noisy Textured Images Using Simulated Annealing, ICPR,
(1987), 563—566.

Murray, D. W. and Buxton, B. F., Scene Segmentation from Visual Motion Using Globol Optimization, IEEE
Trans. PAMI-9(1987), 220—228.

El Gemal A. A, et al, Using Simulated Annealing to Design Good Codes, IEEE. Trans. I'N-33(1987), 116—
123.

B, — K Flowshop HEFRBINRAKRREE ——RILB KIS, RETESFR, No.l, (1987), 13
—23,

Vecchi, M. P., et al, Global Wiring by Simulated Annealing, IEEE Trans CAD-2(1987), 215—222.
Cohen, M. A. and Grossberg, S., Masking fields: a Massively Parallel Neural Architecture for Learning,
Recognizing, and Predicting Multiple Grouping of Patterned Data, Applied Opics, 26, 15(1987), 1866—
1891.

Kuliback, S., Information Theory and Statistics, New York, Wiley, 1959,

Duda, R. O. and Hart, P. E., Pattern Classification and Scene Analysis, New York, Wiley, 1973,
Sklansky, J. FHE AV NLEFFHENFRE SR UGVl B2 thhiet, 1987 4£5 H.

Dattatreya, G. R. and Kanal, L., Adaptive Pattern Recognition with Random Costs and 1its Application to
Decision Trees, IEEE Trans. SMC-16(1986), 208—218.
Narenda, K. S. and Thathacher M., Learing Automata———A Survey, IEEE Trans. SMC-4(1974), 323—

334.
Mendel, J. M. and Fu K. S., Adaptive Learning and Pattern Recognition, New York, Academic,

1970.

Lakshmivarahan, S., Learning Algorithms Theory and Application, Berlin, Springer Verlag, 1981,
Thathachar, M. and Sastray, D., Learning Optumal Discriminant Function Through a Cooperative Game of
Automata, IEEE Trans. SMC—17(1987), 73-—85.

Thathachar, M. and Sastray, P., A New Approach to the Design of Reinforcemant Schemes for Learning
Automata, TEEE Trans. SMC-15(1985), 168—175.

Barto, A. G. and Anaudan, P., Pattern Recognizing Stochastic Learning Automata, ibid, 360—375.
Hills, W. D., The Connection Machine, A Computer Architecture Based on Cellular Automata, Computers
for Artificial Intelligeree Applications, Benjamin Wah and G-J, Li Ed. Computer Society Press, (1986),
491—506.

Prager, R., Harrison, T. D. and Fallside, F., Boltzmann Machine for Speech Recognition, Computer Speech
and Language, 1(1986), 1—20.

Sabbah, D., Computing with Connections in Visual Recognition of Origami Objects, Cognitive Science, 9
(1985), 25—>50.

Kanade, T. A.,, A Theory of Origami World, Arujicial Inzelligence, 13(1980), 279—311.

Corana, A., et al., Minimizing Multimodal Function of Continuous Variables with the “Simulated Anneal-
ing” Algorithm, ACM Trans. on Mathemarical Software. 13(1987), No. 3, 262—280.

Shastri, L., Massive Parallelism in Artificial Intelligence, Applied Optics, 26(1987), 1827—1844.
Lippmann, R. P., An Introduction to Computing with Neural Nets, IEEE ASSP Magazine, (1987), 4—
22.

Carpenter, G. A. and Grossberg, S., A Massively Parallel Architecture for Self-Organizing Neural Pattern
Recognition Machine, Computer Viston, Graphics, Image Processing, 37(1987).



T}
&

470 1%, F O 14 3%

BOLTZMANN MACHINE AND ADAPTIVE PATTERN
RECOGNITION

Y AN PINGFAN

(Tsinghua University)

ABSTRACT

The principle of a massively parallel computing model Boltzmann Machine (BM), its
learning process, simulated annealing algorithm, and its application to image processing and
pattern recognition are surveyed in this paper. 'The relation between adaptive pattern re-

cognition algorithm and the learning process of BM is also discussed briefly.
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