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FFREBTE
(L vF v 7 « 25 LEFFEET)
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Abstract
%£%12 A1 B33 H, EN—7 KT (B0R) THEEEEL XY bV —JKDWTOERY —7 v ay
7R, THICIRFFIEE & L TEINT 2822 B 0T oiE2#E T 5.
Tz, ISD(HE Y X 7 LEREHASH) L1ERY — C AEEGLSHEL . BEENHEET /<
YT, BROKRESCLEOHFEEICX 2HE A ritdhe—B2nE & oEEHMENTOIL.
A v 7—<RREIKKENT DB 2y F7—7 | THo7keps, SEIIRFC BB va—
7 4 ¥ 7 (Mobile Computing) | &5 T & ICHIDKbIL7c. £/, GNUemacs 2 XU & L —ED
GNU ¥ X7 LDBARETH 5 Richard M. Stallman R%#TL T, 7V —V 7+ v 7LD VwTD
€y ia v sk
1 T—ovayv7OE
V—27ay 7OBER, LITo@EYTH 3.
A4 ML EsEERY—7vay 7 HEEEL Yy VY —2- BEEao v Y2 —F 4 v 7 DR
g Y — © AEEHS, RV 27 2R S
#1E BEEXE
BE FR4FE12 A1 A»H3 H
R 2= 27w TN (RR)

BEXROMBEHIEER, LTIORT (BF#E). 7 v/ 7 ARBRE, vy AN=TKED Farber %
& BICRE DTSR 1B D b 7.

e David Farber (¥ ¥ AN =T REHIR)

Jonathan M. Smith (R ¥ ¥ AN =T KEBHEIR)

Lawrence H. Landweber (7 4 2 3 ¥ ¥ ¥ REHIR)

Warren S. Gifford (Bellcore)

David Turock (Bellcore)

Richard M. Stallman (Free Software Foundation)

o John Gilmore (Electronic Frontier Foundation & Cygnus Support)
HHEED (BICAFEHIR)

o ARNER (NTT BERR ST

o FHBERT (NTT Y 7 + 7 = T IHRET XEH%ER)

o [RFESEEB (NEC C&C ¥ 27 ABIFEET # v + 7 — 7 BIFEHE)

o GHEB— (EEmPIERIN AR A BIEER)

o SFRXE (Y =—a3 v ¥a—244 v AP
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o BAFIEE (Y =—a v ¥a—2 ¥4 v RBIYEEN)
o FHRBE (A vF v 7 ¥ AT LPFFER)

3 BREIDRIRE 2 B, RS CIBABIGEE IC X 28R A ETiRSTON, BB RAEER -
7 T—RBIE & IBRIEE O 7/ v— TElRdifTbh . LIFTR, 7a7 7405 bTRKED,» > b
DICDNWTIENT 5.

2 IBEFMEREOERESY
2.1 BERIaVEL—TFT4 U FEHCRTXAY HDOEFRRIZDOWT

Ry Y AN T RED David Farber Hd% 2> b, “Living in the Mobile World — A View from Frontier”
twnd 2 "ATHEND o7z, Farber FdRlL, 2 v ¥a2—4 31y VY — 7R OES THFETD P,
CSNET D#RIEE & LTh b Tk Y, HIER “Gigabit Networking Initiative” 7R Y =27 FD Y — & —
ELTHEEL TS,

Farber Za% (3, BE#E o v Y a—7 1 v 7V ICERE L 72888 & L THEESS (Cellular Phone), €7 4ff
¥y 7 Yy TavEa—2% RX—Ux— (Pager) & L& DFFER L REIDWTER L cth, WHMEELR S =
7 4 (Two-way Radio System) & TN Z{E - AR EH OVEE ~TIFEERELOWTEHHA L. Thicin
X, BdREANHEHER S 2T L~DT 7 e A REEX D kbt a—Ly bty A—F (HP)HOKRYT v b2 v
Ea—4% HP 95LX 2% b5E, TA) AEARKVE LEE TW»OTYH, YLTH) AFEDavyEa—2KC
7LV LTEFA—ARFEARY 7FAACT 222 L7c) LTWEE3TH 5. I HSRBEOHRe
HEETHEREC LDV AT LR ES>TWE LD L TH 5. ([FERTHIBEERAKLY, FACERIEZRD
ZLRIBAAE] LOELEBEMAET, ERERTROFTEACDY AT LR FE o 2D 5 L bEE-
Twnk.)

XL, TH5 L7 [BEEIA—YF 13 Ea—4% (Mobile Personal Computer) ] DFRpZIZ 3 ICH
eoT, EifinAsizbd, FEL EHETORNELETH 2 LED o7

2.2 TXYUAEZETFZZ7YV—Y7 by 7XLIZDOWVT
2.2.1 Stallman KOER

UNIX LD 7 Y —TEfEAR =7 1 £, GNUemacs DFFEETDH D, gecc (GNU C Compiler), g++
(GNU C++ Compiler) 7 & D—8D GNU ¥ 27 L%ZFAF L T % FSF (Free Software Foundation) ®
A—HFA ¥ —T%H3 Richard M. Stallman EKHEEE L 7z. Stallman K, GNU AL IKDWTE, T A
AL EELFLAMFRDI Y Ea—SPIREE BMEII2=7 41 LB THOND XS A>TET
w3 L, SOED SEAMAIL KEWTHEY EIF b T3 LPF(League for Programming Freedom) D=
FETLHL0T, TTTREDHFAIREWT 5. (Stallman K ZF CRIHHIC SEA, JUS EHED GNU + 3
F—TOFERDToTWE. TORBILDNVTIL, UNIX Magazine [1] % L ICEEEA BRI T 3.)

RO Z A bvld, “Why Software Should Be Free” & \» 9, ¥ & I Stallman KX & FSF DES&%FE T
L5 bDTH o7, Stallman KiZb o IR BHD TN ETOHEH LBIED GNU DHRRICDOWTEE-
7z. Stallman KT EF, FEEED “free” & \» 5 BFEICH, MMilA&ASE 2 TH B (zero price) | & 5EBEE [H
HT®?% (have freedom)] D2 DDFEHEHAED Y, KOWS 7V =V 7 72T D7 ) —3EEOEKTD
2R ELT, KEFSFOFRY v—%FTIDL LTLTGELHALNLTWS “Copyleft” ILDWT,
TOBAHIELS R (Y —Ra—Fe T v’ 7 A0 KA %) Bikb§5 ¢ & %%1k+ 3 (Forbidding is
forbidded.) | T % LFEHH L 7.

%72, FSF & GNU OBRICDWTLITD X 5 K& L .

o FSF ik, HE10 AOKRICE>TnE. (FurI=—6 A, TF44—1A)
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e GNUDR7 Ly F¥— }bTH3 Oleo 25T L, SEOEHEFERELBIL (US Income Tax Form)
Bokdn<7wdifEbil TS, (Oleo & WHEFHE S5 LTOH b7 HIKDWT Stallman K
(%, ”Oleomargarine is better than spread.” Zn b7 & »HICH GNU b L EiEA%Z L. ) !

e Ca¥y A7 (gee) R C++2 ¥4 7 (g++) DIEAIC, Fortran, Pascal, Ada, Modula-2 D7 m
v hx v FORFEIHEA T 5.

¢ GNU @ Smalltalk ¥ 27T ALK Y 4 ¥ F U v 27 LA I NL.

e GNU @ PostScript 4 ¥ X —7") 2 T®H % Ghostscript DB HHEA TS, (X Window LD 7L
Ea—7, Ad DY K — b, G3FAX ®° G4FAX A DEHDT —Z 74+ —=< v b~DXfL, Windows
3.0 ~OXHEE L)

7Y =Y 7 T DEBEIDWT Stallman K, LPF & $B8EI LT (Stallman Kix T DFEHE T,
LPF DT & (X3HBA L 72 d>o 7c2%) , "Patent may kill free software.” £ 3B, ¥ 7 F UV ZTHFFIKDOWTD
BAEEEYEHR LTk

2.2.2 GNU O¥HE—bFETSFZIZDVT

MNRT, GNUDY 7 + 7=z TDH¥KR— }ZFEAX—ZXTfT> T3 Cygnus Support ® John Gilmore
EXSEE L 7. TTNETONET, KELToC b ATNER—Y 2okl e bh\n] &\ EED
Gilmore Bl Sun Microsystems DRIFEALLDY 7 VU2 THEIFE & LTEL DL 27 LBARKEb- T
x5 THd Fie, RAFy VT—7DORBILOASFLAHEDD ) HEREMLETTREL, &
& BEA, tAEoBETESTIL, FELTWw R EFF (Electronic Frontier Foundation) D] A v
N—D1ATHD%. (EFF ODFFEILOWTH, Bl 3.)

T, RR7)—V 72V aTOHR— I EVRRLWS—BFEL S ONT, Cygnus DFHE
DETARFIERL AN DI L. Cygnus &, 1989 I GNU Y 27 LADBRRICER L T & /2 3 ADFL
MECE o TRIEINTLUR [V -V 7 V2T EVRREFA] KFESTE PR AR ToTERLES
TH3 CTT, 7V—Y 7 FYz2TECRREFALE, GNU O Copyleft IKfE>TY —2a— FIKktL
TREEZFR LAV, TOVF— MEEICH L TB&2ERT 2 L wsaTds. 2 —Y 7 b
VaTDAVYZ o=y avenN—Sa v Ty 7OFRDBLFEREND L VIOREZY Fa—FiL Lt >TD
AVy M ws, ZoOREKIER, Y7 yWa2TREIT7w&7 ] TRELL, TH—E¥R] THEENE
BN T3 X5THS. [2

INTH, bLILEMEDOY 7 V2T OHR—rDeHICRE&EHINS A DEDhEWIETHAE
T LT, Gilmore KiTi960 Y AT L~D GNU C a v 4 5 (gee) DBRED /e HICEEED ¥ K — +
Fl&% Cygnus ICxf L TX#h> T3 Intel HOBFIRABN L7c. T XN, Intel IC & - Tid Cygnus
LY H— MEIEETH-TH, MATC 24 F%FRT 2 L D IBCHOERED I v 4 F%FIC»
NoNBLRI AV v MHBD, BN S LARETFALcE 5. 3 BHA, Intel DUFET Cygnus
751960 LICBHEL7c C 2 234 Fid, b & b & D Copyleft ICHE> T, THET 5 AICITHET b EBIEIAR T %
TeilAR>THY, TNCIVZY Fa—FHIEICC a2 v 72FRWNECLERNTELZ LN Ay
FREBHB DT ETHB.

T, TRETDY 7 bV =2TEVRROCY HLRERIZEGHIASRTH Y, Bl ThYK)
L DH L DEE I LD HDTHS. LaL, Gilmore RIC XU, Cygnus RAITLISHIET Ic ¥
EHmEL, FREHBRBIGEL, FECRI—ny "F 74 22FRT 525 TH 2.

2.3 Bellcore I2&(13 [BEFR{FTT AT L]
Bellcore ® David Turock 7%, “The Electronic Receptionist: A Knowledge-based Approach to Per-

sonal Communications” & \» 95 24 A CEEEZ T\, Bellcore THER LEERAARD & 25 4 — Electronic

loleomargarine <—7# Y v DL LT, NYELBBENX—%FEHT S spread X VBEEICE W, D% DTHERD spreadsheet & b
oleo DITSHBRNHDTH D &\ 5 FH

eds
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Receptionist (BF%At) —IKCDWTEHAEL .

Electronic Receptionist & (X, F 7 4 ACET IXMNEHERFTT I 27L4Thh, BEAFERT
ATLEITAT Y VS —ERV AT Ahbho>TwS. BEAFEEL ZF7 L1, BEXIIhoTE
BE 2—VrBE LT v 7 7 AMERERELT, 2—¥FAE0OREICEDBFicwiC tithoT
V3h, TORERZI—FLOANTII AL E2HETS. L, RESBSAFEEE) 0
FRANDNNEENZ2—FDT w7 7 AL LEL LEabY, TOEEMYHETS. LLEDOKE 5,
L—FRDOEEVIRENL EENIE, P27 LRBEZCEHFHNCI I OD Ay t—URFL, K
BLRABGDANTRRT. Ot YRTFLRI—FOFT7 4 ACEEYORY, LICEY CAAXEL
DAy 2= (MLT, 2—FIERET 2L 5 004ERRDZ. T, 2—¥H0K ¥ £5¢E,
BEAOARNVREINME D COEBET, RENPLOTYDDATNETRTREEERA ZA—1
KoOAEMBNTLE 5.

CDYATLREY, MEIBEFENITTL 2t — A ATV BLTRA R A—ACEBWCEbEE A
EDRI Y —=v ZRBTEBRLDCLTHD. ¥, TR 7 AARELLBRELTETE, 74 255
NTHEFTHEMICEELTY DA 2 &\ HlHED PBX DIREBEERBA T, <— Y+ —ofiE=
R—ETNavEa—2hELOBENIDFREL £ 5 TH 3.

CDYRT LR, 2—FA V272 —2EERERL, RVE FTHH KB E L CER L 6
R BREEDPTTLIACL o TRBRAEZ R 5L AVEIILASTWE LW T LEE5THE. Fh
R, BESEFTYOLNTLE 5B (hangup K) K 1%BELENT L HLIRIENT RS L 3.

AT I AvF—va yOFfKOWTRELN AL, FEIkKIhE, SUN SPARCstation &
/ —=2A5m 74 FREDHIEEI X 5 “Mobility Telephone Interface” &FHINE L A F L% FoT W5 &
5TH5.

2.4 BEEQVEL—FT4 YSEROBIEICOWVTO/ SFILSES

2 BOOFHIC [BEEIa v Ya—F 4 v 7ORRERE D) LEINEAFIALT 4 ZH v ¥ a vifTh
Nic. XYY AN=TRED Jonathan M. Smith FIZATL% L, 3% 5— & LT Bellcore #*5 Warren
Gifford X & David Turock &, Y =—a v ¥ a— 294 2V 2APREFIHOEFRER, 4 vFv s L 2574
WIFEET 2> LRSI 7c.

BEFE(E, Apertos &\ 5, mobility 235A L e REESEHEBED B DA 7 ¥ = 7 M5H 0S IKDO»
T7Vv¥yF—va vl (Thid LETMuse &5 ZRIAEDH bR TR b DOZRIAEE L b D
X 5TH%. ) FLL, “Issues and Challenges of System Integration in the Era of Mobile Computing”
EnS 24 MAT, BERla Y Ya—T4 vV OBRKET BV AT L4 VT 7L — 2 vOBEHEIO T
TVvEyF—vavli FROFTR, BEE =Y Ca—74 v 7OBREDL 31CH %> TOREX BEE
(L %274, a2 AY) KOWTOERSE»bEI L.

3 JIU—=TEHR (Z7V =Y 7 b2 73{LIZDWVT)

B, 7V =Y 7 VTR I A—TEBML DT, *OHROEEYHET L. coOr/r—7
I, BEBITEE L LT Y Y AN =T AZED Smith K, Cygnus @ Gilmore &, NEC ORAELE, NTT @
RSN 7.

aaRL 9, Gigabit Network 2 K DFEEA S v +V — 27 REE I NAES, H— EZDBRER E 5 &
5TH5 53 L5 Smith KOMERE,L IO b L. ThbD, $—CROWEEL LTEEEL bR
5D, CATV D X 5 7 Point-to-Multipoint 2 & 25D X 5 7 Point-to-Point B 2 D TH 235, Fh b
EHT D OOFEIEMA, TNTNOES @M, A FORE RN ChICE: 2T
A BElgRasTbi .

LT AT AT 4 THINZE - Z2EFWESE (CSCW) DedD Y 27 L~ LEERB->Twolk. T
CTREIC, CW(Cooperative Work) DRIEIC DT, ESHEHFIEICOWTO K (ME2aREL LS &
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FTETAYBALKHLT, bbbt wAEEROBTRIEENZBEA] & 5B N) & EIKRT et
BURBETRAVWDLA L OEIRE DI N .

FH4ICk > T, Johansen KX B (A —7 Y27 | 3| DRETHIH Y, [N A=Ky +7—27] % F—
V—Fe LTEEWES2ToTWwaEy WV —F v 7FH4 VIR DLRREH  IKESRicSmL,
HEEE Ay P — 2 BOERICE AR SHEEIL E0HVHAE~LERL TV . TORTHE, Fv
F7—2 it end W HREL T AIREE L Tt TRE L AT hE AR b A WRER KD TR
PEbEINK. HFIK, tF2VT4LWSEHTR, 2TORGIBEFEINTOFT, T2 EBo7/kh )
ML BEL)] AXOBRIETHEINTLE SEERIEE TN 2D DFE (& £, David
Chaum PFESHINOIGH & LTRIBL T2 X 5 & NEBIAIRERRRG () AL [4)) KETHERRAL

4 EFF [2DOWT

BRAPTSEE & LTBINL T/ Gilmore RASFIRL TH Y, 74— 72RO T 2 0OES L BhET 3
b ¥y 7 A AR Y LT bi7c EFF(Electronic Frontier Foundation) IKDWT, 7 —27 v 3y F#TH
IKEBERRI L) e e D TEDBERICO T FICE ¢ 5. A&, EFF ICBIT 2188, UNIX A—
NAy PT7—27DT FL R effQefforg IGEHET 2L ICE > TAFTEC e HTE 3.

EFF (%, avta—8%X—R¢tLkala=y—raviiil)sBHEBBYE (openness) 2D 3
DOTEE T O RBHIOFFEFHERR L LT, 1990 FEbiEEI L Tv=5%. EBFED President (X, Lotus 1-2-3
DEFETHIbN, FRERF Tha2 17 INET’92 (International Networking Conference *92) T DX
D—ANT% Do 7 Mitchell Kapor X TH 3. E7z, ACM DI TH % Communications of the ACM IC
(X & & L% EFF @ co-founder TH 5 John P. Barlow XD 2 7 LB E N T 3. (L 4l [5]| &L.)

EFF (FZ4E, Cambridge & Washington D.C. @ 2 » BT ICEHET %A% L Tv»%. Cambridge 7 7 4
ZRREEORFT R E OBEOEREOIEIH,IC, EFF BOETFIERI (USENET I3 % comp.org.eff.talk,
comp.org.eff.news ° WELL, CompuServe % &) OfERF& anonymous FTP KX 3 REF 2 A b=
E—¥—ERRERFToTv5. Washington D.C. 7 4 2%, ko> BERER D 7 0L BTSSR
WS LEHEZFToTw3. i id, FBI A& TOBEEEESICT L CRBET — 4 0 EEisE (wiretapping)
TFIREICT 5 T L ZRD BERICGTL T, EFF HhOBEBHESE L HECEOREBZEBAL T3 & » 3.

%7, EFF BZLDAIEa X VCEEASR Y V=29 — 22T 2200ER S VY DedHD
$2E (Open Platform Proposal) %8RI L THE - LA->TWRS. THEREEMN I, (BHK D) ISDN
TERICEa X PTREL, V- E2BEERAF AT 4 TORRY —C22EBHATE X5 3L
EHICED BAZICEBA Y b7 =T 72X TEBLLS5LLIS L5 HDTHB. TD Proposal I
BEIC, Microsoft, Sun Microsystems, Apple Computer, Novell, Lotus, Adobe 22 ¥ DX X —h b DFHF
/T ofts, BEFEF BERE/ -7, HEEISA P OO EEDTREEHETH S L n).

MNUZRBRLT, —WSIEBRREICERT Ao, T A Y 7 O—FHOBeE RS 0EE
2T, DABTEFRRATEIBLID Y, L ~RAEHEL »OBCL 5T =7 v ay T THo ik

MBEEI= v Y2 —F 1 7 (Mobile Computing)] &\»5 F—7 — FILDWTE4H), 45 <] (v
VNI —=%VT, F—TVVRTL BGVFASVY, sAFAFLT) AELWIASEBACEDNL T
% buzzword BECEINME NFHE 72 Wi v = AR RH DL LTV ds, FERIC Farber SIS 244 &
TET A Y HOWEEOHELHE, FRIC /N — T RmEToTH3 e, TA)HITREED DL A
DOOHD LS CLHFEI N SR BRI I2=Y—v 3 vOREOS® A5 &, RAM Mobile
Data #1<° ARDIS #L & V25 e ZEEFE IC X > TER KT A FEESEEE Y — ¥ 22488t x hoodh b, T AY
HOTHBREREZEL22H 5 X 5TH 5.

T, 7)—=V 7 T w5 LICBBBILT, SUN DEH OS Solaris 2 IKHWTHE, C = ¥4
THENYFAENBL BB LHRTF VY RENTEY, FRERC 2 v [ F%BIK#EAT 25, GNU

-6 -




Meeting Report Seamail Vol.7, No.11-12

CavrAL 7 (gee) BEDZ Y=Y 7 VXTS5 hOFREELNI L L LE->TWS. ThicBREL
T, (GNU General Public License [6, 7] % £ DIEREF> TV e b O D) Fi4 »bEARICEHICE > Tw
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A neural network model as a globally coupled map and applications based

on chaos

Hiroshi Nozawa

Development Division, Nikon Systems Inc., 26-2, Futaba 2-chrome, Shinagawa-ku, Tokyo 140, Japan
(Received 5 May 1992; accepted for publication 2 July 1992)

First, a neural network model as the globally coupled map (GCM) is proposed. The model
is obtained by modification of a Hopfield network model that has a negative self-

feedback connection. Second, information processed by this model is interpreted in terms of
the varniety of the maps acting on the network elements, and a new, dynamic information
processing model is described. The search for information using vague keywords, and solution
of the traveling salesman problem (TSP) are introduced as applications.

l. INTRODUCTION

Recently, artificial neural networks based on the high-
grade and complicated information processing ability of
the brain are being studied and developed. Typical models
are the Hopfield network,'? and the back-propagation
learning network.® These networks consist of very simple
single neuron models.

Aihara proposes a chaotic neural network model* that
comprises a neuron model with chaotic response; this neu-
ron model is a modified Nagumo and Sato neuron model.’
Tsuda further proposes neural network models that use
dynamical systems that have assigned probability being im-
plemented. These models are based on observations of the
cerebral cortex column structure.®’

Conversely, Kaneko proposes globally coupled map
(GCM) systems; GCM systems consist of chaotic ele-
ments that are globally coupled. He has investigated their
dynamic behavior and information processing ability thor-
oughly.®12

We consider a neural network model as one class of
GCM systems that is composed of single neurons (one-
dimensional maps) having a chaotic attractor.

In this paper, first, as the concrete model of the same
neural network, we propose a difference model of the Hop-
field network that has a negative self-feedback connection.
Second, from a consideration of this model as a GCM, we
describe a new, dynamic information processing model
that uses single neurons having various attractors. Finally,
we introduce two engineering applications using the infor-
mation processing ability. The applications are the location
of information by vague keywords and solution of the trav-
eling salesman problem (TSP).

Il. THE NEURAL NETWORK MODEL AS A GCM

A typical neural network mathematical model is pro-
posed by Hopfield.> The model is given by

dy 5o Bop (1
di~ o TETRT

with
v=g(u;) =3{1+tanh(u/2a)}, (2)

where, u;is the input of neuron 7 (i=1,...,M) at continuous
time ¢, v; (O<v;<1) is the output of neuron i, /; is the
threshold value of neuron i, T; is the synaptic connection
of neuron j (j=1,...,M) to neuron /, R ( > 0) is the damp-
ing constant of the input and a (> 0) is the gain constant
of the function g.

If we assume that Egs. (1) and (2) have the negative
self-feedback connection T; (= —17,7 >0), then take the
difference equation version of Eq. (1) and (2) by Euler’s
method with the difference step Ar, we obtain a neural
network model which is in the form of a GCM. The model
is defined by

piln+1)=Fgm{pdn)}, (3)
1 M
q;(n)=7. [ > T.jpj(n)-i-f,-] (4)
J=i
with

F(p)=rp+(1—r) » (5)

L P—q
1—5 [lrtanh(W)}

where p;(n) (0<p;(n) <1) is the internal buffer of neuron
i at the discrete time n, the parameter r (O<r<1) and 8
(>0) are given by

r=(1—At/R), (6)
B=a/RT. (7)

The input and the output of neuron / at the discrete time n
are calculated by

u(n)=RT{qi(n)—pin)}, (8)

vi(n)=g{u;(n)}. (9)

This neural network model [Egs. (3)-(5)] is equivalent to
the Hopfield network model [Egs. (1) and (2)] with small
self-feedback connection. It can also be shown to be equiv-
alent to the chaotic neural network proposed by Aihara* by
a simple variable transformation.

When the synaptic connection T; is given by —T§;;
(6;; is Kronecker’s delta.), g;(n) becomes the following
expression:

q(n)=1/T=gq;. (10)
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FIG. 1. Examples of one-dimensional map F, , (r= 0.7, B=0.006) for a few g; are shown. The thick line shows F,. Two parallel dashed dotted lines show
one-dimensional map [Egs. (12) and (13)]. Thc dashed line drawn at a slant shows p,(n+1)=p,(n). The vcmcal dotted line shows p,(n)=g, (a)
¢.=0.0, (b) ¢,=0.09, (c) ¢;=0.25, (d) ¢,=0.5, (e) g,=0.65, (f) ¢,=0.85, (g) ¢=1.0.

From Eq. (10), Eq. (3) is transformed to the following
simple one-dimensional map:

pi{n+1)=F,{pi(n)}, (11)

where g; is the control parameter. Behavior of the single
neuron / can be described by this one-dimensional map
(Eq. (1D].

Comparing Eqgs. (3) and (11), and Egs. (4) and (10),
the model [Egs. (3)-(5)] is recognized to be one class of
GCM systems. The characteristic of the class is that the
local variable is transformed by a nonlinear map and con-
nected to other variables through the control parameter of
the map. That is, in our neural network model [Egs. (3)-
(5)] the map F () that is a nonlinear transformation from
pi(n) to p(n+1) is decided by pj(n) (j54i) at each dis-
crete time n.

lil. BEHAVIOR OF THE SINGLE NEURON /

As previously stated, behavior of the single neuron 7 is
defined by the one-dimensional map [Eq. (11)]. In this
section, after discussing the characteristics of Eq. (11) as a
one-dimensional map, we shall describe the role of the con-
trol parameter g; in the neural network model [Egs. (3)-
(5]

Figure 1 shows examples of F, fora few g,, and Fig. 2
shows their trajectories. Figure 3 shows the bifurcation
diagram for g; and the Lyapunov exponent A,.

From Fig. 1, broadly speaking, we find that the one-
dimensional map F, g, consists of two parallel, positive slope
straight lines,
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piln+1)=rp(n)+(1—r), (12)

pin+1)=rpi(n), (13)

and a negative slope curved line interpolating these lines.
The slope 7 of Egs. (12) and (13) is between O and 1. The
curved line has a local slope of less than —1 at the mid-
point which is at (g; rg;+(1—r)/2).

It is clear from the definition of the Lyapunov expo-
nent, that when the trajectory of p;(n) is generated solely
by the map [Eqgs. (12) and (13)], it is not chaotic behavior
[see Figs. 2(a), 2(c), 2(d), 2(f), and 2(g)]. When the
straight and the curved lines are used as the map, however,
the trajectory of p;(n) can be chaotic [see Figs. 2(b) and
2(e)]. The map F,, can generate a chaotic trajectory of
pi(n) due to the above-mentioned negative slope curved
line.

The parameter g; controls the position of this curved
line on the coordinate axis p;(n). Therefore, the behavior
of p;(n) becomes chaotic, periodic, and fixed according to
the value of ¢; (see Fig. 3). Table I shows the character of
Fq‘, for different ranges of g;

Here, we can estimate the behavior of each neuron 7 in
the model [Egs. (3)-(5)] with Figs. 1-3. We can therefore
deduce the next fact.

In the case of the single neuron i, F, is a map inde-

pendent of time. So F, causes only one nonlinear transfor-
mation. However, since map F, 4/n) is changes with time in
the neural network, it is possible that F (,) induces various
nonlinear transformations [for example, Fig. 1(a) at the
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FIG. 2. Trajectories about Figs. 1(a)-1(g) are shown. The fine line shows trajectory. (a) Transient trajectory to fixed point (—0.0226), 4,= —0.9047.
(b) Chaotic trajectory, A,=0.4042. (c) 3 periodic trajectory, 4,= —0.6910. (d) 2 periodic trajectory, A;=0.3567. (e) Chaotic trajectory, 4,=0.3660. (f)
4 periodic trajectory, A;= —0.2649. (g) Transient trajectory to fixed point (0.9774), A,= —0.9047.

time n, Fig. 1(b) at the time n+1 and so on]. Namely,
since the single neuron / connects with other neurons j,

F, changes to various maps F, g

We have found the meaning of the connection (the

l_l‘llllllllll

~ﬁl

:D”I TITTTTT7T

FIG. 3. (a) Bifurcation diagram of one-dimensional map F, (r=0.7,
B=0.006) for g; is shown. Two parallel dashed dotted lines show p;(n)
=rg-+(1—r) and p,(n)=rg;. (b) The Lyapunov exponent 4; of one-
dimensiona]l map F, for g; is shown. The dashed line shows 1,=0.

neural network) at this point. Now, we can propose a new

information processing model using the variety of F g/n)"

IV. BEHAVIOR OF THE NEURAL NETWORK

As described in Sec. III, the meaning of the neural
network model [Egs. (3)-(5)] as the GCM lies in the
variety of maps F ().

In this section, after discussing the way CAM
(content-addressable memory), proposed by Hopfield,'*
uses just two types of the various maps Fy(ny we shall
describe a dynamic information processing model that uses

a greater variety (fixed, periodic, and chaotic) of maps

Fq,'(’l)'

A. The variety of maps Fg, in the CAM

Suppose that the synaptic connection T; is symmetric
(T;=T};) and the self-feedback connection T7; is zero (T
=0). Hopfield shows that in this case the model [Egs. (1)
and (2)] behaves in such a way that the energy function
decreases.? The energy function is defined by

TABLE 1. Character of one-dimensional map Fv, (r=0.7, =0.006) for
the rough range of control parameter g;.

Range of g, Character of one-dimensional map F,,

g;<0 Having only fixed point attractors (~0)

0<g<1 Having various fixed point, periodic, and chaotic
attractors

gi>1 Having only fixed point attractors (~1)
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13

FIG. 4. Vector patterns stored in the neural network as the memory are
shown. The white square shows v;=0 and the black square shows v;=1.
(a) The arrangement of neuron index i (=1,...,16). (b) Vector pattern C.
(c) Vector pattern F. (d) Vector pattern 4.

M
Twv— > Ip;
Jj=1 i=1

1 ¥
+7 2 g~ (v)dv, (14)
i=1 J1n
where, the synaptic connection 7 is given by the following
method with the vector patterns V* (={V°1,..,F°"M}, s
=1,...,N):
N
Ty= Zl Qri-1)@2vi-1). (15)
5=
From Eq. (15), each vector pattern P~ can correspond to a
minimum value of the energy function [Eq. (14)].! Hop-
field proposed that the model [Egs. (1) and (2)] be used
for the associated memory by regarding each vector pat-
tern P* as the content of memory. He named the informa-
tion processing model CAM.

Our neural network model [Egs. (3)-(5)] can achieve
CAM by using a small self-feedback connection. Then,
how does the action of the variety of maps £, g/m) decide the
trajectory of p;(n) at the discrete time n.

For the purpose of simulation, we construct the model
[Egs. (3)-(5)] of M =16 neurons that are defined by the
one-dimensional map [Eq. (11)]. The synaptic connection
T is decided by Eq. (15) with three orthogonal vector
patterns (see Fig. 4). Now we shall investigate the behav-
ior of the model [Egs. (3)-(5)] that has the small self-
feedback connection T (=1).

Figure 5 shows the trajectories of the internal buffer

.P2(n) and pg(n). Figure 6 shows that the maps Fo (ny and

Seamail Vol.7, No.11-12

0.5+

pa(n + 1)
pg(n + 1)

o o5
pg(0) pg(n)

FIG. 5. Trajectories of the internal buffer during recall of the vector
pattern F are shown (r=0.7, =0.006). (a) Transient trajectory of neu-
ron 2 to local fixed point (~1). (b) Transient trajectory of neuron 8 10
local fixed point (~0).

an(,,) (n=1,...,4) decide their trajectories. Figure 7 shows

how the behavior of g(n) (={g;(n),....qx(n)}) decides
the variety of Fy (n).

From Figs. 5-7, in the case of recall of the vector
pattern F, Fqn(,,) (11=2,3,4,5,9,10,11,13) converges to a
map that is approximated by Eq. (12) at the time n (=4):

piln+1)~rp(n)+(1—r), (16)

and the trajectory of p;;(n) is driven into 1. Also, Fqn(,,>
(/0=1,6,7,8,12,14,15,16) converges to a map that is ap-

proximated by Eq. (13) at the time n (=1):

pi{n+1) ~rpi(n), (17)

and the trajectory of py(n) is driven into 0.

The reason why the variety of Fy,) are described by
just Eqgs. (16) and (17) is that the self-feedback connec-
tion T is small in Eq. (4). The variable g;(n) goes out of
the region (0 <g;(n) < 1) that has the variety of Fq‘_(,,) (see
Fig. 7).

B. Dynamic information processing model using the
variety of maps Fq‘,,,

As explained in Sec. IV A we can interpret the CAM
as a skillful information processing model using just two
maps [Egs. (16) and (17)] in the variety of maps Foim-

Here, we propose a dynamic information processing
model that uses a greater variety of maps.

First, when p,n) is transformed by the one-
dimensional map F, [Eq. (11)], we put the control param-
eter g; to the following expression:

qi=I1/T=0.09. (18)

Then, we can set p;(n) to the chaotic behavior [Fig. 2(b)]
independent of the self-feedback connection 7.

Second, we construct the model [Egs. (3)-(5)] that
has the synaptic connection T The synaptic connection
T is defined by Eq. (15) with three orthogonal vector
patterns C, F, and 4.
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(ny and F‘h(") (n=0,...,3) deciding Figs. 5(a)-5(b) are shown. The thick line shows Fq",,,. Two parallel dashed dotted lines show Eqgs.
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Fogan (B) Foi3)-

Finally, we need a method to determine the self-
feedback connection T. The self-feedback connection T is
chosen in such a way that variable g;(n) exists between O
and 1.

Generally, the vector pattern which is recalled by the
model [Egs. (3)—(5)] at the discrete time n is recognized
by the output v;(n) of neuron i. The output is calculated by
Eqgs. (6) and (7).2'4 In contrast to this, we recognize the
vector pattern by the variable ¢;(n) that decides the variety
of Fq An)- Our focus is not the actual activity v;(n) but the
virtual activity g¢;(n), namely, the variety of nonlinear
transformations. If we take small self-feedback connection,
the actual activity v;(n) just obeys the virtual activity
gi(n).

The vector patterns C, F, and 4 that are stored as the
memory have a characteristic structure; the structure is

_‘
M

o N
IIIIL\III

qi(n)

|
[¢))

Lt el

L

O
nN
(8]
[9)]
o

n

FIG. 7. Behavior of variable g(n) [={g,(n),....qn(n)}, n=0,...,50] de-
ciding the variety of Fq'(,,, (r=0.7, B=0.006) is shown. The continuous
lines show g,(n) (i1=2,3,4,5,9,10,13). The dashed lines show gg(n)
(0=1,6,7,8,12,14,15,16).

that there are equal numbers of 1’s and O’s.

From now on, the vector pattern &é(n)
[={d,(n),....0p,(n)}] that is recalled by the model [Eqgs.
(3)-(5)] in the virtual level is obtained by dividing the
variety of F,) into two, equal parts. The method of divi-
sion is the following simple coding using the mean of g;(n):

gi(n)>g—1
é(n)_ q,(n)<§_’01 (19)
with
1 n—I M
g=lim — (k). (20)
¢ new MM k=0 i=lql
Figure 8 shows the Lyapunov spectrum A

(={A,--Ax}) (Ref. 13) for a range of values of the self-
feedback connection T (10< 7T <21).

From Fig. 8, the Lyapunov spectra that have positive
maximal Lyapunov exponent are classified into three types.
The three types are the following: (a) large flat structure,
(b) smooth continuous structure, (c) partially flat struc-
ture.

Next, we select typical values of T corresponding to
types (a)—(c) and study the behavior of the model [Eqgs.
(3)-(5)] there.

(a) Large flat structure (7'=13.1)

Figure 9 shows behavior of variable g¢(n)
={q,(n),...qyy(n)} (we call these Kaneko plots, Refs. 8-
10), the vector pattern ¢(n)={¢,(n),...,¢5(n)} that is
recalled in the virtual level and the precision (1/p= 1074
dependent cluster number k°(n) (Ref. 9) that means the
effective degrees of freedom for g(n).
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FIG. 8. Structure of Lyapunov spectrum A (={2,,....~s}) for a range of
the self-feedback connection T (10<7<21) is shown (r=0.7, B=0.006).
(a) Large fiat structure. (b) Smooth continuous structure. (c) Partially
flat structure.

In Fig. 9, the variable g(n) is separated into two
groups and has almost periodic oscillation (maximal Ly-
apunov exponent 4; ~0.2, Lyapunov dimension'* D, ~6).

Thus, the variety of Fj,) is classified into two types,
the vector pattern ¢(n) becomes only vector pattern F and
the cluster number k”(n) takes the constant value (=8)
independent of the time n.

Many other attractors that recall other vector patterns
(C, 4, and so on) are obtained with different initial condi-
tion p(0)={p;(0),....ppr(0)}. However, their behavior is
similar.

(b) Smooth continuous structure (7 =15)
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FIG. 9. Behavior of the variable g(n), the vector pattern ¢(n), and the
cluster number k”(n) in the region [Fig. 8(a)] (7=13.1) are shown
(r=0.7, B=0.006). (a) g(n), (b) &(n) [the symbol O means “other”
(not memory) patterns), (c) k”(n), n=100 000,...,100 200.
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FIG. 10. Behavior of the variable g(n), the vector pattern é(n), and the
cluster number A?(n) in the region [Fig. 8(b)] (7=15) are shown (r
=0.7, B=0.006). (a) g(n), (b) ¢(n) [the symbol O means “other” (not
memory) patterns}, (¢) k?(n), n=100 000,...,100 200.

Figure 10 shows behavior of ¢g(n), é(n), and k”(n).

In Fig. 10, the variable g(n) separates into various
groups, almost merge again to one group and then sepa-
rates again into other groups, and so on repeatedly. The
behavior is complicated and irregular (maximal Lyapunov
exponent A;~0.5, Lyapunov dimension D;~15).

As the result, the F, gin) has innumerable types that are

decided by chaotic trajectory of g;(n), in the variety of
Fotn) is generated by chaos, the vector pattern ¢(n) be-

comes a nonperiodic time series visiting all patterns C, F,
4, C, F, 4 (_ is reversed pattern) and the cluster number
K (n), nohperiodic, fluctuates between about 9 degrees.of
freedom, and about 13 degrees of freedom.

Although changing initial condition p(0) does not
change the fact that all patterns are recalled in a nonperi-
odic time series, we find there are many attractors that
have a different recall frequency of each vector pattern.

(c) Partially flat structure (7’'=17.2)

Figure 11 shows behavior of g(n), ¢(n), and k°(n).

In Fig. 11, the variable ¢(n) is almost periodic in the
way that it repeatedly merges almost into one group only
to separate again into various groups (maximal Lyapunov
exponent 4;~0.2, Lyapunov dimension D; ~7).

The variety of F gin) is classified into six types, the
vector pattern ¢ (n) becomes the periodic time series visit-
ing C, 4, and F, and the cluster number A?(n) takes the
constant value (=9) almost independent of the time n.

With change the initial condition p(0) we find many
attractors that have different periods and recall patterns.

We have described the dynamic behavior of the model
[Egs. (3)—(5)] for the typical three values of self-feedback
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FIG. 11. Behavior of the variable g(n), the vector pattern ¢(n), and the
cluster number A”(n) in the region [Fig. 8(c)] (T=17.2) are shown
(r=0.7, B=0.006). (a) g(n), (b) ¢(n) [the symbol O means “other”
(not memory) patterns], (c) k”(n), n=100 000,...,100 200.

connection 7. In particular, behavior of case (b) may be
related with “‘chaotic itinerancy,"("&15 an expected
universal phenomenon in chaotic dynamical systems that
have a great deal of freedom.

V. APPLICATIONS FOR THE DYNAMIC INFORMATION
PROCESSING MODEL

The dynamic information processing model, which is
the network model [Egs. (3)-(5)] plus the coding and
parameter selection described in Sec. IV, has various infor-
mation processing abilities due to the use of the variety of
maps F, g )" In this section, we introduce two concrete,

applied examples as follows: (a) the search for information
using vague keywords, (b) solution of the TSP.

A. The search for information using vague keywords

The information (reference information) memorized
in the database of a computer is searched for by the input
of associated keywords. When we search for the informa-
tion, the associated keywords must be specific. The more
information there is stored in the database, the more de-
tailed the keyword instructions need be. The procedures
which specify these keywords become increasingly difficult.

Conversely, if the access information is vague, it is
difficult to specify keywords adequately. Suppose one in-
puts a wrong keyword, reference systems that are not user-
friendly say “nothing” in the worst case, although infor-
mation exists within the system.

The search for information using vague keywords, us-
ing the information processing ability of the model [Eqgs.
(3)-(5)] aims to solve the two difficult problems men-
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FIG. 12. Two keywords k input to the model [Eqgs. (3)—(5)] are shown.
The white square shows k;=0 and the black square shows k;=1. (a) The
kevword C. (b) A keyword which is two Hamming distances away from
the keyword C.

tioned above. A search procedure using an optical system
with chaos also has been reported.'®

We set behavior of the model [Egs. (3)-(5)] to the
situation in Sec. IV B (b). Here the reference information
is six vector patterns (C, F, 4, C, F, 4).

The keywords k& (={k,,...,k)}) are input by control
parameter g; [Eq. (18)] as follows:

;. [0-08—k=0,
g;/==={0.09— k;=“nothing,” (21)
0.10—~k;=1.

From Eq. (21), the model [Egs. (3)—(5)] behaves like
Sec. IVB (b) under conditions that no keywords k are
input.

We investigate behavior of the model [Egs. (3)-(5)]
when keywords k are input. Figure 12 shows two keywords
k that have been input. Figure 13 shows behavior of the
variable g(n) and the vector pattern ¢(n).

When the vector pattern C is given as keyword, the
variable g(n) behaves similar to Sec. IVB (a) and the
vector pattern ¢(n) becomes C only (maximal Lyapunov
exponent A; ~—0.2).

In this case, when keyword k is given, the model [Egs.
(3)-(5)] switches from chaotically moving around all the
information, to outputting necessary information only
(chaotic search process). Therefore, the model [Egs. (3)-
(5)] has the ability to search for information. This behav-
ior is similar to that observed in experiments by Freeman.'’

When we input the keyword k that is two Hamming
distances away from the information C, the variable g(n)
behaves similar to Sec. IV B (b) and the vector pattern
@(n) visits all stored patterns (maximal Lyapunov expo-
nent A, ~0.3, Lyapunov dimension D, ~13).

We notice though that information C is recalled the
most. It shows that the information C has the shortest
Hamming distance to the keyword k. When we input key-
words k, corresponding to patterns which are not stored in
the network unhelpful reference systems say ‘“nothing.”
However, this model switches to chaotic search and the
information closest to the keywords k is recalled most fre-
quently. As a result, we obtain substitute information.

We investigated situations where one keyword k is
given that has the same Hamming distance to information
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FIG. 13. Behavior of the variable g(n) and the vector pattern é(n) resulting from input of keywords k are shown (r=0.7, =0.006). (a) ¢(n), (c)
é(n) (n=100000,...,100 200) with the keyword [Fig. 12(a)]. (b) ¢(n), (d) é(n) (n=100000,...,100 200) with the keyword [Fig. 12(b)].

C and F, and we obtained the result that C and F are
recalled the most frequently.

In this section we showed examples of search for in-
formation using vague keywords. Although they are on a
very small scale, for the total information amounts to only
six pieces, the search ability of the model [Egs. (3)—(5)] is
expected to solve the two information access problems
mentioned at the beginning of the section.

B. Solution of the TSP

The TSP is defined as the task of the salesman visiting
all the N cities on his list once and once only, and returning
to his starting point after traveling the minimum possible
distance. That is a classic combinatorial optimization prob-
lem (NP complete).

Hopfield proposes a solution with high speed and good
approximate accuracy for the TSP using the model [Egs.
(1) and (2)], and he shows an example solution using a
concrete number N (=10) of city coordinate values. We
can also solve the TSP by the model [Egs. (3)-(5)].

First of all, the expression for the solution of the TSP
uses the same method proposed by Hopfield (neurons ar-
ranged in N XN grid patterns, the visiting order N indi-
cated by lateral position, the city names N indicated by
longitudinal position, so each neuron is expressed by the
suffix of city name /j=1,...,N and the suffix of visiting
order &, I=1,...,.N).

Next, after this expression, the estimation function
E(n) is decided by the constraint term E;(n) and the total
path length term E,(n) as follows:

E(n)=3{AE,(n)+BE,(n)}, (22)

where 4 and B are positive constants, the constraint term
E\(n) is defined by

N 2
2 v.-k(n)—ll ,
i=1 (23)

N

Ef(m)= X

i=1

N

2
z vik(")—I] +

k=1

N

k=1

and the total path length term E,(n),

N N N
Exm= 2 2 X dpa(m{op-1(m+op_i(m)
=1 j= =

(24)

where v;;.(n) is the output of each neuron ik at the discrete
time n, d;; is the constant value of distance from the city j
to i, vp(n)=v;y(n) and vy (n) =v;(n).

From Egs. (22)-(24), the synaptic connection Ty
and the threshold value [ of the model [Egs. (3)-(5)] to
solve for the TSP are decided by

Tiyj=—A{8;(1—=8y)) +861(1—6;)}
—Bd (6 +1+06p—-1), (25)
Iy=A. (26)

We solve the TSP of N=10 cities by controlling the
self-feedback connection T by the model [Egs. (3)-(5)]
that is composed of M =100 neurons.

The city coordinate values use Hopfield’s original
data!® (see Fig. 14). The constant values 4 and B are both
1 in Egs. (25) and (26).

The solution for the TSP is obtained from the follow-
ing vector pattern ¢(n) [={d,,(n),....¢xx(n)}] that is re-
called in the virtual level:

giu(n)>q(n)—1,

¢i(n)= gi(n) <g(n) =0,

(27)
where g(n) is the tenth value of g;x(n) in order of decreas-
ing size at each time n.

Figure 14 shows city coordinate values and the best
three routes of travel. Figure 15 shows the solution abilities
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FIG. 14. (a) 10 city (A4-J) coordinate values (Ref. 19) are shown. (b)
Best route. (c) Second best route. (d) Third best route.

of the Hopfield model [Egs. (1) and (2)] (using the
method of slowly increasing the gain constant to get the
best performance) and the model [Egs. (3)-(5)] (T
=13).

Here, the initial condition p(0) [={p;;(0).....oan(0)}]
is chosen by independent random numbers, so that the
constraint term [Eq. (23)] becomes 0. The cutoff time for
solution is 1000.

Each circle graph in Fig. 15 shows the recall frequency
of the best route, the second, the third, and other good
routes and the bad routes [Eq. (22)540] obtained with
1000 different initial conditions p(0). The model [Egs.

5.50%
1.10%

94.70%
0 best E sccond T ird B oner M bag ]

FIG. 15. (a) Solution abilities of the model [Egs. (1) and (2) and Egs.
(3)-(5)] for the TSP are shown (r=0.7, =0.006). (a) Ability of the
model [Eq. (1) and (2)] (best=14.3%, second=5.5%, third=1.1%,
other="78.8%, and bad=0.3%). (b) Ability of the model [Egs. (3)-(5)]
best=94.7%, second=2.5%, third=0.5%, other=2.1%, and bad
=02%).
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FIG. 16. Behavior of the variable g(n) and the energy function E(n) for
&(n) are shown (r=0.7, B=0.006). (a) g(n), (b) E(n), n
=1760,...,1960.

(3)—-(5)] always visits the best route within 200~ 300
steps. Clearly, the solution ability of the model [Egs. (3)-
(5)] is better than Egs. (1) and (2).

Figure 16 shows behavior of the variable g(n) and the
estimation function E(n) with the vector pattern é;(n)
substituted for the output v, (n) in Eq. (23) when the best
route is recalled by the model [Egs. (3)-(5)].

In Fig. 16, the search for the solution of the TSP is
divided into two processes, one is transient search by
strong chaotic state (D; ~10), the other is recall by weak
chaotic state (D; ~3).

This is similar to the behavior of the model [Egs. (3)-
(5)] on the condition that the correct keywords are input
in Sec. V A. This is a characteristic of the model [Eqgs.
(3)-(5)] when it is applied to solution of the TSP.

VI. SUMMARY AND DISCUSSION

After we supposed that the Hopfield network model
[Egs. (1) and (2)] has a negative self-feedback connection,
and took the difference equation version of Egs. (1) and
(2) by Euler’s method, we obtained the neural network
model [Egs. (3)-(5)] as one class of the GCM.

The characteristic of the model [Egs. (3)-(5)] as a
GCM is that the local variable (we call it the internal
buffer of a neuron) is transformed by a nonlinear map that
connects to other neurons through the control parameter
[Eg. (10)] of the map.

One-dimensional maps [Eq. (11)] that describe the be-
havior of the single neuron were investigated for their de-
pendence on the control parameter [Eq. (10)]. The map
[Eq. (11)] has many kinds of attractors (fixed points, pe-
riodic, and chaotic) when the parameter [Eq. (10)] exists
between O and 1.

As a result, information can be processed by the model
[Egs. (3)-(5)] using a variety of maps (network ele-
ments).
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From this point of view, first of all, we investigate the
CAM. The CAM can be interpreted as an information
processing model which uses just two maps [Egs. (16) and
(17)] in the variety of maps.

Next, we propose a dynamic processing model that
uses a greater variety of maps and we investigate dynamic
behavior of the model [Egs. (3)—(5)]. The dynamic behav-
jor (information processing ability) of the model [Eqgs.
(3)-(5)] is classified into the following: (a) recall of only
one stored memory in the weak chaos state, (b) all stored
memories are recalled nonperiodically in the strong chaos
state, (c) some stored memories are recalled periodically
in the chaos between (a) and (b). This information pro-
cessing ability (a)-(c) can be classified by the structure of
Lyvapunov spectrum.

Finally, two examples of engineering applications are
shown as follows: (d) the search for information using
vague keywords, (e) solution of the traveling salesman
problem. The ability of the model [Egs. (3)-(5)] is better
than Egs. (1) and (2) for both (d) and (e). From this
result, we can interpret that the complexity of the problems
is overcome by the variety of maps.

One class in the GCM systems (for example, our neu-
ral network model) is expected to be applicable to many
information processes on condition that the elements of
GCM have various attractors. We have to consider how to
quantity properties such as ‘“variety of maps” in order to
evaluate the quantities which characterize dynamic behav-
ior in the GCM and which can be used to estimate perfor-
mance in these applications.

The control parameter of the maps in our neural net-
work mode] can be driven by chaotic trajectory [Sec. IV B

Seamail Vol.7, No.11-12

(b)]. This approach should be compared and contrasted
the dynamical system®®?° that has a countable number of
map control parameters which are chosen with rertain
probabilities.
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