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Nonlinear Dynamics of Chaotic Neural networks 

ICAihara 

Department of Mathematical Engineering and Information Physics 

Faculty of Engineering, The University of Tokyo 

7-3-1 Hongo, Bunkyo, Tokyo 101, Email:aihara@sat.t.u-tokyo.ac.jp 

ABSTRACT 

Nonlinear dynamics of membrane potential in real neurons is studied from the view­
point of deterministic chaos. 

First, existence of chaotic dynamics in nerve membranes is demonstrated both 
numerically with the Hodgkin-Huxley and FitzHugh-Nagumo equations and exper­
imentally with squid giant axons[1,2]. A simple discrete-time neuron model with 
similar chaotic dynamics is proposed on the basis of physiological properties of the 
nerve membranes such as graded responses and relative'refractoriness[3]. 

Second, nonlinear dynamics of neural networks composed of such chaotic neuron 
models, which we call "chaotic neural networks" , is analysed in relation to nonlinear 
spatio-temporal dynamics and artificial neurocomputing such as associative memory 
dynamics and combinatorial optimization dynamics[:3-.5J. 

Last, the model of the chaotic neural networks is further extended to "transient 
chaotic neural networks" with transient chaos and chaotic simtllated annealing[.5] 
and "asynchronous chaotic neural networks" with temporally analog coding[6,7]. 
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-~~~~1±l~L:t~1:~~~1:~Q~So 

W ~ IY-J liJf ~ : ~ ~ ~;$: ~ iJ: Fo~ ~ 0) m P.X: ~ iW i! 0) 2i 1±l =:> ~ ~± ~ ~ 7,)5 t,J. It \ 0 

JZ 1f! ~ liJf ~ : ~ ffi 11:: ~;: {* ~ ~ Fo' ~ 0) M?R: OJa ~ 1: ff "? -C < h iJ: It \. • .) 

{§ ~fi 1: ~ Q t It \ ~ • ~ 1:, B :'f: ~ t,J. IDE BA ~ 0 

9. m~* (Complex System: m~*, 7dJl*~*, El~5tf&*) 

~WmM:'f:t~NM:'f:ttim~*o)~@o)~.1:~Qo ~~~iJ:~@~tSx-c, ~1f! 

iJ: *'5 ~ t JW i! ~, ~f1. :'f: ~ iJ: In * ~ ~ ~ tt ~;: it -r ~;:, 2i It \ -C m ~ t:: It \ 0 J! ~ ~ t:t. ro~ ~ ~± I:'f: 
fflH;: LiJ 0) ~ ~ ~;: dlJ ~ ~ ~ 0 fl ~ ~ t~ 00 Ie.\ ~, ~ h ~ J! ~ 11:: ~ Q 17 ffi: ~, ~ ~ G -C wr G It \ 5t 

!f 0) 1m tti ~ -IjJ ~;: :1ff ~ G ~ ~ 0 

1 o. .::c T )I--~;: -:> It\-C 

4m W .::c T )1-- =:> i! fllJ .:c T JI--

~ :'f: .::c T )1-- =:> * ffl .:c T JI-­
yJ-f M-t ~ =:> m¥R.::c T JI--

~ 0)1: ~ 7,)). So 

f197iV ])~O-', =~-'JV *,~, genetic algorithm. artificial life. real world compu­

ting. f[;I:7'- 1. yb[;-Y3 J' 7-1, ybV-Y3) It\ -r h <t:> ~t. (ij[.) G -C It\ Q:$~;: ,± Wi ~ ,± iJ: 
It \ 0 4m~;: ~ b S ~ ili W 1: dlJ Q 7,)) S "ilT fiE ,t1 ~± ~ mH;: dlJ Q 0 ({± ~ 7,)5 Ji ~ t,J. It \ ~ 1-t ~;: {jHj X -C ) 
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)ii~*ii1lO)1l~ft t 1l~*l*~A. O)jtijm 
T!II Fa:fili (simogawa@atr-rd.alr.co.jp) 

A 1R7t;'llt7!!tiiliFaIiJf~m 

iiliFa~li~<-r$}fL"':'--.7.Tl..."t'";Ii;~. ~~, ~!iiiliFa-lT-t:.7. 

iJ~*B~ I::tz5 £ ~ c Jiij~I::7f~1iX: ~:h., :Ji'1if.i:i¥:$}f c~ < IJ!l b IJ to:iJ~ i?, 
,*.\:: El i? ~ ~~ ~ -1t-r v'?'>. -1i, ~0)1!I0!lI!.B~~llt c il!!fflO)&::·~tl 
ii' i?;9:O!lI!.~O!lI!.~iJ~~f#l ~:h. -r ~ t.:. ~O)\ti!!aJlWH:: !i, t1fi~~1illiO) ~ 

*~to:~;t1ic V(i'1f;~T71j-'ET)viJf~~~:h., f-O)I~t:!c.EH::J:-::> 

-r~O)ii~I:::ktJ.tiJrto: ~:h. -r ~ t.:. 
i1i:if, ill$lH11O!l1!.tti"tlo) ii~ ~1fw:I::, iiliFa~!im:JllllB9~~~i!£ If 

J: 7 c L '"(It,~. LiJ' L, ~~I.:f!j!-::>-r, VE*~fiffii'!O)G.tft"t'"!i:kt 

.ma~to:lJ~~;Ii;IJ, O!lI!..~~~~R.~~¥L-r~~. ~to:b 

;, ;9:O!lI!.~~fi~i?~:h.~~.O)~~~*.~m~~cto:lJ, • 
tEo ~o)~~I.:*1li~jlttIJ~~U.: L '"(It,~ c !;tv'v'av'. $}fLIt'~ 

limHHll L -r.:. 0).1i.~ HTf#l~?>':' C iJf, iiliFal'fiJl.::.t:Ht ~O!lI!.~liJf~ 
O)1fl*O)~lIHHi"t'";Ii;?> . 

*w.i"t'"li, £f, liliFa~O)tUffi1tl:::kti- ~ t1fi~~ffiffiO)mac rQ~m 

~~~L, •• *O)n~~O)M~~~~~. *~, •• *O)m~~ 
J:~), VE*i'!O)~~w.~mtiij~~. uP;, Y1j-2.:7.7.0)$-tf!t1c~ 

tEf10):tJVi';i:iI'i?, VE*i'!~~iili:~. £f, VE**k;ll/j."t'"!i~lJtlk;t 

to:v'. smlloO) l- "71::'J:7 mO)~1EHIH!r~~. ~I':, Y 1 j- 2. :7 
.7.0).~~.*~~,:,c~J:IJ,~*.0!lI!."t'";Ii;~.7.~-~j~7l­

iI{li&f,E~ ?> ~ ; 1T"71] -'E T )V ~ mliX: ~ ~ . 
2. lml~*FlcttIiE~fiIfi 

£ 1'. ~O)fj ~ c t1fi~~ffiffiO)jltj!jlH:: ~v'-rlWHlt~ ~. 
lml~~ 
lili •• ~,liliFa~.·~.J-~·~-~~i?to:lJ, ~-~~J:-::> 

-r.~~~-1ti?:h.~liliFa~*~ •• ~~U~9.~~TA"t'";Ii;~. 
ii!iFa~O)~.~, $-;9:O)~-~~J:~~.O)~ffl~;Ii;~. ~;, lili 
FaiJ{~~to:~.El:ni~)~ttl.:;Ii;?> . .:..:."t'", if.£ifo'it10)~~H1H'f.; c 
v'7:'r.~I::~~~c*1li~~~~.:.ccto:?>. f7Ui.!.f, :z::.mliliFa-lT 
-t:AO)~*~H1j: (fttf!) Ii, ~~-4fiJf, friJ~"t'"'b ·illc"t'"'b . 
.~~~to:n~"t'"ii!im"t'"~?>,:,c"t'";Ii;~. ':':h.~-m~.~ffl.L 

-r~:f]!~ ~.:. c li/GPJ Ii~-r;li;?>. -tt -I::: ~O) ~3lttilfliliFa.O)iltj!jlJ 
!::lIMi?to:v'. 
ff~ ,",ffl' ;Il;ll~·~,.t -::>-r-1;l--t:.o;(. (~*E) ~~:mT·~,:,c!:J:, 

~ii!i:'-- .7. T 1... -?*~ a- ;Ii; If ~ £ -r 'b to: <, t± 4'<:'-- .7. T 1... I.:Jt < ~ lili 
L~~;t1i-r~?>. ':':h.i?O)~-r, liliFa.~~~~ft.O!lI!.:'--.7.Tl... 

c L -r f-O)iliJJf'FiJ{j£:f;ttB91::m.~ ~:h. '"(It, ~ t.:.l6, t)(l.m~:kt~ c L -r 
lt~~~;t -?~v'. 

lmf~~O) 3~~ 

.:. 0) J: 7 I::, liliFa~li, fPJ~-r t . ill c"t'" 'b c v' -::> t.:*iPXtt c • 
t.!lliJfj~to:fjt~-r CIt' 7 :::J ~ t-3l~tta-~.~ ~ 'b 0) c L -rtL1ift It 
G:h.?>. -~, .00':':h.i?0)"~~~~~~~~a-Wto:~. ~;, 
~'UU{!tf?>. ~~, ~H.~B9to:::J.7. l-Mf!IHH.~B~to:liliFa~.a-~ 

\l;j;:~?'>iJ\ .:.:h.a-ElE!31.:'f;IJffl LJ: 7 c~tLli, lruO)~-~cO)~ft.g­
iJ{!tt.:, i'1f;.g-b·-1tto:lt:h.ltto:i?to:v'. VE-::>-r, ii!iFa~(i, *$:t1· 
::J? HJl.~t1 . tIllii! c v' 7 =~O)!l'¥fiH t;, .:.:h. i? l±liH.:tatn: 
L "(v'~. 
ttliE~fDli 
• O)~n· il!!ffl-rli • .:.:h.i? 3 ~*0)}~"7 / AiJ{&::,~"t'"il?~. 3 

~*O) to: iI'"t'", tIllii!O) !l'¥t11±~llt~0)if.£~§!B9 Yi!.ffl fJ i!f:@:~ -r to: v \. 
-t.:. -r, l!lillii! H~O!lI!.~ I':~ IJ tlk 7 ~;1T"7IJ-'E T lviJ{f#l~~ :h.t.:. .:. 

:h.a-~I': Lt.:!l'¥t1~fil±tH~~ffiffi c J: It:h.. ~-? J - ~O)~llt . ~ 
ffl~I::&::'~o).7. T 7 7""t'";Ii; ~. 
~'5IT91l 
~;IT~~.$-'ET~"t'"il?IJ, fr.(t-5~~7)#~~to: •• 

;®f,H:: VE-::> "(m J... L, i'1f; fl" :b-1t-? ihl::h. ~j~ to: v' to:iJ{ i? ~iili~.lt. 
(-1;1-- }~) a-~*'f;IJ ffl L "(It, < 'b O)"t'"~ ~. R!:'b ~* ~to: 'b 0) Ii 

MlG/l--'ET lv c i3b:h.~ l;lj;1!I"t'" 
:;p:t:;J~ '5IJij;Fa9 =(1/2).lj;l.1ii~Fa'inEJ...1±~ :m:9./~~~ ~ $ (1) 

CIt' 7 aJl~~to::Z:1:\:iJ{~ G:h. -rv'~. :'--.7. T 1... O) •• mi§:I':r.t t.:"(, 
~;.-?~iili~.O)m/j..g-b-1tcmli~ffla-~~L~tf!4to:-'ET~ 

iJ,t&btL?>. LiJ' L, !l'¥Jll::to:l;lj;.g-H.jf.It'-rJ!.f.$:~to:~fiIlj1:\:H~~':' 

c~W~"t'"~to:<, fi •• :'--2.~~-:'--3/#~.~.cto:~. 
3. 11~ltcm~ 

*1':, t}i~IHtI': J: ~ VE*t1fi~~filliO)ma~jffi;fm~ ~. 
~-I::, .0000001i1:\:O)t}i.ltiJ{~lf I? tL~, tIllii!!l'¥t1 H~?> t.:.l6 0) 

ilffi:j£:.-- 2. ~ ~ -;/3/ (;tJ: IJ ~k,j]jto: 'b0) c to: I), :fi:~rJ]a-~~ ~. 

-1i"t'", 1i1:\:0) •• 1t~R •• a-.tf!~~~~.l6. tIllii!!l'¥ttO)1i1:\: 
~O)~ff:p;jWH~J1lj~~~ra'I±~*I::to:~. VE-::>"(, 1i1:\:0)j'iljF,t1t 
~O)*-'9-I±, O!lI!.~~ffi~J: IJ tr V4ra9"t'";Ii;?>. £ t.:, •• 1i1:\:0) 

~~~if.£a~~m.~~:h.~.~to: •• mi§:"t'", VE*~fiIlii'!"t'"~.~ 
i!{-?Itav' 'b O)iJf!t t.: -r ~ "(It'?>. 

*1':, tIllii!!f.i't10)~*~{Hf*}i.I':to:-::>"(v'?>. UP;, i1i:ifO)lili 
Fa"t'"I±, tIllii!I±f-O)1;lttU IJ 'b tr L 0/~51- ;....iJfrQ~m c ~ :h.~. til 
lii!!l'¥tlO)~fil±m.f$:H.::f.t L -r1;l:1t~~W~"t'" ;Ii;~iJr, )~~ - /O)~ 

lJtlkHif&,il&I::mw.1E1': to: fJ, 1i)'\~0)*fft1 'b tiUtfHt-t~. ~ i? I':, 
VE*0)~;1T91j-'ET lv -r~;t ~ ~H.IJ, tIllii!O) m.r~ J: IJ}~ ~ -:.- ilrrQ' 
lHi c to: ?>J.llUI3 ~maJl-r ~ to: v' . .:. :h.iI' i?, t1fi~~fiffili~~~~· *El:kt 
~to: 'bo)C to: IJ, *§:kt~I::R~lHtL "(It'~. 

£ t.:, iiliFa O)f}tf!lt I:: J: IJ, $-~"t'"f}i.to: mJ... l- "71:: 7 :7)~ ~ 
-:.- a-~.~ L to: It:h.lt to: i? to: v,. ':':h. El :!it, -'ET lvO)rn~;9:~:Il!l* 
~-1t, t1~~~fiffiH}i.I::~?>. ~i?I::, f}i.to:mJ...}~~-/iI{:m~ 

~:h.~:kt~lijii]~I':, tIllii!~}~:$' - :.-"t'"m.~ L"( <~ . .:. 7 L"( ~ 
i? 1.:.*tj:;jXiJCI::~1I~. 
4. r,,'~O)PJitEc11~~N*"O)liIlffl 

.:. 0) J: -J to: , t11i~~fiffi O)Riffi ~ a- c'o) J: 7 I.:.m L, :tTli& L -r ~T 
Itlt J: ",O)t':0 7 iJ'? 

tt~E~lj!fiIfi C tUElt 
~~, friJnO)ma~'b~ii!i~#;Ii;~ .•• ~~,~fiIli:kt~O)~~ 

~t1 c L -r.:c T )v I::J... -::> "( < ?> 0) -r ~ -::>"(, t1lig~liffi 0):mIl./j.1': C -::> 
-rli, 91-jfIl~1Z5l c L -r ~ fJilk;b~' ~ a-f~to: v' .¢.i:"t'";Ii; ~. VE-::>"(, >tJ~ 

iJ{t}i*itL-r~lJjb'b 7 c L-r"'?>'bO)O)*'tItli:jjf:i?;ti?:h.tj:v,. 
~~~, ~;1T7IJ1;l:. ~llc.O) 3 ~*O) 7;, tIllii!a-iili:ffi!l;~I':~ IJ I±l 
~~O)~~~. ~Mm#, **, ~~ttc::J~~:m~tti~~T~ 
~.l6O)'bO)-r;li;-::>~~~~~~:h.~ VE*i'!~ .O)ii~~#to:7 

t}i*1tO)*1li~:jjf:i?;t?'>'b0)"t'"to:v'':'~ilq.m~"t'"~~. uP;, t1fi~ 

~fiffi t i§ 7:'it ;t~(i, ~1:\:o)~~I':VE~ L -r v'?> O)"t'";Ii; -::>"(, .:. 0) 

.¢.i.iJ' •• jt"O):kt.~ !!Ial:: L '"(It'?'>. tl~~liffiO):t$m/j.ilrt1fj~ f-
0) 'b O)O):m!~~c nll.*I1 L to: It:h.lt, f}i*1WriRIt"t'" ~ to: v't': 07. 
ti~~N*"O)liIlffl 
.*~O)ri.~~, ~*i'!O)*~a-.;t~*m~#~~0)J:7"t'" 

;Ii;?>. -ttL"t'"li, 1;'0) J: 7 to:*m,lj. a-~:h.lt ft "'O)"t'";Ii; 0 7 iI'? o/J 
~, .:. :h.li:@:~to:r,,~m-rlito:v'i!r, v' < ~iI'O)~miJ' IJ a-;Ii;lf~':' 
cli"t'"~?>. 

£~fi •• n~O)ii~~J:IJ,ftn~ft •• *O)*~~~lJm 
v'[l]i!'iltlv"t'"v'?>.¢.i:iI';Ii;Ij'i?:h.?>. ':':h.li, tll.:m!~:m!~B9tj: 'b O)-r 
~~. VE*fH~~liffiil{~;j1fCjtB9 to: 'b 0) -r~ -::> t.:.¢.i: ~:'it ;t :h.1;f, 4-1&. 
~to:IJO)W~*~~"t'";Ii;0-J. L~L,~~~ft.:m!*~iili:.~1J 
m;t?>~.l6, ~.l6-rll~to:1ii'!t~;ti?:h.?> . 

*.1::, 1}i.j(:0)~'1·~[210)~;t1i"t'"~?>. :flt4~, ~O)ijg~iJ'.* 

1t~i!j!to:'1':' ca-, ~:!tiJCt L -r~-::>'"(It\~. f)nlt-f:H~O)m.¢.i:I':J:-::> 

-r, •• itO)~,*~:)JEi?;t -r1T< .:. c a-Mi'1f"t'" ~~. 
f7Ult ••• j(:O)JIl.\l;j;:~v'~;t1n.:i1J~ttiJt;li; IJ, ~ra~~' ggra9 

~1':2. 7 D"t'"~Hffito:mi§:f-O)'bO)iI'i?li.\l:;v' 'b J: i?to:v'bO)iJr, "< 

:7 0 I.:,lj.t.:c ~ 1.:1ll3'.J!~ ~;jjQJC~i§7. tlIJ~t10)m.¢.i:liii!iig.I': C? 
-r~.l6"(1l~~,lj.;t?>. ~~, iiliFa~O)~.~ii!iFa~-t:Ao)~. 

t1 Ultajj Lt.:iJ', iiliFa~O)':' 0) J: 7 to:~H'Rli, I±l*~ilf -::> t.: 'b 0) ~ 

majj L t.: 'b O)"t'" ~ IJ, ~ i? ii'\: II)T5E ~:h.t.: t 0)"t'"1± to: v'- tr L 7:>. 
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!iti!i:>J:J- r''C;J;:4f:""::)>J:g{. 1}j,'iIi~'Ci3!liIJir.· i'ili1t1r.L-C. *!Wc 
-c'm~B0>J::f:t3fi:O)illH~-IT- t::A HI]#; L -C ~ t.: tffi¥:fR-t.r<~ t':7:; -? 
iJIJ#;B9t.: ;II} 'J Hi, im"O)~iilil' J.'l!JL U.:*i1jO)~;f.ftt.: t'f::!ll!1l!ltJ9 
I:jjl,ilit':~tl, imO)Jil(;N:H:n-cv'1.> tB'.i1.>. 

;!W;., ~ftttO)~.i~i3!itli. :--Aj-].,..~O).tL-C. ~n~ 

G •• ~h-C~~m. ':;f1.~ML-C . •• *O)~.li ••• n'¥:t 
L-C-lEO)~~itfH'!}.i1.>'bO)t L-C, J!Ilfif-c'~-t-?<::,;l?1.>. -t 
0)-""::) iJ!:I1H1.J f: ;l?fft.: tl(lm.:ml.ff.Jft~,lj. <::';l? fJ, 'b -? -""::)iJ{. 11 
:tAO)~.0)~.{~~7AO)~_~·~~~~R-t1.>:mlM-c';l?1.>. 

J'!P 'I? , ii't*O)iJiJJ89;Y,0)~~I:R-t1.>m~li, *~89f:mJJ!IlB9iJ'7 / 
7'" ].,. 89>J: 'b O)<::';l? '? t.:. .: ;f1.1:M L. 1 / Hill t? ~'.O) t'-I?G f: 'b 
~ ~ >J: v" f!I.>J:!fVJ89t1i!iHI'>J: -? 'b O)iJ!, JJ?~O)i!t3'f.f::!!M:1ilI:~ 

t?;f1.. m~.ff.J~1ll:.>J:~.:a:-*~L-?1.>~t.#:mlM~;f1.tlii06-C 

1,'1.> . 
~.{~~7AO)m~li. Mfiff.JH~:a:-~<~h, ii't*O)~.~fiffi 

t Ri!!! L-t'i-v'. -t.: <::'. {~-*,<::,'j: 7'"'( ~::; 7 AO)~;fi~t1 . ~:tEti 
O):)Ji..¢.:iJ' G l!E*~'C¥H?ilM'-t 1.>. 
5. stlllt 0 (7) J-. '7 I::: ';J ~}R[ 

~IH*~fIlfi (7) il1i tIE 
fif-l?f1'9 Ij-'E7'ivli, 21ljH::i$..r<t.:iili I), fil'{i\!'B9>J:~,*-c'0)li'tE$-'E 

7'iv-c';l?Q, ftp'I?, iilEAr7t.·:J7Ii, !jl.~~rdl<bt.:IJO)iJlLA:lli:O) 

~~. ~ft, -to)mO).""::)~O).~~ff.J~-)/r-t'. ~~~R~ 
t-lt..0);t1cilt89)~7) - "l"!\'fm:1tft G;f1.1.> 'b O)iJilE L, fif'l?~rdl-t' 

iJ,ttl.O)JiIil~!\'ft1Jli:0)':;f1. t?)~ 7) - "f:MT 1.> iMHi :a:-(I)~O)_ 
f:lj;jIfiffi-t 1.> 'b 0)-c';l?1.>. ii't*li, )~'7) -" O)'&-lt.:a:-~*f: t 1.>': t 
l". 1il\:mlIi~f:li':O).J: -? >J:ll'ffiffiiJ!iiJ~~tiJilE~;f1.-C~t.:. 
m(7)~.1t, fI~1ttf~Ut~(7)tJ!F.ii. 

;J;:i!tfCii!iffiimO)~t L-C1\f1J:)Jl.~tl1.>ATMxWt~~li, ;l?1.>, 'li.lJ 

$ff.J>J:~ffl-'E-V'Ct1.>t~, ~_~~7~-;l7.'C.:mlT1.>~. 

iJ{;l? 1.>, -t O)t.: 06. )~ 7) - ,,'I&O)iill*>J: t'O)f!l. ~ O)rC')~!Wf&t~ 
~tl-C~t.:, -~. :f!UtU,t L-CO)~*B9>J::)Jl.,¢.:o)-""::)li, )~7) 
-"'I&O)~*<::'lilil\:mlff.J~M.~iiJ.>J:. ~_>J:~.{~~7Ao)~ 

~t1f:;l? 1.>. -t.: <::', pc'lHi t >J: '? -Cv' 1.> r 7 t. 'J 7 iJlLO)~*t1~ :a:­
~.L, ii't*O)ft.,lj.O)~*ff.J>J:**~i.~L~~. 

stll. 0 (7) 1--'7 t:';J~}R[ 
•••• -c'mG;f1.~r7t.-;l7iilEO)~~g~~n~0)_~~7'­

~{tj'-j5N}.li, ~TO)ii!ifJ, !\'f~t.:MciltB9t1'l!{'C~Lt.:. 

2 

oc l/ji' 
(3) 

f&;i(O)a. yO)~f* 0 < a - y <I (4) 
(2)t(4)li. #;.1:.rdl~0).IjZ:J5]iJ{;!W;~Jt*I:#;1l1-t1.>ftJi[li]'C:f.f""::)': t 'C 

ff, L, ;t1cilmlllj (/G'b£iRlllt) O)~~:!li:iJ~mt* t >J: 1.>. .:O)t1ilt Ii, 
M.~Nr"'~tttll'1It;f1.1.> iJ\ ii't*~0)i@iffl9J.0) r 7 t.':J 7iilE<::';l?1.>. 
~/?F., ':O)7'-"f:J;JL-C, r7t.-;l7iilEO)iI\l.tb!:a:-i;li:061.>J-.'7I:::';J 
~ •• (.~~~~O)r7t.-;l7:!li:0).IjZ:J5]) 'Ci@iffl-t;f1.~, _Ito 

$8~1";l?1.>t~.iGtl-cv'1.>. J'!n-l? :--Aj-].,.O)iI\l.m (A7--}V) 
'C*~ < -t;f1.lt,fIL¢.: () I)':J r) iJ{~-r1.> t ~;f1.1.>. 

A7"-JV) I) ';J J-.(7)ffi* 
A7--}V) I) 'J rO)Iil\:mlli, -~, i3PJH:,lj..i1.>iJ!. ~1~~ 7 

A O)t1'l!{ I: ft{ff- Lt.: 'b o)-c';l? 1.>. ~f%i, 2 iliJ o)M/G/I f-.i' -I? f1'9lj-c' ~ 
.i 1.> t, 3S!JL <::' fiiI-O);t1cilt~fllj f: ii't -? nOO O)f-.i'-I? 11'91j 'C;t1c.g. Lt.: t 
~, ilitfillj~ ~ $iJ{-lEf:i*t.:tl1.> 0) I:M L -C{t*Jli:O)~ftl;l: lIn t >J: 
fJ • .IjZ:J5]fif-l?~r.lWl/n t >J: 1.>. .: tlli. 1ll:1jH: J: 0 -c, tiil G g{iJ{:-­
Aj-].,.m.I:M L -C+ ~ < >J:1.> Cv'-? 11'r; A~*:a:- q:r.(.,~~ftl: 'b 
""::)li'tE$~*O)~'l!{~~t~'bo)-c';l?1.>. 

ii't '? -C; -~~0)~:lE7t *A..O)q:r'L'Hi~ftlE:ml 'C ~.i ;f1.lt. .: 0ti ~ 
iJ~ G;f1. -? 1.>': U:>J: 1.>. J'!P-I?, 1l!::!ll:f:M-t 1.>tiiG @' O)t!lm~*lli;J, . 
:JJt * 'C 3i: ~ -t 1.> 0) Ii, Hi ~ft 'ti lE ~ * 0) f&;i( a., O<a.~2. -c';l? I) , 

O<a.<IO)~f:tiiG g{O):JJt*iJ{.1:.t:. A 7- }v;ll) -;I r O)Iil\J.lI[iJ{1iJt~ 
-t 1.> iiJ~~t1iJ{;l? 1.>. 
11A~j~nt:f.'j!>fj9IJd)A7"-Jv, 7'Y7")'lIJ 

19> G g{ iJ!:JJt* -t 1.> ~ f*. 0<0.< I. Ii r 7 t. 'J 7~!ll JtiJ{~ft-t 1.> .: 
t :a:-~. L, iili1i\l[.lfif -I?fT9lj-c'lifif-l?~~iJr:l!fo.~ L -C Ltv', ilitfi'm 
:Jl<fflo)-'E7'}vt L -Cli:$\::j%-c';l?1.>. :::..O)t.:06, :Jl<i!iiilit1i1lliJ{{t¥i;H& 
:ml-t1.>.It'C, -lE.~Gli'tE$B9'b£iJiJJ:a:-W>J:-?to)~~~,f-.i'~* 

b~~tl'C'tilE~~1.> . .:O)t~, JiIil~O)A7--~'r-;l7""O)~ 
ff-t1iJ{;J;:o)_f:l~ G tl1.>. 

t-r. r7t.-;l7iilELt:Jl<iili.filljO).:ml~tls'ClE1i\~~'C'b""::). 

iiJ!J~jJUli'tE$j®tl-c';l? 1.> t L. .: tl G.iiJ!J:ltli i'Jll~tlxO)!\'fti t L 1::. 
~rdl A 7- - iv,!£E I:M-t 1.> ilVii!i:B9t1~ 

{X(sl)}- {sHXX'(t) + o(sHXX(I)} Oarge s) 
THY. X0)59!JL>J::::I1! -XI.X2 ..... XnO)1l!::!ll:f:fIIl-t 1.> ilVii!i:B9t1i!i 

XI+X2+",+Xn-nl/uXX"+ o(nlluXX) (large n) 

'C~.i 1.> (':': -c'X'. X"liO-c'>J:v'li'tE$i®'tl) . .: O)t ~, ~-I?fj-

91J 0) 'tilE 5l< i* 
HS>HL 

O)T-c'A7--~.~~M-t1.> •• # 
n-*f.g.~(7)fEiJif !>lfi¥r,,'~Vn-k+ o(n-k) (large n) 

k=( I/a.s-l/a.[)/(Hs-H[) 
(5) 

t.G;f1.1.> (':':-c', vli, ;l?1.>~.li'tE$'b£., iJif-.i'-I?~~li3~ 

~-c'~~~-I?.g.b~:a:-OOtliiL~t~O)fif-l?~~) . 
A-7-JV' 7';11) ':J r 
kO)~jfH:~t-C, (5)liA7--}vr 'J 7_0)) I)';J r' j-';lI}'J 

r 'C~.-t1.>., l/a.~H.<!lO)5l<f*O)'b t -c', I/a.;tHt.: J.,J;g;.g.O)li'tE$i®' 
tliJ{~ t? ;f1.v' 1.> .: C7J' G, kO)1l:f~Ii~jft fiiJ;f1. f: 'b ilitlE-c' ~ 1.> .: t 
#b~1.>. ii't'?-C, .1i1Il~fflO)-'E7'~-c', 7';I~-;lr'C.1:.-r1.>'bO) 

li.'¥:ff.J~:li~.i -? 1.>¥f:>J:1.>, 
7. ;!: tlJl) 
ii!iffiimO)ft~Ij:f~.ir. f: J: '? -Ci!§06 G;f1.1.>, -~<::', ii't*ft~,lj. 

,j:f!I.1r.~: J: fJ !!!9ifEiJ"j(ji* L, J.lI[~ifffa9~~0) ~.!}iJf*ffi/)' L -C ~ -C Ii' 
1.>. f!I.1r.0)2f>:'l!{'Cm G .i1.>t.:06f:, t1~~~fIlfiO);j$.,lj.li. t11i~-t 

0) 'b O)O):ml."O)nll.j;piJ!;K06 G;f1.1.>. -to)t.: 06 f: •• ;Y,o)~'¥:"O) 
J!Ilfifli*~v'. 2f>:Wi<:"I;l:, 7'".{~~7AO)~_tit~~t10)tJl.,¢.:iJ' 

t >J:'?-C L t -? ii't*O)lEJli:ir.~<::'li, ~iW.'Ct '?t.: < rill¥/{ L>J: v' G, ii't*;j'!f~,lj.O)~ft3'f. 'Cf&mi Lt.:l:j®,g{t.:v,. liJf~litliit '?t.:ltiJ' 

r 7 t. 'J 7 iilE tjjl,t.: ~ ;f1.1.>iJ!, ~/?F.f: r '7 t. ':J 7liiilE;f1. -CV'1.> t v' fJ -c';l?1.>. 
-?~~:a:-.1:.t1.>. ~ [1]Milner, R., Communication and concurrency. Prinlice Hall. 1989. 

tl::~ >J:B, (2).(3).(4)O)t1~U)""::)'I&,¥:-'E7'}vli. Vt::tA H5] 
tWf'lt;f1.1.>o1\ff\ftifillltHf>J: -? 70 -t L -CWfJil(;-c'~ 1.>[6]. 
6, A7"-Jv'7')I)';JJ-. 

5 iliJ-c'Ii, 7'"11'::; 7 AO)~_t'.£O)tJl.,¢.:I: J: fJ, 1!E*ilitiltit:iJq;~ 

~-t 1.> r '7 t. ':J 7 iilEO) iliJ.Jl. 'Cff, L t.:. *iliJ-c'li, .: O)tJl.,¢.:0)1K.t1 
'CE~~li'tE~-t1.>~06:a<~G;f1.~Iil\:ml-c';l?'?-C'b7'".{.~~7A 

ilitlE f: J: '? -C Ii WR~-t 1.> .: t 'C f&mi-t 1.> [7], 
A 7"-Jl-) I) ';J J-. 
:Jl<fflHft.:-?:--Aj-]"'li, :Jl<fflO)It.g.'C*~<-ttll;f, J:fJ, t;IJ 

[2]Lewin, Roo Complexity: Life at the edge of chaos. Phoenix, 1992(ildlJ 
~7c li,ijjR, f!IttlH1 0) f"!·'¥:. fiT. rdl i!f Ji5, 1993) [3]Checkland, P., Systems 
thinking, systems practice. Wiley, 1981(i'&iIilUJtt~11!!. li,ijjR, ~LV':--A 
j-].,.r70-7-. :t-].,.U, 1985). [4ffJlJliH/i, B*:t~V-:--3 / 
:X. I) -Ij--7-'¥:~1992iFltfk~lilf~#;*~r7A r 7 7 r~, I-C-6, 
1992. [5]Mandelbrol.B .. The Fractal Geometry of Nature. Freeman, San 
francisco. 1982 (777" }v~fiiJ,¥:. B g-lj-.{.:L/ AU, 1984) [6rf 
JllfiHi/i. B *:t~ v -:-- 3/ ;( . I) -Ij--T'¥:~1994iF1t~~liJf9l:#; 
*~r7'A r77 H~,2-B-6.1994. [7ffJII.g*ll. :--/:F:.h 7].,. fi'ill 
~ii!i.g::f-'J r ry - 7 f:llIl-t 1.> t1fi~~fiffi-'E 7.0 }vO)~.g.ff.Jlilf~('f3!·liJf¥/{~* 
IYH!!=~05302066)J ~)C~.pp291-296.1994. 
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f~UfEiMiJf~ ~: ffl 1,) I? il -C 1,) ~ ~~1Jl~;%;; 0) 1,) < -? iJ> ~j: B 'lit 89 § ~fH: -t- 0) ~P* ~ ~ ~ -C It) -C, ~~ 89 ~: fY31ii I: 
Ji::~T ~.: t iJrm~~ t O)iJr~I,)o ~~89Ji::~~-9-,t J: ~ t T ~.: t iJr~~p*~.: t t ~I,)iJr, -t-O)~,lj. 

~Jm L -C, 1i-~;%;;0);f1ft4 ~AX:7 J- }viJrafll?iN:~ v), J: V) ~iJ'-c*fjW~m~*~c.i!l!iJr1lJ~~I:~~ t Ttl 
IJ, 1~~ t .: ~ iJr:p~ < ~ It)o .: 0) J: ~ ~~,lj. ~ 1&:1: rm~*£1il~J t ~1tft -C ,j: t' ~ -cit ~ -) iJ'o 

.: 0)~f~-C:"j:m~1*1:-:?It)-C0)-f.J)t891:E~~It) < -?iJ'i!l!~, m~1*£1il~0) r17UmJ t L -c, m~*O) 
r1l!fuT'lJ-c:' U;fUJfflIt) I? tl~ r:J 1:: - v:-- AJ . r'I'j!g¥ltO)~lUlJ ~ t'0)~~897t;fJT11U ~i!l!~t.:o 

7t;fJTf:ffllt) t.:~~eg~;%;;'j:, 1]D~11Q10)~~11ffil1ii*~~0)*JlO)M-:?f.m4 0)'1~¥ltr1l!~egf~~ (.:c / J- D 1::"­
t-t-~liJ'~i*~T~f.m40);f§1I:r~¥It;) -c:'it~o 1i-1ijg*~~';l:--?0)~~ (11U,ttf'::'.::t-D:--) O)it~H~ 
~U-CO)~Ji::O)MrDg; ~ it I? PTo fIE? -c, ~~O)~t ~~UO)~~t!I,!tt.:t':!tO)1JD~~~111Q10)1ijg*~~~ If)(. 
I') tl.U? ~!t t'Ll;r~ ~ ~ It)o J-J T, 7tifJTI:ffll,)t.:;f'·HJl t 7NJTO)*ff*0)-l?i~ ~ mafl L J: -) 0 

1t{g*~~ (W.T)ffjm~j(1~l;.tll~~~) 'j:~~10)1mtLipt 1?~It)t1&:Ji::T~0 i1"\ --?O)~~ ('::'.::t-D/ 
tn~~) O)ify~~~U-C:'O)--:?O)FnJm;Ij(1i.~;f ~~,t~t~-t-O)ifypilt)~, T~pi?, -t-tt~M1JlUT~': 

t -C1~ ~ it ~ 'I~¥lto);, iJr.:c:-- J- D 1::" - H(f) := L-x p(j-lx) logp(j-lX) I: J: I') Ji::; 1~-c:' ~ ~ 0 fu,t ~ 

~~U t -C0)'::'.::t - D / 'u. O)--?O)f,§Jm~1i.~; -Cit ~ t T ~ 0 '::'.::t - D / O)~ ifrj t MrDg~~U t o)*Jl (u., t) ~ 

:f$g*(J)~~~F.;i. !::~~;r~o ~~,~O)~~l~~ A.~: ElT ~ !::, .: ~l ~ O)f,§Jm:I7t1i.~; ~jE~t.: t O),j:, trllK:£ 
*0)~!fiJJ0)~~)\?' -:-- ~~Gi!l! L -Clt)~ 0 -t-O)ify It' i It) ~ (T~ Pi? -ftll? 0)1t{g*~~O)TInIB€l~0).:c / 
J- D 1::"-) ~ H(A) ttf<o A iJr~~~o)~lj: H(A) =0 t*9*T~o .:tl~£f:~~)\?'-/O)f.m40) 

m~#Ji::~~h~#~-Ct*o)tO)#£*eg-cify~: 

H(AIB) = H(A U B) H(B), 

1(AIB) = L (_1)lc 1+l H(ClB), 
C:C.4 

td':L, A,B,C' 'j:1i-4~~111Q10)p'!j~,~~$:L, ICI 'j:~~C' 0)11Q1~~$:To B iJr~~~O)t ~Ij:, 1(AIB) = 
1(A) t < 0 H(AIB) ,j:~~~ B -C:'0)1${f.f*0)~1i.~iJrq:ljaflLt.:ify t -c, a~~~ A f:.t:Ht ~1qlff.f*0)~j(1i.~ 
f:-?It)-C~? -C1t)~~j:$jB9ifylt) i It' ~ ~$: L -Clt'~ 0 it.: 1((-u, t), (v, s)) Ij: 2 -?O)~~,~ (-u., t), (u, s) ~: 

;f3!t ~ t$Kf*O)~)ll})iJr;f§lIJ:mJi:: L~? -C1t)~&~It) ~Ji::;B9 f:$:JJlT ~ t,lj.~ ~ tt-Clt'-C, f!1J~B9~5tJi:: 

-Clj: 2 -?O)MrDg0)1§1I:1~¥It; t 1I~1;;f~l, '1~¥RJlI[~O)1il::OO)--? f: ~ ? -Cit) ~ 0 

2 -:?0)~~,~-C0)t${f.f*0)~!fiJJ0) rl3~0)B€l1* ~ .: i'L I? 0)"; ~ ffllt' -cJi::.,;eg f:~~T ~ .: t t±l*~ 0 17U,t l;f' 

",((u"t -t v,s):= 1((u,t),(v,s)) I H((v,s)) 

Ij: 1 W.TO)~F~~~-C~~,¢.i: (1I, t) -CO)~!fiJJiJrH#~,~ (v, s) -c:'O)~)ll})~:x@C L -C1t)~J.t~It)!:: ~f;fRT ~.: 
t iJr-c:,~ ~o 17U,tIJ, ",((u,t -t v,s) = 1 Ij:'::'.::t-D / 'u. O)~~IJ t -CO)f,§JP.JT~j(1i.~";iJr'::'::L-D / v O)~~IJ s 

-C:'O) mJ m~j(1i.~"; ~ 7'C~ f: i~b6 -C It' ~ .: t ~ ffi L -C It' ~ 0 ~ I: s = t + 1, It = '/I -C ify ~ ~ ~ 1;f'1ii*iJrA~rl3~ f$ 
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!P:Ij\: -? V' -C/f'~ (RD i? 7£::-m") cit, -? fIX7£:: 0) "}-"(', L;l:, $j iWs0 ~d!Hf~:f~;O'Jilt V) 11:. "::) -C v,,~ ;: c I: ~ V), ':::';:I..­

o:'-1lI;;l:F>l1tt.:1J~if-c L,-C~c.~"("~~o ~;/3, ;:;/ll;;l:;fJ;t40)§1:-fO)fi(t!:Ji!,x.~c -?;:c"(,'~"::)-C, 

c· 0) J: -? ~ i~\HiIH: J: "::) -C -t- 0) Ji§J fifrlJ9 ~ 5fHilt;O'1=.t -C v' ~ ;0', c v' -? ;: c I: ril L, -C 1;;1: ~ I: <b "::) -C v' ~ v' ;: 
c I;;I:¥£~~~T~o 

*t:, 3 -?0)11'f~,¢.i: Ei (i = 1,2, 3) 1:-?It'-CO)*§lf:I~*';J:*§~T ~ <b 0);0' I(6,6,6) "("~~;O', ;:;/l 
I;;I:lE t: <b ~J: <b ~ vH~~ 0 ;: 0) lE9! t;;l: 3 -? O)n'!j~,¢.i: -c'O)tIll{(f*O)~1VjJO)~l*O)~*§ ~ * ~ < 2 7tT ~ 0 ;: 

;/l ~ ~Sg I: ~To);O'*O)7£::Jll!-c' ~ ~ : 

~:E~F I(6,6,6) O)Al*1~I;;I:miniH(Ed, Al/H~I;;I: -mini,jH(EdEj) "C'~V), Al/J"\f~;O'~:m~;/l~ 
;: c 1;;1:, --?O)H'!j~,¢.i:0)~1fiJJ;O'1mO) 2 -?O)n'!j~,¢.i:-c'O)~1fiJJ-c'i:k:i V) L,;O' <b -t-O) 211'f~,~,0)~!P:IJI;;I:]iv' 

1:~Ell11:."("~~, cit, -?;: c c 1J'il1~"C'~ V), Al*~;O'~:m~;/l~;: c 1;;1:, --?O)H'!j~,¢.i:"("O)~1ViJ;O'1ll!O) 

2-?0)H'!j~~"C'0).1fiJJ~~~~~~~;:cclJ'il~"C'~~0 

;: O)J:j:trJj 1:~4 ~*§]irill*O)ftH§;O'~ V), ~~~i*Sg*§]i~l*c v' -? -**i\!~ <b O)"C'T 1?g;,4 ~)'\ 7 -:.­
;O,~~ 0 

_to)14<~m.I;;I:~I;;I:, 1IP*-£if-0)~!WJ~1ijs:0)~rl3~.t0)--?O)ftlJl$ ~i:k:~ ~ ;: c ;O'i±l96,¢.i: c ~ "::) -C V'~ 0 ;: O)ftlJl$ 
1;;1:, ~~~il' 1?1~ I? l.l ~ H'!jif-~O;O' I? -t-O) y 7 1- ~1ijs:~:@ L, -Ci:k:~ I?;/l ~ <b 0) "C' ~ ~ ;0', -~I: I;;I:til~O)ji'{Ji$ 

;O,~tr.G L" -t- 0) J:j:t 1:ty{?!Sg ~ <b 0) 1;;1: ~ v'o -t- ;/l {";/lO)fl{g$ 1;;1: tIP {(f* O)*fiJ 0) ~ ~ ffi~OO ~~:m L, -C v' ~ 0 

;: 0);: c 1;;1:, 1IPfffif-O)mc-@-'ti' ::J l::: - v:/ A ~ c·O);jIlJt~I;;I:, 1${(fif-O)fllF:i1lit!vt l:rilT ~ <b 0)-c'1;;I: ~ C 1$ 
{(fif-r*Hml:Ji!,I?;/l ~ :m~0) C·O)f,~*§ I: 1£§ T ~ ;0', I: 5m < *1¥ L, t.:;jIlJt~"C'~ ~;: c ~iFPi£ L, -CV' ~ 0 it.:, 
U;:f U:fffl v' I?;/l ~ 1111{(fif-1*J 0) r'I~*O)¥ilE;/lJ 1;;1:, 1$*-£if- t!vJ I: ~ JI L, t.:~c.~ 1:;/3 v' -C 1;;1: 1ql*-£* I*J O)a;f~ 
s~p l::: - V :.- A c L, -C L, ;0' c I? ,z I? ;/'l T, 'I~* I: ~ JIT ~ ~Pjld;;l:, r -t- 0) ::J l::: - V :.- A ~ fU ffl L, -C j'j. tt~ 0) <b 

o);O'1ql*-£if-~:@1~~c L, -CfIJffl-c' ~ ~ J c v' -? J: -J 1:1ilJ I? ;0'0) tIP {(fif-17j-O) <b 0)~7Jl,7£:: L, -CM~-C l:j-;t ~;: 
c ;O'''C' ~ ~ 0 

J2L.t0)~~sg;f4!!*JH;;I:-**i\!~ <b o)"C'I;;I:~ ~ ;0', -t- ;/ll:£-:f < 1$*-£if-0)H'!j~B9~!WJ 1:001' ~~~)H1TI;;I:, 1$ 
{(fif- ~c.J$I: ffl V \ I? ;/l -C V \ ~ ~frt; ;O'~UIll ~ ntl* ~ 16' ~ c L, -c V \ ~ ;: C ~ a~ I? ;0' 1= T ~ c c <b 1=, ~fr;J; ~ ~;O, 

1= L,1~~ ;: c ~ 7FP~ L, -c v' ~ 0 ;: 0) r 171J~!U 1;;1: r:m41*£1j,t~J Jilt11:.0)1lJ~~'11;O'~~"C'I;;I:~ v\;: t ~7F L 
-CV\~ J:: -J 1=,f(!;I,;b;/l~o 

ITsujishita T. On triple mutual informat.ion, to appeal' in Advances in Mathematics. 
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H~~J!I!MT Q tclib~rv±" 1mZUf-I.~(J)JVtW: t 1..- < ~±.:c-n i? (J)~fft~v±~+?}~" .:en 
i? 'd: :ff~El"J ~r .-=>f~ <"~J!tu::;m~El"J t~ 1im (J)fl~tJ~~1lJ 1z ~ Gb Q C l: tJ~mt' ~ n tco 
~1i~, iJ;t A (J)iit.J!MiIDiJV±:fJt*(J) / -1 ~~~(J)~t.fI(J)~J!I!l: ,±.t~Q~J!I!~ru 
fl~r 1..--Cv\Qo *~riJ;t A:mit<tJ~~F1jL~;::..::z.. -7IV* 'Y 1-- (J)J;ll~(J)t~tJ:\~I±l:mT,g 

l: ~ ~r" fJt*(J)t;~El"J~J!I!~j!.~~±t~ G7t.t~tJ:\'0 tev\ < 0tJ:\(J)iit.tJ~~ffilf~~rt~ 
.{) l: v\ ? *~ l:" Jf~~r:tov\-C iJ;t AEl"Jim,g ~v\tJ~ti.tilJ~ tvt·v\.{) l: v\ ? *~~±Jf~.:c­
(J) t (J)~J!I!MT'{) telib~r~±iJ ;tA(J):fi~El"J~WU(J)liJf9EtJ~ ~ ~t-c~± l: :tont~v\ t (J)~ 
Gb,g C l: ~lJ'\ t, -Cv\,go C (J) J:: ? t~ti.~~~k'±iJ;t A'd: t l: ~r GtcH~:fii~(J)MaA 
~Wit.ij.-C~tco :JI1£*~'r.v\< 0tJ:\(J)~:W:tJ~~i?ntco cni?~t l:~r" ~ i?frliJf 
9E~TT~'{)~libk, ff.:fi~~~~;::,~-o~'d:.~-t,gliJf9E~~~~o C(J)li)f 
9E~±*ttfJJ~El"Jf~~~Gb'{)tJ~, f!kJ¥:~~vr)ij 1..- -C*H Gv\rl=l';!iI~~ G -Cv\.{) 0 ff. 
,1'\ =} -!l,-f A ,± r Chaos-driven contraction systemJ I! Gb ,g 0 ;::. ~ -7 Iv * 'Y 1-- ,± 
Contraction system (J) ~~f9U~ Gb .{) 0 ~0 (J)~~El"J t~ -1:-7IvtJ~fl~ ~ n tco 41X:TGiJ 
;t A ~ 'Y /~" iJ;t A~±~ EI El3Ji:(J)J-j.. ~1:.~~n, 1t!!(J)=EI El3Ji:t±~/l\¥{l~GbQo 
cntt, A}-1k(J)Y~/-1F'd:~.re1..-~t(J)~,,*.~.~~lJ'\To-t~b~, 
iJ * A(J) § 1i1,~.!;l.~(J) EI El3JJt 1E-.pjGT G v\n:\t~G1jLffjj,,",(J)7 1-- 7!7 !J -(J)M~~±lt\ 
tc.{) l: C b~?}~IlJ~t~.~~t0o GtJ:\ t C(J)*~±0l!1!AjJ~*~Gb,g C ttJ~~iE 
~~~.{)o C(J).ttiJ;tAkJ::'0-C •• ~n~;::'~-~k*'Yt-(J).~.~~-1:-~ 
Iv~Gb'{)o 

References 

LTsuda(1994), 'Can stochastic renewal of maps be a model for cerebral cortex?', 

Physica D (to appear, August in 1994) 

LTsuda(1994), 'From micro-chaos to macro-chaos:chaos can survive even in 

macroscopic states of neural activities', PSYCOLOQUY 5(12) eeg-chaos.3.tsuda. 

O.E.Roessler, C. Knudsen, J. L. Hudson and L Tsuda, 'Nowhere-Differentiable 

Attractors', Int. J. of Intelligent System (to appear, 1994) 

-14-



~~~,: z: * 7J) < ~.Q ~1E:/\9 - / 
C: f. 0) A J;- - I) / 7' fllj 

Motion of patterns is usually recognized by tracking the behavior of 

interfaces segregating two phases as in solidification, combustion, polymer 

alloy, chemical reaction, population biology, and so on. In most cases the 

width of interface (denoted by c) is assumed to be much smaller than the size 

of the domain. It is known in experiments (for instance, block copolymer 

melts, nematic-smectic transition in liquid crystal and magnetic thin film) that 

very complicated and fine structures are observed as final stationary states. 

This is due to the existence of nonlocal effects in those m;:tterials. The issue is 

to find the characteristic domain size of such complicated stable 

patterns and determine their morphologies in higher dimensional space, 

which depend on c and the strength of nonlocal effect. 

There are conserved and non-conserved model systems to describe the 

above phenomena; Cahn-Hilliard equation with non-local effect and an 

activator-inhibitor system with Bonfoeffer-van der Pol type nonlinearity. It 

should be noted that the patterns become finer and finer when c tends to 

zero, and hence there are no well-defined limiting configurations for such 

systems. Rescaling technique is employed to overcome this difficulty. 

Here a natural question arises: "Is there an any difference between conserved 

and' non-conserved models about the stability and the scaling law for 

stationary interfacial patterns?". It turns out that there is essentially no 

difference between them for the scaling law, in fact it is quite robust and does 

not depend on the precise mechanisms. Existence and stability criterions are 

the keys to determine the appropriate scale for the final patterns. The 

mathematical core part is to find asymptotic free boundary problems for final 

patterns and asymptotic formulas of eigenvalues of the linearized problems 

there when c tends to zero and the effective length of nonlocal term tends to 

infinity, then derive existence and stability criterions, and finally, find an 

appropriate scaling satisfying those criterions. 
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f "'""? nl n2 
Q ~[S;/ N(N _ l)l 
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~m~9 ~o f&:iE (AI) limN_oo 7f = 0, j = 2,:3", " k.(A2) 7;f = p for some 

given p (0 < p < 1), lJl.. (J (A3) N-'rj = O( I), j = 2,3, .. " f{, for some f 

(O<f<~)O)r"C, t~:iE~ !iQifi, 'hiJ!!lif&~O)r"C§jEl3JJtfO):7J-1=* 

5T:tii t: .vt? ;: c, .s J:. (J j;J .:lL f& ~ 0) r "C ~F ILl :7J -1 = * 5T:tii t: .vt ? ;: C ~ ~iEJlJ3 

l~o ;:hJ:.~.lli~O)fi.ifi~nc~~, .lli~~~~l~c;:;ft4ifi 

q~ I? n t.:: 0 ft 4 J:. IJ *¥IH'r"C m~ l t.:: t~:iE~fi!i ifi, ~F~Jf~m~ 0) r"C 0) 2 

1**t~fEC l-C{lntttl~~;f;j l-C1t'\~;: cifi5TiJ>~o 

.:rx2,l 2 x k contingency table 
Ordered categories Total 

X XI X2 Xk nl 
Y Y1 Y2 Yk n2 

Total 71 72 7k N 

r.1UIr! 3. .~ '( Ij 1,lhll: "'Itll "Clkr''1II·:U''1I.nn~'':I. ---r\ 0=:;. f::drduo:.IJ 

0011(5 .'Jut ~'JrI."tUYI1 

~;:;~~:nt I .~~ , .1 

Tl.ltal I 101 J ; 

o 

i( 

PowerS: 

o 

I ............. .,.1 TlJt~ 

I I ~~ 
J I 

o~aC150n of the power when t is ""aried. £l' = 0.05 
t 1 2 3 4 5 -Table I 0.9 0.9123 0.8801 0.8477 0.8179 

Table 2 0.7794 0.9155 0.8803 0.8417 0.8179 
Table 3 0.775 0.6845 0.8479 0.8109 0 .• ;82 
Table 4 0.8333 0.7726 0.8575 0.8419 0.8179 
Table 5 0.7166 0.6603 0.7585 0.8621 0.8346 
Table 6 0.6155 0.7005 0.7095 0.8599 0.8346 
Table 7 0.7223 0.6249 0.6021 0.5523 0.6878 
Table 8 0.7585 0.6736 0.7404 0'.6937 0.8576 
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d 

0.7904 
0.i904 
0.7485 
0.7973 
0.8093 
0.811 
0.7862 
0.9373 


