=$;NO@J8 ?@7PLV$N9bB.%7%_%e%l!<%7%g%s<jK! ;XF36541 IYEDbC<# 65<x 5~ETBg3XBg3X1!9)3X8&5f2J =$;N2]Dx>pJs9)3X@l96 DEM8 8x6G 1998 G/ 2 7n 19 F| i ?@7PLV$N9bB.%7%_%e%l!<%7%g%s<jK! DEM8 8x6G FbMF9<35 ?M 4V$N $h$&$K CNE* $J$b $N$r :n$j $?$$ | $=$l $O!"B? $/$N 7W;; 5!2J 3X<T$N L4$G $"$m$&!#2f!9$N:G=*E*$JL\I8$b!"?M4V$N$h$&$JCNG=$r:n$k$3$H$K$"$k!#$G$O!" !V?M4V$N$h$&$KCNE*$J$b$N!W$H$O!"$I$N$h$&$J$b$N$G$"$m$&$+!# !V?M4V$N$h$&$KCNE*$J$b$N!W$rL\;X$98&5f$H$$$($P!"?M9)CNG=8&5f$,$^$:5s $2$i$l$k!# Deep Blue $N>!Mx $K>] D’$5 $l $k$h $&$K!" ?M9) CNG= $O8= :_$^ $G$K Bg$- $J@.8y$r<}$a$F$-$?!#$=$N@.2L$K0[5D$r:9$764$‘M>CO$O$J$$!# $7$+$70lJ}$G!"8=:_$^$G$N?M9)CNG=8&5f$N1dD9@~>e$K2f!9$NK>$‘!V?M4V$N$h $&$KCNE*$J$b$N!W$,$"$k$N$+$H$$$&AGKQ$J5?G0$r6X$8F@$J$$$N$b$^$?;v<B$G$" $k!#$J$<$J$i8=:_$N?M9)CNG=$N;:J*$O!"FCDj$NJ,Ln$G$O?M4V$r$bN?$0G=NO$rH/ 4x$9$k0lJ}$G!"MD;y$G$5$(2DG=$J>o<1$K4X$9$kLdBj$d!"8$$dG-$K$G$5$(2DG=$J 4JC1$JG’<1$NLdBj$r$$$^$@2r$/$3$H$,$G$-$J$$$G$$$k$+$i$G$"$k!#$3$l$i?M9) CNG=$N;:J*$O!"$?$7$+$KCNE*$G$O$"$k$1$l$I!"$"$^$j?M4V$K$O;w$F$$$J$$$h$& $K;W$o$l$k!# $b$A$m$s!"?M9)CNG=$N%"%W%m!<%A$G$O?M4V$N$h$&$JCNG=$r3MF@$G$-$J$$$HCG 8@$9$k$3$H$O$G$-$J$$!#$‘$7$m!"86M}E*$K$O$=$l$O2DG=$G$"$k$H9M$($i$l$k!# $7$+$7!"?M 9)CN G=$N %"%W %m!<%A $O0l 8+ L\E*$K;j $k:G C;7P O)$K 8+$( $F!"<B $O$= $& $G$O$J$$$N$G$O$J$$$@$m$&$+!# ?M9)CNG=8&5f$O$=$NI=>]@-$K$*$$$FHs>o$K6qBNE*$G$"$j!"L@<(E*$G$"$k!#?M 4V$G $" $k $H $3 $m $N %7 %9 %F %‘ @_ 7W <T $, <+ ?H $N CN <1 $* $h $S $= $N =h M} $K $D $$ $F Fb >J $7!" $=$N7k2LF@$i$l$?=hM}$N%$%a!<%8$r%b%G%k2=$9$k$3$H$G!"$3$NCN<1$r5-9f2=$r 9T$C$F$$$k!#$3$N$h$&$K$7$FF@$i$l$?CN<1I=8=$O!"$=$N4pK\E*9=@.$,?M4V$NFb >J$K4p$E$$$?9=B$$G$"$k$?$a!"O@M}E*?dO@$J$I$N?M4V$N9b0L$J;W9M$rLOJo$9$k $N$K$OE,$7$?$b$N$H$J$k!# $7$+$72f!9$N;W9M$O!"<+?H$K$h$C$F@bL@$G$-$k$h$&$J2aDx$r>o$K7P$k$o$1$G $O$J$/!"2f!9$O;~$H$7$FM}M3$r@bL@$G$-$J$$$h$&$JH=CG$r2<$7$?$j!"$^$?H=CG $r8m$C$?$j$9$k!#$3$N$h$&$J%7%9%F%‘$,!"?M9)CNG=$HF1MM$NI=>]@-$G<B8=$9$k $N$O:$Fq$G$O$J$$$@$m$&$+!#?M9)CNG=8&5f$G$O?M4V$NFb>J$K$h$C$FF@$i$l$?%" %k%4%j%:%‘$rMQ$$$k$?$a!";W9M$J$I$NCNE*=hM}$K$*$$$F?M4V$K$b@bL@$,2DG=$J ii $3$H$O$=$N%"%k%4%j%:%‘$K$H$C$F$b2DG=$G$"$k$,!"N"$rJV$;$P?M4V$K@bL@$,$G $-$J$$$3$H$O%"%k%4%j%:%‘$K$b$G$-$J$$$N$G$"$k!# 2f!9$O!"?M4V$N$h$&$KCNE*$J$b$N$N9=C[$rL\;X$9$K$"$?$j!"?M9)CNG=E*%"%W %m!<%A$G$O$J$/?M4V$NG>$KEz$($r5a$a$k$3$H$K$7$?!#2f!9$N:G=*E*$JL\I8$O!" !V?M4V$N$h$&$KCNE*$J$b$N$r:n$k!W$3$H$G$"$C$F!"I,$:$7$b?M4V$dG>$=$N$b$N $r:n$k$3$H$G$O$J$$!#$7$+$7!"2f!9$O?M4V$NG>$h$j$b?M4V$N$h$&$KCNE*$J$b$N $rCN$i$J$$!#$7$?$,$C$F!"2f!9$N:n$k$b$N$,G>$h$j$bCNE*$G$O$J$$4V$O!"G>$r <jK\$H$9$k$3$H$OA*Br;h$N$R$H$D$H$7$F0-$/$O$J$$$H9M$($k!# G>$H?M9)CNG=$H$NK\<AE*$J0c$$$O!"$=$NI=>]@-!"$H$/$K5-21$N9=B$$K$"$k$H 9M$($F$$$k!#G>$NI=>]@-$r<jK\$K$7$F%7%9%F%‘$K5-21$N%a%+%K%:%‘$rF3F~$9$k $K$O!"$^$:G>$N5-21$N%a%+%K%:%‘$rCN$kI,MW$b$"$k$@$m$&!# $=$3$GG>$KEz$($r5a$a$k$K$"$?$j!":#2s?@7PLV$N%7%_%e%l!<%7%g%s$r9bB.$K 9T$&$?$a$N %7%_%e%l!<%? $r3+H/ $7$?!# LSI $NO@M}%7%_%e %l!<%7%g%s $KMQ$$ $i$l $kN%;6;~9o%7%_%e%l!<%7%g%s$N<jK!$r1~MQ$9$k$3$H$G!"7W;;NL$NDc8:$r<B8=$7 $?!#$^$?!"%7%J%W%9CY1d$rC10L;~4V$G$J$/<B?t;~4V$G07$($k$h$&$K!";v>]4IM} $N$?$a$N%?%$%‘%^%C%W$r binary tree $G9=@.$7$?!# :n@.$7$? %7 %_%e%l!< %?$r MQ$$!" ?@7P :YK& ?t Ls 10000 !"3F?@ 7P :YK& $"$? $j$N @\ B3 @~O)?t Ls 100 $H$$ $&4D6- $GB,Dj $r9T$C $?!#A4$F $N:Y K&$KBP $7$F7W ;;$r 9T$$ C10L;~4V$NCY 1d$7$+ 07$($J$$ =>Mh$N J}K!$K BP$7!"H/2P N( 10% $N>u67$G$OLs 4.4 G\ $NB.EY8~ >e $,F@ $i$l $?!#$^ $?!"K\ %7%_%e %l!<%? $O<B ?t;~ 4V$N CY1d $,07 $($k $K $b $+$+$o $i$:!" ?@7P:Y K&$N H/2P N($, 50% $rD6$( $J$$ HO0O$K $*$$ $F$O=> Mh$N J} K!$h$j$b9bB.$K%7%_%e%l!<%7%g%s$,9T$($k$3$H$r<($7$?!#$^$?!"99$J$k9bB.2= $N$?$a$K!"F1%7%_%e%l!<%?$rJBNs2=$9$k$?$a$N<jK!$K$D$$$F$b9M;!$r9T$C$?!# iii An E�cien t Sim ulation Metho d for a Nerve Netw ork T omoaki TSUMURA Abstract The dream of many computer engineer should b e to dev elop a really intelligen t system like human. The goal of my researc h work is to dev elop it. Then, what’s the \really intelligen t system"? The Arti�cial Intelligence (AI) research is one of the �elds of research aiming at such systems. AI research has pro duced many results. It is sym- b olic of the success that Deep Blue the chess program b eaten the human chess champion. I ha v e no ob jection to go o d results of AI research. On the other hand, I cannot help having some misgivings. Will present AI approac hes reac h suc h a really intelligen t system at last? Within narro w limits, pro ducts of AI researc hes are exceed human b eings all righ t. But they cannot able to answer common-sense-related queries even a child can, or they cannot recognize circumstances even a b east can. Of course, pro ducts of AI researches are in telligen t. But they are quite di�eren t from us the human b eings. I cannot declare that presen t AI researc h approac hes cannot reach a really intelligen t system. If anything, I think present AI research approaches ma y b e able to reach it �nally . But, I feel that AI researc h approac h would not the shortest w a y to our goal. The represen tation in AI researches is v ery de�nite and very sp eci�c. System designer inv en ts mo dels of knowledge structure, and these mo dels are based on his re ection on his own knowledge. These mo dels are very e�ective for represent our logical consideration. But, our daily b eha vior is not alwa ys w ell-grounded. Sometimes w e can- not explain our own b ehavior, or sometimes we make a mistake. Will AI research pro ducts make a careless mistak e? Knowledge mo dels used in AI researches are very e�ective to represent our thinking pro cess whic h we can recognize. It is b ecause the mo dels are based on designer’s o wn re ection. But the rev erse is also true. These mo dels cannot represen t our thinking iv pro cess whic h w e cannot notice. F or accomplishing m y purp ose, I prefer human brain mechanism to AI approach. The goal of m y research is not building an arti�cial brain but building a really intelligen t system which comes close to human b eing. Our brains are most in telligen t system as far as I know. Hence, h uman brain is relev an t sample for my goal, I think. The essen tial di�erence b et w een brain and AI pro ducts should b e the structure for their memory . When we would mo del after on brain memory structure, we hav e to know the memory mec hanism of brain. T o know and to analyze brain function dynamics, I implemen ted a fast nerve netw ork sim ulator. A parallel discrete even t simulation technique cut down the quantit y of computation. Nerve net w ork mo del for my sim ulator is an extension of the pulse neuron mo del. With this simulator, synapse delays can b e set up by not a unit time but a real n um ber time. F or this extension, I implemented the time map for even ts management by binary tree structure. I ev aluated the p erformance of this simulator with the nerv e net w ork mo del which ha v e ab out 10,000 nerv e cells and eac h nerve cell has ab out 100 synapses. Even in case of using a real num b er time dela y , w e obtain the following results. � When �ring nerv e cell rate is ab out 10% , we get ab out 4.4 times sp eed up. � When �ring nerve cell rate is under 50% , sim ulation sp eed exceeds usual simulation. T o make this simulator more faster, I w eighed the parallelizing metho d for this sim ulator.

?@7PLV$N9bB.%7%_%e%l!<%7%g%s<jK! L\<! 1 $O$8$a$K 1 2 8&5f$NGX7J 3 2.1 ?M9)CNG=8&5f : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 2.2 ?M9)CNG=%"%W%m!<%A$NFCD’ : : : : : : : : : : : : : : : : : : : : : : : : 4 2.2.1 I=>]@- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4 2.2.2 L@<(@- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6 2.2.3 L\E*@- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2.2.4 $^$H$a : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9 2.3 :G6a$NF08~$HG>8&5f : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11 3 8&5f$N%"%W%m!<%A 12 3.1 I=>]@- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 3.1.1 ?M9)CNG=8&5f$NI=>]@- : : : : : : : : : : : : : : : : : : : : : 13 3.1.2 G>$NI=>]@- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14 3.2 5-21 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 3.2.1 C;4|5-21$HD94|5-21 : : : : : : : : : : : : : : : : : : : : : : : 16 3.2.2 G>$K$*$1$k5-21$NI=>] : : : : : : : : : : : : : : : : : : : : : 19 3.3 %"%k%4%j%:%‘$N3MF@ : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20 3.4 8&5f$NJ}K! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21 4 4XO"8&5f 23 4.1 ?M9)@8L? : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23 4.2 %K%e!<%i%k%M%C%H%o!<%/ : : : : : : : : : : : : : : : : : : : : : : : : : 25 4.3 G>7?%3%s%T%e!<%? : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29 5 %7%_%e%l!<%? 30 5.1 ?@7P:YK&$N%b%G%k : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 5.1.1 =>Mh$N%K%e!<%m%s%b%G%k : : : : : : : : : : : : : : : : : : : : 31 5.1.2 K\%7%_%e%l!<%?$,A0Ds$H$9$k%b%G%k : : : : : : : : : : : : 33 5.2 %=%U%H%&%’%"%7%_%e%l!<%7%g%s$NI,MW@- : : : : : : : : : : : : : : : 34 5.3 %7%_%e%l!<%7%g%sJ}<0 : : : : : : : : : : : : : : : : : : : : : : : : : : : 36

5.4 I>2A : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39 5.5 2~NI$NM>CO : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 5.5.1 JBNs2=J}<0 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 5.5.2 Visual Instruction Set $NMxMQ : : : : : : : : : : : : : : : : 43 6 $*$o$j$K 45 <U<- 46 ;29MJ88% 46

1 $O$8$a$K !V8+$o$?$9$H!"$=$N]&]($N?’:L$O%,%A%c%,%A%c$H$7$??’$N3,D4$r$R$C$=$j$H KB ?n7A $N ?HBN $N Cf$X 5[ <}$7 $F $7$^$C $F!" %+!<%s $H :c$( $+ $($C$F $$ $?!#!W [1] $3 $N$h$&$JHfSHI=8=$K=P0)$&$3$H$bJ83X$N3Z$7$_$N$R$H$D$G$"$k!#H~$7$$HfSH$O 2f!9$K46LC $rM? $($k $N$_ $J$i $:!"D> Y#E* I=8= $h$j $b $=$NIA<L$r $$$- $$$- $H$7 $? $b$N$K$7!"$h$j=q$-<j$N%$%a!<%8$rE*3N$KEA$($F$/$l$k!# $7$+$72f!9$O!"$I$N$h$&$K$7$F$3$&$$$C$?HfSHI=8=$rM}2r$7$F$$$k$N$@$m$& $+!#$3$3$G8@$&M}2r$H$O!"C1$K8@MU$N0UL#$NCV$-49$($G$O$J$/!">e5-$N$h$&$J =q$-<j$N%$%a!<%8$^$G4^$a$?M}2r$r;X$7$F$$$k!#Nc$($P7W;;5!$K$O$3$NHfSH$, M}2r$G$-$k$N$@$m$&$+!#5U$K;kE@$rJQ$($F9M$($k$H!"Nc$($PHfSH$rM}2r$G$-$k $h$&$J%7%9%F%‘$O!"$I$&$9$l$P9=C[$G$-$k$@$m$&$+!# $3$3$G!"HfSH$H$$$&$N$O$"$/$^$G0lNc$G$"$j!"2f!9$,LdBj$K$7$?$$$N$O?M4V $NG’<10lHL$K$*$1$k$=$N=hM}$G$"$k$,!"4JC1$N$?$a!"0J2<$G$bHfSH$rNc$K$H$C $F9M$($F$_$k!#J83XE*$K8@$&$HHfSH$O%l%H%j%C%/$N0l<o$G$"$j=$<-E*<jCJ$G$" $k!#$7$+$7$=$l$O$^$?2f!9$NF|>o@83h$K$*$1$kEAC#$r$h$j8z2LE*$K9T$&$?$a$N <jCJ$G$b$"$k!#HfSH$rM}2r$9$k$?$a$K$O!"$=$NGX8e$K$"$k0UL#$dJ8L.$r9MN8$K $$$l$??dO@$,I,MW$G$"$j!"$=$N$?$a$K$O8@8l$N9=B$$d0UL#$@$1$G$O$J$/$h$j0l HLE*$JCN<1$,I,MW$H$J$k!#7W;;5!$G<B8=$7$h$&$H$7$?>l9g!"3F5!G=$r%b%8%e!< %kE*$K=hM}$9$k$K$7$F$b!":G=*E*$K$=$l$i$rE}9gE*$K07$($k$h$&$J9=B$$,I,MW $G$"$k $@$m $& [2] !#HfSH$r M} 2r$9 $k $K$O $^ $:!"<+ A3 8@8l $N M}2r G=NO $, I,MW $G $"$k $3$H$O8@$&$^$G$b$J$$!#$7$+$7$3$l$@$1$G$OIT==J,$G$"$j!"HfSHM}2r$r<B8=$9 $k$?$a$K$O$=$NJ8L.$dH/OC>u67$NG’<1G=NO$*$h$S$"$kDxEY$N>o<1$J$I$bHw$($F $$$kI,MW$,$"$k$H9M$($i$l$k!# $3$N$h$&$J%7%9%F%‘$,<B8=$G$-$?>u67$rA[A|$7$F$_$k$H!"$=$l$O$I$N$h$&$J %7%9%F%‘$G$"$m$&$+!#>u67$rM}2r$7!">o<1$rM-$7!"8@MU$rM}2r$9$k!#$=$l$O== J,$K?M4V$N$h$&$J=@Fp$GCNE*$J>pJs=hM}%7%9%F%‘$G$"$k$H8@$($k$@$m$&!#$3$N >l9g!"HfSH M}2r $H$$ $&=h M}$O $3$N%7 %9%F %‘$K $h$C$F I{<!E* $KF@ $i$l $kG= NO$N 0l $K$9$.$J$$!#$3$N%7%9%F%‘$,B>$NMM!9$JG=NO$rM-$9$k$G$"$m$&$3$H$OMF0W$KA[ A|$G$-$k!# $=$N%7%9%F%‘$O$5$^$6$^$JCNE*%7%9%F%‘$K1~MQ$G$-$k$G$"$m$&!#$?$H$($P>. $5$J $b$N $G$O!"0U L#$dJ8 L.$rM} 2r$9$k $?$a%_ %9$N>/ $J$$ $+$J 4A;zJQ 49 %7 %9%F 1

%‘$G$"$k $+$b $7$l $J$$!# $?$H$( $P$= $l$O $"$J$? $NM- G=$J %"%7 %9%?%s %H$H $J$j F@ $k$+$b$7$l$J$$$7!"$"$J$?$HCL>P$N$G$-$k%7%9%F%‘$H$J$jF@$k$+$b$7$l$J$$!# 2f!9$N8&5f$NL\I8$O!"$3$N$h$&$JCNE*$G=@Fp$J%7%9%F%‘$r9=C[$9$k$3$H$K$" $k!# $3$3 $G $R $H $D $@ $1 CG$C $F $* $- $? $$ $N $O!" 2f!9$O 8-$$ $+ $J 4A ;z JQ 49 %7 %9 %F %‘ $d HfSHM}2r$N%7%9%F%‘$d%"%7%9%?%s%H$J$I$r:n$j$?$$$N$G$O$J$$$H$$$&$3$H$G$" $k!#$=$l$i$N5!G=$O$"$/$^$GI{<!E*$KF@$i$l$k$b$N$G$"$j!"$^$?I{<!E*$K$7$+ F@$i$l$J$$$b$N$G$"$m$&$H$$$&$N$,!";d$N9M$($G$"$k!#K\8&5f$N:G=*E*$JL\I8 $O!"$=$N$h$&$JI{<!E*5!G=$rK~$?$7$&$k$h$&$JE}9gE*$JG’<1%7%9%F%‘$N9=C[$K $"$k!# $5$F!"$3$N$h$&$J%7%9%F%‘$r<B8=$7$?$$$H9M$($k$H$-!"$^$:;W$$$D$/J}K!$H $7$F$O ?M 9)CN G= E*%" %W %m!<%A $, 5s $2$i $l $k!#?M 9) CNG= $O Deep Blue $N>!Mx $K$b >]D’$5$l$k$h$&$K!"8=:_$^$G$KBg$-$J@.8y$r<}$a$F$-$?!#$7$+$7!"?M4V$N$h$& $JCNG=$r9=@.$9$k<jCJ$H$7$F8+$?>l9g!"B?>/$N0cOB46$r6X$8$($J$$$N$b$^$?;v <B$G$"$k!# $3$N0cOB46$O$I$3$+$i$/$k$N$@$m$&$+!#$=$NM}M3$N$R$H$D$O!"?M9)CNG=$NI= >]@-$K$"$k$H9M$($k!#?M9)CNG=$K$*$1$kCN<1I=8=$O!"@_7W<T$G$"$j?M4V$G$"$k 2f!9$, <+ $i $N ;W 9M $K $D $$ $F Fb >J $7 $? 7k 2L F@ $i $l $? %$ %a!< %8 $K 4p $E $$ $F $$ $k $? $a!" O@M}E*?dO@$J$I$N9b0L$N;W9M2aDx$rLOJo$9$k$K$OE,$7$?%b%G%k$@$H8@$($k!#$7 $+$7$=$l $OHs >o$K N%;6 E*$G$" $j!"<+ J,$N ;W9M 2aDx $HHf 3S$7 $?$H $-$K $"$^$j$K ;w $F$$$J$$$3$H$K5$$E$+$;$i$l$k!#2L$?$7$F=>Mh$N?M9)CNG=8&5f$N1dD9@~>e$K!" 2f!9$NL\;X$9 ?M4V$N$h$&$KCNE*$J%7%9%F%‘ $,$"$k$N$@$m$&$+!# ?tG/Mh!"$3$N$h$&$JGyA3$H$7$?5?G0$rJz$($F$$$?$,!"0lJ}$G:G6a$K$J$C$FG> $N 8& 5f$, @9 $s$K 9T $o$l $k $h$& $K $J$C$F $- $F$$ $k!# 1990 G/ JF 9q$, !VG> $N 10 G/ (Decade of the Brain) !W @k 8@ $r 9T$C $? $3 $m $+ $i!" G> 4X O" $N B? $/ $N 9q :] 2J 3X O" 9gAH?%$,6(NO$7$F!"G>$N8&5f$,?d?J$5$l$F$-$F$$$k!#BgG>@8M}3X$NJ,Ln$G$b!" PET(Positron Emission T omograph y) $d fMRI(functional brain Magnetic Resonance Imaging) $H$$$C $? L5 ?/ =1 (nonin v asiv e) $JG> $N 9b <! 5! G= $N 7W B, <j K! $,H/C#$7!"$=$l$i$K$h$k<(:6E*$J<B83;v<B$+$i!"G>$N9=B$$,=>Mh2f!9$,Jz$$$F $$$?G>$N%$%a!<%8$H$OB?>/0[$C$?$b$N$G$"$k$3$H$,L@$i$+$K$J$C$F$-$F$$$k!# G>$N%b%G%k2=$K$*$$$F$bMM!9$J8&5f$,$J$5$l$F$*$j!"G>8&5f$+$i$N%"%W%m!< %A$H$7$F$b%K%e!<%i%k%M%C%H%o!<%/$d!"BgG>@8M}3X$N8&5f7k2L$rMQ$$$?$b$N$J 2

$IB?4t$K$o$?$k!#$=$s$JCf$G2f!9$N%"%W%m!<%A$NFCD’$r0l8@$G8@$&$H!"CN<1$N C1=c$J5-9f2=$rHr$1!"9=B$$d3X=,J}K!$J$I$N=>Mh$OL@<(E*$KM?$($i$l$F$-$?$b $N$N@5$7$$$H;W$o$l$kJ}K!$r%7%_%e%l!<%7%g%s$rDL$8$FH/8+$9$k$3$H$K$"$k!# K\O@$G$O$3$N$h$&$JL\E*$N$b$H!"A0H>$K$*$$$FK\8&5f$N%"%W%m!<%A$rB>$N8& 5f$H$NHf3S$K$*$$$FL@3N$K$9$k!#$^$?8eH>$G$O!"K\8&5f$K$*$1$kG>$NI=>]$N%b %G%k$r9M$($k:]$KI,MW$H$J$k?@7PLV$N%7%_%e%l!<%7%g%s$r9bB.$K9T$&$?$a!":# 2s :n@.$7 $??@7P LV$N%7 %_%e%l!< %?$K$D $$$F=R $Y$k!# 0J2<!"Bh 2 >O$G$O K\8&5f $N GX7J$H$7$F=>Mh$N?M9)CNG=8&5f$*$h$S:G6a$NF08~$K$D$$$F>\$7$/=R$Y$F$=$NFC D’ $rL@$i $+$K$7!" Bh 3 >O$G!" $=$l $rF’$^ $($?$& $($G2f!9 $N8& 5f$N%" %W%m!<%A $K $D$$ $F @b L@ $9 $k!# $^ $? Bh 4 >O$G $O 4X O" 8& 5f $K $D $$ $F 35 4Q $7!" K\ 8& 5f $H $N 0c $$ $r <( $9 $3$H$K $h$C$FK\ 8&5f $N%"%W %m!<%A$r L@3N $K$9$k!# <!$K Bh 5 >O$G $O!":#2s 9T$C $??@7PLV$N%7%_%e%l!<%7%g%s$H$=$N<jK!$K$D$$$F=R$Y!"I>2A7k2L$r<($9!#:G8e $K 6 >O$G$^$H$a$r9T$&!# 2 8&5f$NGX7J K\>O$G$O!"K\8&5f$H=>Mh$N8&5f$H$N0c$$$rL@$i$+$K$9$k$?$a!"CNE*$J%7%9%F %‘$rL\;X$9=>Mh$N8&5f$NBeI=$H$7$F?M9)CNG=8&5f$r$H$j$"$2!"$=$NFCD’$r=R$Y $k!# $^$?!"K\8&5f$NGX7J$H$7$F!":G6a$N@8M}3XJ,Ln$K$*$1$k8&5f@.2L$d$=$l$K4p $E$/9)3XJ,Ln$G$NF08~$K$D$$$F@bL@$9$k!# 2.1 ?M9)CNG=8&5f ?M4V$N$h$&$KCNE*$J$b$N$rL\;X$98&5f$H$7$FC/$b$,@h$:;W$$$D$/$N$O!"?M9) CNG=8&5f$G$"$m$&!# ?M9)CNG=8&5f$OBgNL$NCN<1%G!<%?$KBP$7$F!"9bEY$J?dO@$rE*3N$K9T$&$3$H$r L\;X$7$F$$$k!#KDBg$J?tCM%G!<%?$KBP$7$FJ#;($J7W;;$r9bB.$K9T$&$H$3$H$,$G $-$k$H$$$&0UL#$K$*$$$F$O!":#F|$N7W;;5!$OF,G>$KBe$o$kF/$-$r==J,$K<B8=$7 $F$$$k!#$=$&$$$C$?0UL#$G8=:_$N>pJs=hM}5;=Q$O!"?M4V$NG=NO$r$O$k$+$K1[$( $?$b$N$G$"$k$H$$$($k$+$b$7$l$J$$!# 1956 G/ $K %@!< %H %^ %9 Bg 3X $G ?M 9) CN G= $H $$ $& 35 G0 $, Ds >’ $5 $l $F $+ $i 40 G/!" Deep Blue $N>!Mx $K >]D’ $5 $l$k $h $&$K!" ?M9) CN G=8& 5f $O8= :_$^ $G Bg$- $J @.8y $r<} $a $F $-$F$$$k!#?M9)CNG=$N1~MQ$H$7$F$O!"CN<1$N3hMQ$rCf?4$H$9$kCN<19)3X$,Ds>’ 3

$5$l!"$=$NE,MQ$N#1$D$H$7$F@lLg2H$N7P83E*!"5;=QE*CN<1$rEE;R7W;;5!$K0\?" $7!"3hMQ$7$h$&$H$9$k%(%-%9%Q!<%H%7%9%F%‘$,9-$/Ia5Z$7$D$D$"$k!# ?M9)CNG=8&5f$O!" 1950 G/$N T uring $NO@J8 [3] $KBg$-$J1F6A$r<u$1$F$$$k$H $5$l$F$$$k!#$3$NO@J8$N<g;]$O!" � T uring T est $NDs0F!# � CNG=$r<B8=$9$k$K$O!"3X=,5!9=$rMQ$$$k<jCJ$,M-K>$G$"$k!# � A4$F$r3X=,$G9T$&I,MW$O$J$/L@<(E*$K7A<0O@M}$rAH$_9~$‘$H8zN($,$h$$!# $H$$$& 3 E@ $KMWLs$G$-$k!# $=$N8e$N?M9)CNG=8&5f$O!"$3$N:G8e$N!VL@<(E*$J7A<0O@M}$NAH$_9~$_!W$H$$ $&9M$($K4p$E$-!" 1. %7%9%F%‘$N@_7W<T$,!"?M4V$NCNG=$H$O2?$+$rFb>J$9$k!# 2. $=$l$r7W;;5!$K$h$C$F7W;;2DG=$J7A$KDj<02=$9$k!# 3. $=$l$r7W;;5!$KM?$(!"7W;;$r<B9T$5$;$k!# $H$$$&%9%F%C%W$rF’$‘$3$H$GCNG=$,<B8=$G$-$k$H$$$&M}G0$N$b$H$K@.$jN)$C$F $-$?!# 0J2<$K$3$N?M9)CNG=8&5f$N%"%W%m!<%A$NFCD’$r5s$2!"$=$l$i$K$D$$$F9M$($F $_$k!# 2.2 ?M9)CNG=%"%W%m!<%A$NFCD’ ?M9)CNG=$N%"%W%m!<%A$NFCD’$O!"$*$*$^$+$K8@$&$H � !VA4$F$N$3$H$,$i$r5-9f2=$9$k!W$H$$$& I=>]@- � !V%"%k%4%j%:%‘$O?M4V$,=q$-M?$($k!W$H$$$& L@<(@- � !V@5$7$$2r$,B8:_$7!"$=$l$KE,9g$9$k$h$&$K%7%9%F%‘$rD4@0$9$k!W$H$$$& L\E*@- $N 3 $D $K$^$H$a$i$l$k$@$m $&!#$3$N 3 $D $N@- <A$O8_$$$KMm$_$"$&$b$N$G$" $j!"40A4$KJ,N%$7$F9M$($k$3$H$O$G$-$J$$$N$G$"$k$,!"0J2<$G$=$l$>$l$K$D$$ $F>\$7$/@bL@$9$k!# 2.2.1 I=>]@- ?M9) CN G= 8& 5f $O!" ?M 4V $b 7W ;; 5! $b $H $b $K !V5- 9f!W $K BP $9 $k =h M} $r 9T$C $F $* $j!" $3$NG=NO$3$=$,?M4V$NCNE*9T0Y$NK\<A$G$"$k!"$H$$$&A0Ds$K4p$E$$$F$$$k!#$3 $3$G$$$&5-9f$H$O!"?M4V$,D>@\07$&J8;z$d8@8l$N$_$J$i$:!"7W;;5!$,07$&5-9f $^$G4^$a$?$b$N$r;X$7$F$$$k!#$3$N$h$&$JCj>]EY$N9b$$5-9f$O!"0lHL$K$OI=>] 4

$H8F$P$l$k!# ?M9) CNG= 8& 5f $N I= >] @-$O!" $= $N 5- 9f =h M}E* @- <A $K Be I= $5 $l$k $@ $m $&!# 3.1 @a$G $b>\$7$/=R$Y$k$,!"?M9)CNG=8&5f$G$O%7%9%F%‘$N@_7W<T$G$"$j?M4V$G$"$k2f!9 $,!"@h$:<+?H$NCN<1$d$=$l$KBP$9$k=hM}$K$D$$$FFb>J$7!"$=$N7k2L$H$7$FF@$i $l$?%$%a!<%8$r%b%G%k2=$9$k$3$H$K$h$C$FI=>]$r<B8=$9$k<jK!$,$H$i$l$k!# $D$^$j!" ?M 9) CNG= 8& 5f$K $* $$ $FI= >] ( 5-9f ) $H$7 $FMQ $$ $i $l$k $N $O!" ?M4V $G $" $k2f!9$N0U<1$K$N$\$k$@$1$N9b$$Cj>]EY$r$b$C$?35G0$KBP1~$9$k$b$N$G$"$j!" Hf3SE*%a%?$J9=B$$G$"$k$H8@$($k!#Nc$($P0UL#%M%C%H%o!<%/$J$I$K$*$$$F$O!" C18l$J$I$N2f!9$,;W$$IA$/$3$H$N$G$-$k35G0$,!"%N!<%I$H$$$&9=B$$K$HBP1~$E $1$i$l<B8=$5$l$F$$$k ( ?^ 1) !# ?^ 1: Ba y esian Netw ork %b%G%k$NNc $3$N$h$&$K$7$F9=@.$5$l$?CN<1I=8=$O!"Nc$($PO@M}E*$J?dO@$J$I!"?M4V$N9b 0L$N;W9M2aDx$r=hM}$9$k$N$K$OHs>o$KE,$7$F$$$k$H8@$($k!#$3$l$O!"2f!9$,<+ ?H$G9T$C$F$$$kO@M}E*;W9M$r%b%G%k2=$7$F$$$k$N$G$"$k$+$i!"EvA3$H$$$($PEv A3$G$"$k!# 4pK\E*$K?M9)CNG=8&5f$O!"$3$N$h$&$K$7$F9=@.$5$l$?I=>]@-$N9b$$35G0%b%G %k$KBP$7!"<jB3$-E*A‘:n$r9T$&$3$H$K$h$C$FCNE*9T0Y$r%7%9%F%‘>e$G<B8=$7$h $&$H$$$&9M$($+$?$K4p$E$$$F$$$k!# 5

2.2.2 L@<(@- A09‘$N$H$*$j!"?M9)CNG=8&5f$O4pK\E*$K?M4V$NCNG=$KBP$9$kFb>J$K=PH/E@$, $"$j!"$=$l$K4p$E$$$FDj<02=$r9T$&$3$H$G7W;;5!$GCNG=$r07$&$H$$$&%"%W%m!< %A$r$H$k!# $3$N$h$&$K$7$FF@$i$l$?%7%9%F%‘$O@_7W<T$NFb>J$K4p$E$$$F$$$k$?$a!"EvA3 $J$,$iCN<1%b%G%k$N5-9f2=$N%l%Y%k$9$J$o$AI=>]@-$,9b$/!"M}5M$a$K$h$C$F9T $&$h$&$J?M4V$N9b0L$N;W9M$rI=8=$7$?$jLOJo$7$?$j$9$k$N$K$OHs>o$KET9g$,$h $$!# Nc$($PA09‘$NNc$N0UL#%M%C%H%o!<%/$r9=@.$9$k%N!<%I$K$7$F$b!"$^$?%W%m%@ %/%7%g%s%7 %9%F %‘$K $*$1 $k5, B’$J $I$K $7$F $b!"2f!9 $N$J $+$K $=$l$H 0lBP 0l$K BP 1~$9$k35G0$,B8:_$7$F$$$k$3$H$O2f!9<+?H$GM}2r$G$-$k$?$a!"$3$N$h$&$J%b%G %k$O?M4V$NCN<1$N9=B$$r$"$kDxEY$h$/I=$7$F$$$k$H$$$($k!# $3 $N $h $& $K $7 $F 9= @. $5 $l $? CN <1 %b %G %k $@ $1 $G $J $/!" $= $l $K BP $9 $k =h M} $N J} K! $b F1 MM $K @_ 7W <T $N Fb >J $K $h$C $FM? $( $i $l $k!# 2r $j $d $9 $$ Nc $H $7 $F $O!" GPS (general problem solv er, 0lHLLdBj 2r7h %7%9%F %‘ ) $K$*$$ $F?M4V $N;W 9M2aDx $rD4 $Y$k $N$KMQ $$$i$l $? 8@ 8l%W%m%H %3%k (v erbal proto col) J,@O$H 8F$P$l$k <jK!$, 5s$2$i$l$k$@$m$&!# GPS $O!"=i 4| $N?M 9) CN G=8& 5f $GCN G= $r GD$( $k J}K! $H $7 $FMQ $$ $i $l$? J} K!$G!" 1. L\I8$H8=>u$N:9$r8!=P 2. :9$r=L$a$k=hM}$N8!:w 3. 8!:w$K$h$jF@$i$l$?=hM}$NE,MQ $H$$ $&<jB3$-$r!"L\ I8$,C#@.$5 $l$k$^$G7+ $jJV$9$b$N$G $"$k!#$3$N GPS $K!" E,MQ$9$Y$-=hM}$N7hDj<jK!$J$I$N:Y$+$JE@$r6qBNE*$K<B8=$7$?$b$N$,$N$A$N%W %m%@%/%7%g%s%7%9%F%‘$KAjEv$9$k!# $3$N GPS $KMQ$$$i$l $?8@8l%W%m%H %3%k$H$$$& J}K!$O!"?4M}3X $GMQ$$$i$l $k H/ 8l ;W 9M (thinking aloud) $H8F $P $l $k $b $N $H F1MM $N J} K! $G $" $k!# $= $l$O ?M 4V $NHo83<T$K!"LdBj$r2r$$$F$$$k$"$$$@!V;W9M$NFbMF$r@<$K=P$7$FC}$k!W$3$H$r MW5a$9$k$3$H$K$h$C$FHo83<T$N;W9M2aDx$rDI@W$7$h$&$H$$$&$b$N$G$"$k!#$=$7 $F$=$l$r2r@O$7$FF@$i$l$?=hM}2aDx$r%7%9%F%‘$KLOJo$5$;$h$&$H9M$($?$N$G$" $k!# >e$N8@8l%W%m%H%3%k$O=hM}2aDx$K4X$9$kNc$G$"$k$,!"F1MM$K?M9)CNG=8&5f$G $O 6

� CN<1$NI=8=7A<0 ( 5-9f2=J}<0!"I=>] ) � CN<1%b%G%k$KBP$9$k=hM}$dA‘:n<j=g � 3X=,%"%k%4%j%:%‘ $J$I$NMM!9$J$b$N$,@_7W<T$K$h$C$FL@<(E*$KM?$($i$l$k$3$H$G!"8zN($h$/?M4V $N;W9M$K6a$$=hM}$r<B8=$7$h$&$H$7$F$$$kE@$KFCD’$,$"$k!# :G6a $G$O!"CN <13MF@!"N‘ ?d!"3X=,$H $$$C$? T uring $X$N 86E@2s5" E*$JF0 $-$b $"$j!"I,$:$7$bL@<(@-$,6/$$$H$O8B$i$J$$8&5f$b9T$o$l$F$$$k$,!"$=$l$i$N$? $a$N%"%k %4%j %:%‘ <+BN $O $d$O$j?M4V $,M? $($? $b$N $G$" $j!"$= $NE@$G $O$" $^$j JQ $o$C$F$$$J$$$H8@$($k$@$m$&!# 2.2.3 L\E*@- %7%9%F%‘$K$H$C$F!"$"$k6qBNE*$J!V?J$‘$Y$-J}8~!W$,7h$^$C$F$*$j!"$=$l$K 6a$E $/ $h $& $K %7 %9 %F %‘ $r F3 $/ $3 $H $r ;X $7 $F!" $3 $3 $G $O L\ E* @- $H 8F $V $3 $H $K $9 $k!# ?M9)CNG=8&5f$N%"%W%m!<%A$K$*$1$kL\E*@-$r<($9Nc$H$7$F$O!"0J2<$N$h$&$J $b$N$,5s$2$i$l$k$@$m$&!# � 3X=,%"%k%4%j%:%‘$NE,MQ � LdBj2r7h$K$*$1$k%5%V%4!<%k$N@_Dj ?^ 2: 3X=,%"%k%4%j%:%‘$N%Q%i%@%$%‘ ?M9)CNG=$K$*$1$k3X=,%"%k%4%j%:%‘$O!"$=$NB?$/$,%K%e!<%i%k%M%C%H%o!<%/ 7

$J$I$K$b6&DL$7$FMQ$$$i$l$k$3$H$,B?$$$,!"$3$l$i$N3X=,%"%k%4%j%:%‘$K$OBg $-$/$o$1$F0J2<$N 3 $D $N%Q%i%@%$%‘$,B8:_$9$k ( ?^ 2) !# � 65;U$D$-3X=, � 65;U$J$73X=, � 6/2=3X=, 65;U$D $- 3X =, (sup ervised learning) $G$O!" 8D!9 $NF~ NO %Q %?!<%s $K BP $7$F L\ I8 =PNO%Q %?!< %s ( 65;U ?.9f ) $,M?$( $i $l!" <B:] $N =PNO $H L\ I8=P NO $H$N 8m :9 $r$b $H $K 3X=,$,?J$a $i$l $k$b$N $G!"%K%e!< %i%k%M%C %H%o!< %/$N8m :95U EAGE (back propa- gation) K!$J$I$O$3$N82Cx$JNc$G$"$k!# $= $NBP 6K$K $"$k 65;U $J $73X =, (unsup ervised learning) $G$O!" 8D!9$N F~NO $K BP$9$kL\I8=PNO%Q%?!<%s$H$$$&$b$N$OB8:_$;$:!"F~NO?.9f$NE}7WE*J,I[$r<j$, $+$j$K!"$=$NCf$NFCD’E*JQ?t$rCj=P$9$k!# 6/2=3X =,$G$O!"L\I8=P NO%Q%?!<%s$OL@ <(E*$K$OM?$( $i$l$:!"6/2=?. 9f (rein- forcement) $"$k$$$OJs=7 (rew ard) $H8F$P$l$k!"=PNO$,$I$l$/$i$$NI$+$C$?$+ 0-$+$C$?$+$H$$$&I>2A$K$"$?$k%9%+%iCM$@$1$,M?$($i$l!"$=$l$K4p$E$$$F$h$j NI$$I>2A$K$D$J$,$k=PNO%Q%?!<%s$,C5:wE*$K3X=,$5$l$k!# 0lHL$K $3$l $i $N 3 $D $N3X=, $N %U%l!< %‘ %o!<%/ $O!"I, $: $7$b GS B>E* $J$b $N $G$O $J$/!"Nc$($PA4BN$H$7$F$O65;U$D$-3X=,$N2]Bj$G!"F~NO?.9f$NA0=hM}$K65;U$J $73X=,$r;H$C$?$j!"$"$k$$$O6/2=3X=,$N%7%9%F%‘$N0lIt$K65;U$D$-3X=,$NMWAG $rMQ$$$k$J$I$H$$$C$?$3$H$b9T$o$l$k!# ?M9)CNG=8&5f$G$O!"@_7W<T$K$h$C$F$3$N$h$&$J3X=,%"%k%4%j%:%‘$,E,59%7%9 %F%‘$KM?$($i$l!"%7%9%F%‘$O$=$N%"%k%4%j%:%‘$K1h$C$F3X=,$r9T$&!#$3$N$h$& $K!"3X=,$K$*$1$kL\E*@-$OL@3N$G$"$k!#F~NO$H$7$FM?$($i$l$k!"%7%9%F%‘$,2r 7h$9$Y$-LdBj$K$O!"$=$N%7%9%F%‘$,@8@.$9$Y$-1~Ez$N@52r$,B8:_$7!"$=$l$KE, 9g$9$k$h$&$K%7%9%F%‘$ND4@0$,9T$o$l$k!# $^$?!"$b$&$R$H$D$N?M9)CNG=8&5f$K$*$1$kL\E*@-$NNc$H$7$F$O!"LdBj2r7h$r 8zN($h$/9T$&$?$a$K$h$/MQ$$$i$l$k!"%5%V%4!<%k$N@_Dj<jCJ$G$"$k!#2r7h$9$Y $-LdBj$O!"@_7W<T$K$h$C$F$h$j>.$5$JLdBj$X$HJ,3d$5$l!"%7%9%F%‘$O$=$l$i$r =g<!$3$J$7$F$$$/$3$H$G%9%F%C%W$rF’$_$J$,$iA4BN$NLdBj2r7h$K;j$k!#$3$l$K $h$C$F =h M} $d 3X =, $, 8z N( E* $K 9T $o $l $k!# 2f!9 ?M 4V $N ;W 9M $b!" $3 $N $h $& $J %5 %V %4!< %k$rMQ$$ $F%9 %F%C%W $rF’ $_$J $,$i =g<! 9T$o$l $k>l 9g$b$" $k$? $a!"$= $l$J $j$K BE Ev$JJ}K!$G$"$k$H9M$($i$l$k!# 8

?M9)CNG=8&5f$K8B$i$:!"%7%9%F%‘$K$H$C$F$"$k5!G=$r<B8=$9$k$H$$$&L\E*$, B8:_$7$F$$$k0J>e!"$3$N$h$&$JL\E*@-$,B8:_$9$k$N$OEvA3$N$3$H$G$"$k!#$7$+ $7?M9)CNG=8&5f$G$O!"$=$NL\I8$H$J$k7A$K8=%7%9%F%‘$r6a$E$1$k$?$a$N%7%9%F %‘<+BN$N99?7J}K!$O!"9b$$%l%Y%k$N5,B’$,@_7W<T$K$h$C$FM?$($i$l$k$N$,0lHL E*$G$"$j!"$=$NM?$(J}$,L@<(E*$G$"$k$H$3$m$KFCD’$,$"$k!# 2.2.4 $^$H$a $3$l$^$G8+$F$-$?$h$&$K!"?M9)CNG=8&5f$K$O82Cx$JFCD’$,B8:_$7$F$$$k!#$3 $3$G!"$"$i$?$a$F$3$l$i$NFCD’$r$^$H$a$F$_$k$H!"0J2<$N$h$&$K$J$k!# I=>]@- ?M4V$b7W;;5!$b!"9T$C$F$$$k$N$O!V5-9f=hM}!W$G$"$k$H$$$&9M$($N$b $H!"CN<1$r5-9f2=$7$FI=8=$9$k!# L@<(@- CN<1$N5-9f2=J}<0$d!"$=$l$KBP$9$k=hM}!"$"$k$$$O3X=,J}K!$J$I!"$[ $H$s$IA4$F$r@_7W<T$G$"$k?M4V$,=q$-2<$7$F%7%9%F%‘$KM?$($k!# L\E*@- >o$K @5 2r $, B8 :_ $7!" $= $l $K E, 9g $9 $k $h $& $K %7 %9 %F %‘ $N JQ 99 $, $J $5 $l $k!# %7%9%F%‘$NJQ99$N$7$+$?$O!"$d$O$jL@<(E*$KM?$($i$l$k!# $3$l$i$NFCD’$K$h$j9=@.$5$l$?%7%9%F%‘$O!"?M4V$N9b0L$K$*$1$k;W9M2aDx$r I=8=$9$k$N$OHs>o$KE,$7$F$$$k!#$^$?!"2f!9$,<+$i$NCN<1$d;W9M$K$D$$$F>J$_ $?>l9g$KIA$/%$%a!<%8$H$h$/0lCW$7$?%b%G%k2=$G$b$"$j!"D>4QE*$KM}2r$7$d$9 $$$H$$$&MxE@$b$"$k!# $7$+$7!"2L$?$7$F?M9)CNG=$O$3$N%"%W%m!<%A$G??$KCNE*$J$b$N$K$?$I$jCe$/ $3$H$,$G$-$k$N$@$m$&$+!# ?M9)CNG=$N@.8y$O!"A0=R$7$? 3 $D$NFCD’$,$&$^$/$" $F$O$^$kJ,Ln$K8BDj$5$l $F$$$k$H$$$($k!#?M9)CNG=$O!"FCDj$NJ,Ln$NJ#;($J:GE,2=LdBj$J$I$G?M4V$rMZ $+$KN?$0G=NO$rH/4x$9$k0lJ}$G!"8$$dG-$K$G$5$(2DG=$JG’<1$NLdBj$r$$$^$@2r $/$3$H$,$G$-$J$$$G$$$k!# $b$A$m$s!"?M9)CNG=$N%"%W%m!<%A$G$O?M4V$N$h$&$JCNG=$r3MF@$G$-$J$$$HCG 8@$9 $k $3 $H $O $G $- $J $$!# $‘ $7 $m!" 86 M} E* $K $O $= $l $O 2D G= $G $" $k $H 9M $( $i $l $k!# $7 $+$7!"<B:]$K$=$l$r<B8=$7$h$&$H$7$?$H$-!"J*M}E*$K$=$l$,2DG=$G$"$m$&$+!# J. Searle $, 6/$$ AI $rHc H= $9 $k $N $K MQ $$ $? M- L> $J Nc $K Chinese Ro om $H$$ $& $N$,$"$k!#$"$kJD:?$5$l$?It20$r9M$(!"$=$NIt20$NCf$K$O!"Cf9q8l$K$h$k<ALd $H$=$N Ez$( $N@: L)$G ==J, 5pBg $J BP1~ I= ( <-=q ) $,MQ0U $5$l $F$$ $k $H$9 $k!#$^ $?!" $3$N It 20 $N JI $K $O 0l 2U =j!" Gv $$ ;f $, DL $k $/ $i $$ $N :Y $$ 7d 4V $, 6u $$ $F $$ $k!# $5 $F!" $3$3$GCf9q8l$NA4$/M}2r$G$-$J$$0l?M$N?M4V$r!"$3$NIt20$NCf$KF~$l$k!#$=$& 9

$7$FJI$K6u$$$?:Y$$7d4V$rDL$8$F!"30$+$iCf9q8l$G=q$+$l$?<ALd$,It20$NCf$K A^F~$5$l$k!#Cf$N?M4V$O!"$=$NCf9q8l$G=q$+$l$?J8;zNs$r!"0UL#$rM}2r$7$J$$ $^$^5pBg$J<-=q$G0z$-!"$=$l$KBP$9$kEz$($r;f$K=q$$$FF1$87d4V$+$i30$X$H=P $9!# $3 $N It 20 A4 BN $O 30 $+ $i 8+ $k $H Cf 9q 8l $r M} 2r $7 $F $$ $k $h $& $K 8+ $(!" T uring T est $K9g3J$9$k!# $3$N Chinese Ro om $O!"?M4V $N $h$& $KCN E* $J%7 %9 %F%‘ $H$7 $F $h$$ $@$m $&!# $D $^$j2f!9$NL\;X$9$R$H$D$N7A$G$O$"$k!#$7$+$7!"?M4V$NCN<1$KAjEv$9$k$H9M$( $i$l$k$=$N@:L)$G==J,5pBg$J<-=q$O!"2L$?$7$FMQ0U$9$k$3$H$,2DG=$J$N$@$m$& $+!# ;~4V$r$+$1$l$PMQ0U$G$-$k$H9M$($F$b!"$=$l$O$"$^$j$KKDBg$9$.$FJ*M}E*$K <B8=$9$k$N$O2DG=$J5$$,$7$J$$!#$=$l$O!"2f!9$NIA$/<-=q$N%$%a!<%8$,!"?M9) CNG=$NCN<1I=8=$K$*$1$k$=$l$HF1MM$KI=>]E*$K2a$.$k$+$i$G$O$J$$$@$m$&$+!# 2f!9$,<+?H$NCN<1$K$D$$$FFb>J$7$?$H$-$KF@$i$l$k%$%a!<%8$O$"$^$j$KN%;6E* $9$.!"<B:]$NCN<1$NJ]B87A<0$H$7$F$O8~$+$J$$$N$G$O$J$$$+!#?M4V$NG>$H$$$& !V@8$-$?>Z5r!W$,B8:_$9$k$N$G$"$k$+$i!"$=$N$h$&$JKDBg$J<-=q$b!"$&$^$/$9 $l$P 2f!9 $N G> $H JQ $o $i $J $$ %5 %$ %: $G <B 8= $G $- $k $O $: $J $N $G $" $k!# $7 $+ $7 8= :_ $N $h $&$J5-9f2=$NJ}K!$G$O!"E~Dl$=$N$h$&$J%5%$%:$G<B8=$G$-$=$&$J5$$,$7$J$$!# $^$?!"CN<1I=8=$N$_$J$i$:$=$N%"%k%4%j%:%‘$K$bF1MM$N$3$H$,8@$($k!#?M9) CNG=$GMQ$$$i$l$k$h$&$J9b0L$N;W9M2aDx$r$&$^$/I=8=$G$-$kI=>]E*$J%7%9%F%‘ $K$*$$$F$O!"<+J,$N;W9M2aDx$,@bL@$G$-$k$h$&$J$3$H$K4X$7$F$O$&$^$/$$$/$@ $m$&!# $7$+$75U$K9M$($k$H!"?M9)CNG=$N@.8y$O?M4V$NCNE*9T0Y$N$&$A0U<1E*!"O@M} E* $J It J,$r LO Jo $7 $? $b$N $K 8B Dj $5 $l$F $$ $k $H 8@ $($k!# 9M $( $F $_ $l$P $=$l $O Ev A3$G!"?M9)CNG=8&5f$G$O?M4V$NFb>J$K$h$C$FF@$i$l$?%"%k%4%j%:%‘$rMQ$$$k$? $a!";W9M$J$I$NCNE*=hM}$K$*$$$F?M4V$K$b@bL@$,2DG=$J$3$H$O$=$N%"%k%4%j%: %‘$K$H$C$F$b2DG=$G$"$k$,!"?M4V$K$O@bL@$,$G$-$J$$$3$H$O%"%k%4%j%:%‘$K$G $-$J$$$N$G$"$k!# $=$l$G$O2L$?$7$F2f!9$,L\;X$9CNG=$NCf$K$O!"?M4V$K$O@bL@$G$-$J$$$3$H$, 4^$^$l$F$O$$$J$$$@$m$&$+!#$=$NEz$($OH]$G$"$k!#2f!9$O<+J,$G@bL@$G$-$J$$ $h$&$J;W9M2aDx$rEY!97P$k$N$G$"$C$F!"$=$N$h$&$J$3$H$b8=:_$^$GMQ$$$i$l$F $-$?$h$&$J%"%k%4%j%:%‘$G<B8=$G$-$k$H$O9M$($K$/$$!#=>$C$F!"$b$C$HI=>]%l %Y%k$NDc$$2?$+$,I,MW$G$"$m$&$H9M$($k!# 10

2.3 :G6a$NF08~$HG>8&5f ?M9)CNG=E*%"%W%m!<%A$KBP$7!"$3$N$h$&$JGyA3$H$7$?5?G0$rJz$($F$$$?$,!" 0lJ}$G:G6a$K$J$C$FG>$N8&5f$,@9$s$K9T$o$l$k$h$&$K$J$C$F$-$?!# :G 6a $N @8 M} 3X 8& 5f $N ?J Jb $K $h $j!" G> Fb $N F/ $- $O $+ $J $j J, $+$C $F $- $F $$ $k!# PET(Positron Emission T omograph y) $d fMRI(functional brain Magnetic Resonance Imaging) [4] $H$$$C $?!"9b <! G>5! G=$N L5?/ =1 (nonin v asiv e) $J7W B, 5;=Q$,3+H/$5$l!"$^$?$3$l$i$NJ,2rG=$b5;=Q$K$h$C$F>e>:$7$F$$$k!#G>Fb$N$I $l$i $N J, Ln $, 5- 21 $K 4X 78 $7 $F $* $j!" $I $& $$ $& =g =x $G 3h @- 2= $9 $k $+ $J $I $H $$$C $?!" G>Fb$NBg6IE*$JF0$-$O$*$*$^$+$K$G$O$"$k$,2rL@$5$l$D$D$"$k [5] !# $^ $?!" 8D!9 $N %K%e!< %m %s $J $I $N :Y $+ $$ F0 $- $b!" $+ $J $j J, $+$C $F $- $F $$ $k!# L TP(long term p otentiation)/L TD(long term depression) $H8F $P$l$k!"%7 %J %W %9EE0L $ND94| 7A>u JQ2= [6] $, 5-21 $NK\<A $G$"$k $3$H $,J,$+$C $F$- $F$*$j!" $= $l$i$O %7%J%W%9A0Kl / 8eKl $G@8$8$k $=$l$> $l%?%s%Q%/<A / %0%k%? %_%s;@<uMFBN $N %j%s ;@2= $,86 0x$G$" $k$3 $H$b CN$i $l$k $h$& $K$J$C $?!#$^ $?!" L TP $,Bg NL$K H/@8$7$F$$$k>uBV$G$OK0OB$7$?>uBV$K$J$j3X=,$,9T$o$l$J$$$H$$$&<B837k2L$J $I$bF@$i$l$F$$$k!# $7$+$7!"$3$N$h$&$K8D!9$N%K%e!<%m%s%l%Y%k$N:Y$+$$F0$-$d!"BgG>$K$*$$$F $I$3$G$I$&$$$&5!G=$,C4$o$l$F$$$k$+$H$$$C$?Bg$6$C$Q$J5!G=6I:_$,L@$i$+$K $J$C$F$$$/0lJ}$G!"%K%e!<%m%s$N72$N$h$&$JCf4VE*$J%l%Y%k$GG>$r8+$?$H$-$K $O!"$^$@$=$NF0:n$,==J,$KM}2r$5$l$F$$$J$$$N$,<B>p$G$"$k!#$=$7$F$^$?!"G> $N>pJs=hM}$rCN$m$&$H$7$?$H$-$K!"$3$NCf4VE*%l%Y%k$,:G$b=EMW$JE@$G$"$k$3 $H$b;v<B$G$"$k!#8D!9$N%K%e!<%m%s$NF0$-$,>\:Y$K2rL@$5$l$?$H$7$F$b!"%_%/ %m$J7WB,$NDI5a$O!"Nc$($k$J$iF@BN$NCN$l$J$$AuCV$r9=@.$7$F$$$k%H%i%s%8%9 %?$rD4$Y$D$E$1$k$N$HF1MM$G!"AuCVA4BN$N=hM}$KBP$9$k2rL@$K7R$,$k$H$O8B$i $J$$$@$m$&!# BgG>@8M}3XJ,Ln$K$*$1$kH/8+$KH<$$!"7W;;5!2J3X$NJ,Ln$G$b?7$7$$F0$-$,$G $F$-$F$$$k!#$^$:!"%K%e!<%i%k%M%C%H%o!<%/$K$*$1$k%b%G%k$N8+D>$7$G$"$k!# =>Mh$N%K%e!<%i%k%M%C%H%o!<%/$N8&5f$G$O!"7A<0%K%e!<%m%s%b%G%k$K$*$1$k %7%0%b%$%I4X?t$NMxMQ$J$I$r8+$F$bJ,$+$k$h$&$K%K%e!<%m%s$NJ?6QH/2PIQEY$r 4p$K$7$?IQEY%3!<%G%#%s%0$,2>Dj$5$l$F$-$?!#$7$+$7!"<B:]$N?@7P:YK&$N4V$G $N?.9fEAC#$K$O%Q%k%9>pJs$,4XM?$7$F$$$k$H8+$i$l$k$?$a!"$3$N$h$&$J%b%G%k $G$O%Q%k%9>pJs$,<:$o$l$F$$$k$V$s@8BN$N%K%e!<%m%s$HF1Ey$NI=8=G=NO$b<:$C 11

$F$$$k2DG=@-$,$"$k$H9M$($i$l$k!# $3$l $K BP $7!" %Q %k %9 $N E~ C# ;~ 9o $d ;~ 4V 4V 3V $N >p Js $r $b 9M N8 $7 $? %3!< %G%# %s %0 $r 2>Dj$7!"$h$j@8BN$N%K%e!<%m%s$K6a$$%K%e!<%m%s%b%G%k$,%Q%k%9F0:n7?%K%e!< %m%s$G$"$k!#%Q%k%9F0:n7?%K%e!<%m%s%b%G%k$O!"%K%e!<%m%s$NKlEE0L$dogCMEE 0L$N8:?j$b9MN8$7$?%b%G%k$G$"$k!#$3$N%b%G%k$G$O!"%K%e!<%m%s4V$N?.9fEAC# $K$* $$ $F $O %Q %k %9 IQ EY $@ $1 $G $J $/ %Q %k %9 $N E~ Ce ;~ 9o $d ;~ 4V 4V 3V $J $I $N ;~ 4V %Q %?!< %s$K$h$C$F$b>pJs$rI=8=$9$k$3$H$,2DG=$G$"$j!"=>Mh$N%K%e!<%m%s%b%G%k$N8B 3&$r1[$($?%M%C%H%o!<%/%b%G%k$,9=@.$G$-$k2DG=@-$,$"$k!# $=$NB>$KG>$N<~JU8&5f$H$7$F!"G>7?%3%s%T%e!<%?8&5f!"G>7?%3%s%T%e!<%F%# %s%0$H8F$P$l$kJ,Ln$b:G6a$K$J$C$F8=$l$F$-$F$$$k!#$3$l$i$K$D$$$F$bB?$/$N 8&5f$,$"$k$,!"DL>o$N%K%e!<%i%k%M%C%H%o!<%/%b%G%k$N8B3&$r1[$($k?7$7$$%b %G%k$N8&5f$H$$$&$N$,!"$R$H$D$N%*!<%=%I%C%/%9$JJ}8~$G$"$k!#BgG>@8M}3X$K $*$1$kG>$NF0$-$N4QB,7k2L$r%b%G%k$K$H$j$$$l!"$=$l$rCi<B$K:F8=$7$F%7%_%e %l!<%7%g %s $r 9T $& $3 $H $G ?M 4V $N F, G> $H F1 Ey $J CN G= $r H/ 8= $5 $; $h $& $H $9 $k %" %W %m!< %A$b$"$k!#BgG>@8M}3X$J$I$GF@$i$l$?CN8+$r4p$KG>$N%b%G%k$r2>Dj$7$F!"9)3X E*$K9=@.$7!"$=$NF0:n$r4Q;!$9$k$3$H$GG>$N;EAH$_$r5!G=E*$K2rL@$7$h$&$H$9 $k%"%W%m!<%A$G$"$k!# $7$+$7?M4V$NCNG=$O%a%=!&%9%1!<%k$NJ*M}8=>]$G$"$j!"$3$N$h$&$J4T85<g5A E*$H$b8@$($k%"%W%m!<%A$G$O8+$($F$3$J$$$N$G$O$J$$$+$H;d$O9M$($F$$$k!# 3 8&5f$N%"%W%m!<%A ?M9)CNG= 8&5f $O!"A0 >O$G =R $Y$? $h$& $J I=>]@-!"L@ <(@-!" L\E* @-$H $$$& FCD’ $r @8$+$7!"Bg$-$J@.8y$r$*$5$a$?!#$7$+$7!"2L$?$7$F?M9)CNG=$O$3$N%"%W%m!<%A $G ??$KCNE* $J$b $N$K $?$I $jCe$/ $3$H $,$G $-$k $N$G $"$m $&$+!# $?$7$+ $K?M 9)CN G= 8& 5f$G$b CN <1$N3M F@!"N‘?d!" 3X=,$H $$$C$? J, Ln$,@9 $s$K$J $k$K$D $lL@<( @-$O Gv$i$$$G$$$k$H$b8@$($k$,!"$3$l$i$N$?$a$N%"%k%4%j%:%‘<+BN$O$d$O$j?M4V$, M?$($?$b$N$G$"$j!"$=$&$$$C$?0UL#$G$O$"$^$jJQ2=$7$F$$$J$$$H9M$($k!# ?M9)CNG=$N@.8y$O!"A0=R$7$? 3 $D$NFCD’$,$&$^$/$" $F$O$^$kJ,Ln$K8BDj$5$l $F$$$k$H$$$($k!#?M9)CNG=$O!"FCDj$NJ,Ln$NJ#;($J:GE,2=LdBj$J$I$G?M4V$rMZ $+$KN?$0G=NO$rH/4x$9$k0lJ}$G!"8$$dG-$K$5$(2DG=$JG’<1$NLdBj$r$$$^$@$K2r $/$3$H$,$G$-$J$$$G$$$k!# $^$?!"@h $K5s $2$? ?M 9)CN G=8& 5f %"%W %m!< %A$N 3 $D $NFCD’$N $& $AI= >]@- $H L@<( 12

@-$O!"0lHLE*$J%G%#%8%?%kEE;R7W;;5!$K$h$C$F7W;;$r9T$&$3$H$+$i$NMW@A$G$" $j!"$"$^$jK\<AE*$G$O$J$$!#0lHLE*$J%G%#%8%?%kEE;R7W;;5!$O!"<jB3$-E*$G!" %G%#%8%?%k$G!"%S%C%HJB$H$7$F$N5-9f$r07$&$N$KD9$1$F$$$k$?$a!"$=$N$h$&$J J}K!$r$H$C$F$$$k$@$1$G$"$k!# $b$A$m$s!"?M9)CNG=$N%"%W%m!<%A$G$O?M4V$N$h$&$JCNG=$r3MF@$G$-$J$$$HCG 8@$9$k$3$H$O$G$-$J$$!#$?$@2f!9$O!"$3$N%"%s%P%i%s%9$K!"h+Gy$?$k5?G0$r6X $8F@$:$K$$$?!# 0lJ}$G!"6aG/$NBgG>@8M}3XJ,Ln$N8&5f@.2L$O!"G>$,:#$^$G;W$o$l$F$-$?$b$N $H$O<c430[$J$k$b$N$G$"$k$3$H$r<($7$D$D$"$k!# 2f!9$O!"$3$N$h$&$J>u67$r4U$_$F!"?M4V$N$h$&$KCNE*$J$b$N$N9=C[$rL\;X$9 $K$" $? $j!" ?M 9) CN G= E* %" %W %m!< %A $G $O $J $/ ?M 4V $N G> $K Ez $( $r 5a $a $k $3 $H $K $7 $?!# 2f!9$N:G=*E*$JL\I8$O!"!V?M4V$N$h$&$KCNE*$J$b$N$r:n$k!W$3$H$G$"$C$F!"I, $:$7$b?M4V$dG>$=$N$b$N$r:n$k$3$H$G$O$J$$!#$7$+$7!"2f!9$O?M4V$NG>$h$j$b ?M4V$N$h$&$KCNE*$J$b$N$rCN$i$J$$!#$7$?$,$C$F!"2f!9$N:n$k$b$N$,G>$h$j$b CNE*$G$O$J$$4V$O!"G>$r<jK\$H$9$k$3$H$OA*Br;h$N$R$H$D$H$7$F0-$/$O$J$$$@ $m$&!# K\>O$G$O!"8&5fL\E*$r<B8=$9$k$?$a$K$3$l$+$i2f!9$,$H$k$Y$-%"%W%m!<%A$H $=$NM}M3$K$D$$$F=R$Y$k!#$^$?N‘;w8&5f$H$NHf3S$r9T$$!"0c$$$r=R$Y$k$3$H$K $h$C$F8&5f$NN)>l$rL@$i$+$K$9$k$3$H$H$9$k!# 3.1 I=>]@- G>$r<jK\$H$9$k$K$"$?$C$F!"?M9)CNG=$HG>$O$I$3$,0c$&$+$H$$$&$3$H$rL@$i $+$K$7$F$*$/I,MW$,$"$k!#2f!9$O!"?M9)CNG=$HG>$NK\<AE*$J0c$$$OI=>]@-$K$" $k$H9M$($F$$$k!#0J2<!"?M9)CNG=8&5f$K$*$1$kI=>]@-$H!"?M4V$NG>$K$*$1$kI= >]@-$K$D$$$F354Q$9$k!# 3.1.1 ?M9)CNG=8&5f$NI=>]@- ?M9)CNG=8&5f$N%"%W%m!<%A$K$h$C$FCNG=$,<B8=$G$-$k!"$H$$$&O@5r$O!"4JC1 $K$^$H$a$k$H0J2<$N$h$&$K$J$k$@$m$&!# 7W;;5!$b!"?M4V$NG>$HF1MM$K5-9f$r5-21$7=hM}$9$kG=NO$r;}$A!"$3 $NG=NO$3$=$,?M4V$NCNE*9T0Y$N8;$G$"$k!# $7$?$,$C$F!"?M4V$,$I$N$h$&$KCN<1$r5-9f2=$75-21$7$F$$$k$N$+$r 2rL@$7!"5-21$5$l$?CN<1$H303&$N;v>]$H$NAH9g$o$;J}K!$rC5:w$9$k%W 13

%m%0%i%‘$,M?$($i$l$l$P!"?M4V$HF1$8$h$&$KLdBj$r2r7h$9$k7W;;5!%7 %9%F%‘$,9=C[$G$-$k$O$:$G$"$k!# $?$@$7!" ?M 4V $,07 $& ( L\$G8+ $? $j<j $G =q $$$? $j $9$k ) $3$H $N$G $- $k 5-9f $O!" 7W ;;5!$N07$&5-9f$H$OF1$8$b$N$G$O$J$$!#$D$^$j?M9)CNG=$9$J$o$A7W;;5!$,07$& $3$H$N$G $-$k 5-9f $O $h$jCj>] E*@- <A$r ;}$D $b$N $G$"$C$F!" $3$l $O0l HL$K I=>] $H 8F$P$l$k!#I=>]<g5A$H$O!"?M4V$NCN3PFbMF$d?M4V$N;}$DCN<1$J$I$,$3$NI=>]$K $h$C$F5-=R$5$l!"$^$??dO@$J$I$N;W9M$OI=>]$KBP$9$k<jB3$-A‘:n$G$"$k$H$_$J $99M$(J}$G$"$k!# $3$N$h$&$JI=>]$NA‘:n$,7A<0E*$K5-=R$G$-$k$H2>Dj$9$k!#$9$J$o$AI=>]$N;} $D0UL#$dFbMF$K$+$+$o$i$:!"$=$N7A<0E*$JFC@-$K$N$_CmL\$9$k$3$H$GA‘:n2DG= $G$"$k$H2>Dj$9$l$P!"I=>]$NA‘:n$O7W;;$G$9$^$9$3$H$,$G$-$k!#$D$^$j?M4V$N ;W9M$b7W;;5!$N%W%m%;%9$b5-9f$N7A<0E*FC@-$K$N$_4p$E$$$?=hM}$r9T$C$F$$$k $H9M$($k$3$H$G!"N><T$,5!G=E*$KF1Ey$G$"$k$H$_$J$9$N$G$"$k!# $?$7$+$KG>$O!"5-9f$r07$&G=NO$KD9$1$F$$$k!#?M4V$O<+$i$NCN<1$r8@8l$J$I $N5-9f$H$7$FI=8=$9$k$3$H$,$G$-$k$7!"$^$?8@8l$H$$$&5-9f$J$7$K$OJ#;($J;W 9M$OIT2DG=$G$"$k!#$^$?!"?M9)CNG=$GLOJo$5$l$k$h$&$J!"?M4V$NG>$N9b0L$N5! G=$[$I!"5-9f$K0MB8$7$F$$$k3d9g$,9b$$$H8@$($k$@$m$&!# 3.1.2 G>$NI=>]@- G>$NI= >] @- $K4X $9 $k M- L>$J Nc $K!" Grandmother Neuron 2>@b$, $" $k!# $3$N 2> @b$O!"G>$N AIT Ln ( 2<B&F,2s A0It ) $H8F$P $l$kIt0L$K$*$$$F%R%H$d%5 %k$N<j$K BP$7$FFC0[E*$KH?1~$9$k!V<j:YK&!W$,H/8+$5$l$?$3$H$KC<$rH/$9$k!# $=$l$^$G7ABV$NG’<1$K4X$7$F$O!"$;$$$<$$NX3T@~$N@~J,$N79$-$J$I$KH?1~$9 $k:YK&$,B8:_$9$k$3$H$/$i$$$7$+J,$+$C$F$$$J$+$C$?$,!"!V<j!W$H$$$&6K$a$F 6qBNE*$J7ABV$rG’<1$7$F$$$k$+$K8+$($k:YK&$,H/8+$5$l$?!#7ABV$NG’<1=hM}$N N.$l $K$*$$ $F!" AIT Ln $K=hM} $,0\$k D>A0$^$G $NIt0L $G$O@~ J,$N$h $&$JC1=c $J ;I7a$KH?1~$9$k:YK&$7$+8+$D $+$C$F$$$J$$$N$K AIT Ln $GFMA3 J#;($J7ABV$KH? 1~$9$k:YK&$,8+$D$+$C$?$3$H$G!" AIT Ln $K$O MM!9$J <o N‘ $N 7ABV G’ <1 :Y K&$, B? ?t B8 :_ $7!"$= $l $G ;k 3PG’ <1 $,9T$o$l$k $H $$ $& @b $, 5/ $3$C $? $N $G $" $k!# $3 $N @b $G $O!" !V$* $P $" $5 $s $r $* $P $" $5 $s $H G’ <1 $G $- $k $N $O!" $= $l @l MQ $N $* $P $" $5 $s G’ <1 :Y K& $, $" $k $+ $i $@!W $H $9 $k $? $a!" Grandmother Neuron 2>@b$H$$$&L>$G8F$P$l$k!# 14

$3$N2>@b $K $h$k $H!" AIT Ln$G$O $R$H $D$N ?@ 7P:Y K&$, $R$H $D$N 35G0 $r I=$9 $h$& $J9=B$$K$J$C$F$$$k$3$H$K$J$j!"$3$l$O?M9)CNG=8&5f$K$*$1$kCN<1I=8=$NI=>] @-$HHs>o$K$h$/;w$F$$$k!# $7$+$7!"$3$N2>@b$OG>Fb$GCN<1$,5-9f$H$7$F3JG<$5$l$F$$$k$3$H$r!"D>@\$K $O;Y;}$7$F$$$J$$!#$^$?!"$3$N2>@b$,@5$7$$$H$9$k$HG’<1BP>]$N?t$@$1G’<1:Y K&$,I,MW$G$"$k$3$H$K$J$C$F$7$^$$!"?t$K8B$j$N$"$kG>:YK&$G$=$l$r%+%P!<$9 $k$N$OL5M}$,$"$k$@$m$&$H;W$o$l$k!# 0lJ}$G!":G6a$NBgG>@8M}3X8&5f$N@.2L$K$h$C$F!"G>$NI=>]@-$,C1=c$J5-9f2= $H$O0[$J$k$b$N$G$"$k$3$H$rA[A|$9$k$KM-8z$G$"$m$&$H;W$o$l$k@.2L$,$$$/$D $+$"$,$C$F$$$k!#0J2<$K$=$NNc$N$$$/$D$+$r<($9$3$H$K$9$k!# Nc$($PA09‘$G5s$2$? Grandmother Neuron 2>@b$K$D$$$F$O<B:]$K$O Grand- mother Neuron $N$h$&$J $b$N$, B8:_ $9$k$o $1$G $O$J$/!" G’<1 BP>]$, $h$j Cj>]2= $5$l$??^7AFCD’$KJ,2r$5$l$F!":YK&$NH?1~$,@8$8$k$3$H$,J,$+$C$F$-$F$$$k!# $7$+$b$R$H$D$N:YK&$H!"$=$N:YK&$,H?1~$9$k?^7AFCD’$O0lBP0l$N87L)$J4X78$G 7k$S$D$$$F$k$o$1$G$O$J$/!"$"$kDxEY$NBP1~$NI}$,B8:_$9$k$3$H$b3NG’$5$l$F $$$k!#8@$$49$($k$H!"J#?t$N?@7P:YK&$,J#?t$NFCD’$NG’<1$rJ,C4$7$F9T$C$F$$ $k$H$$$($k!# $^$?!"BgG>Hi<A$O%3%i%‘9=B$$r$J$7$F$$$k$3$H$,CN$i$l$F$$$k$,!"$3$N$R$H $D$N %3 %i %‘ ( Ls 10 K|8D $N ?@ 7P :Y K& $+ $i 9= @. $5 $l $k Cl >u $N 9= B$ ) $NCf $K $O!" FC D’ $N ;w$??^7A$d6a$$?^7A$KH?1~$9$k:YK&$,Hf3SE*6a$$0LCV$KB8:_$9$k$,!"NY@\$9$k B>$N%+%i%‘Fb$K$OA4$/0[$J$k?^7A$KH?1~$9$k$h$&$J:YK&$,JB$s$G$$$k$3$H$J$I $b3NG’$5$l$F$-$F$$$k!#$D$^$j!"%3%i%‘C10L$G$b$*$*$^$+$JG’<1$NJ,C4$r9T$C $F$$$k$H9M$($i$l$k!# $=$N B> $K $O!" BP Id 9f 2= %K%e!< %m %s $H $$ $& $b $N $b H/ 8+ $5 $l $F $$ $k!# $" $k ;I 7a ( Nc $($P ;k 3P ;I 7a ) $rM? $(!" 0l Dj $N CY 1d ;~ 4V $r CV $$ $F F1 $8 ;I 7a $r M? $( $? $H $- $N H? 1~ $N 8+$k$3$H$G5-21$N4Q;!$r9T$*$&$H$9$kCY1dH?1~;n83$H8F$P$l$k<B83$,$"$k!#$3 $l$K $* $$ $F!" DL >o $N ?@ 7P :Y K& $O :G =i $N ;I 7a ;~ $H 2 2sL\ $N ;I 7a ;~ $K H? 1~ $9 $k $,!" $U $?$D$N;I7a$N4V$8$e$&H/2P$7$D$E$1$k$h$&$J:YK&$,3NG’$5$l$F$$$k!#$7$+$7!" $3$N5-21$rJ];}$7$F$$$k$+$K;W$o$l$k%K%e!<%m%s$O$I$s$J;I7a$K$bH?1~$9$k$H $$$&$o$1$G$O$J$/!"$$$/$D$+$NFCDj$N;I7a$K$7$+H?1~$7$J$$!#$=$l0J30$N;I7a $K$OB>$NFCDj$N:YK&$,H?1~$9$k$3$H$K$J$k!# $3$N$h$&$K%K%e!<%m%s$,$"$kFCDj$N;I7a$HFCJL$N7k$S$D$-$r$b$C$F$=$l$r5- 15

21$9$k$h$&$K$J$k$3$H$O%A%e!<%K%s%0$H8F$P$l!"$3$l<+BN$O$=$l$[$I?7$7$$H/ 8+$G$O$J$$!#$7$+$7!"$3$N$h$&$J%K%e!<%m%s$,J#?t$NBP>];I7a$KBP$7$FH?1~$9 $k>l 9g!" $= $N ;I 7a $I $& $7 $O O" A[ $5 $l $d $9 $$ 4X 78 $K $" $k $3 $H $, J, $+$C $F $- $F $$ $k!# $D$^$jJ#?t$N;I7a$KBP$7$F%A%e!<%K%s%0$5$l$?%K%e!<%m%s$O!"$=$l$i$N;I7a$N 4V$NO"A[$K4sM?$7$F$$$k$H$$$&$3$H$G$"$k!#$3$N$h$&$J%K%e!<%m%s$OBPId9f2= %K%e!<%m%s$H8F$P$l$k!# $3$N$h$&$K8+$F$/$k$H!"?M4V$NG>$K$*$1$k>pJs$N5-9f2=$OC1=c$J$b$N$G$O$J $$$3$H$, J,$+ $k!#Bg G>@8 M}3X J,Ln $K$* $1$k $3$l$i $N;v<B $NH/ 8+$O!" G>$N 5-9f 2= $, >/$J$/$H $b7W ;;5!>e $N?M 9)CN G=$N $=$l $N$h$& $K$O I=>] E*$G $J$$ $3$H$r $b$N $, $?$C$F$$$k!# 8@$$ $+$( $l$P!" I,$: $7$b $R$H$D $N;v >]$r $R$H $D$N 5-9f $KBP 1~$5 $; $k$h$&$JC1=c$J5-9f2=$r9T$C$F$O$$$J$$$H8@$($k$@$m$&!# 3.2 5-21 G>$N>pJs=hM}$K$*$$$F80$H$J$k$N$O!"$=$NI=>]2=$NJ}K!$9$J$o$A5-21$N%a%+ %K%:%‘$K$"$k$HA[Dj$G$-$k!#%7%9%F%‘$K5-21$N%a%+%K%:%‘$rF3F~$9$k$K:]$7!" G>$NI=>]@-$r<jK\$H$9$k$K$O!"$^$:G>$N5-21$N%a%+%K%:%‘$r$h$/CN$kI,MW$,$" $k$@$m$&!#$h$C$F$3$3$G$O!"$^$@L@$i$+$K$J$C$F$$$J$$E@$,B?$/$"$kJ,Ln$G$O $"$k $,!"G>$K $*$1 $k5-21 $NFCD’ $N$R$H $D$G$" $k C; 4|5-21 / D94| 5-21 $NJL$K $D $$$F8=:_ 2rL@$5 $l$F $$$k $3$H$K $D$$ $F@b L@$7!" G>Fb $K$* $1$k 5-21$N J]B8 7A<0 $K $D$$$F9M$($k$3$H$K$9$k!# 3.2.1 C;4|5-21$HD94|5-21 G>$r9=@.$9$k%7%J%W%9$K$O!"@d$($:JQ2=$9$k@-<A$,$"$j!"$3$l$O0lHL$K2DA: @-$H8F$P$l$k!# <4:w$d<y>uFM5/$N0LCV$OCB@8;~$K3NN)$5$l$FJQ2=$7$J$$$,!"?@7P:YK&4V$NO" 7k$O!"%7%J%W%97k9gIt$K$*$$$F@d$($:JQ2=$7$F$$$k!#?@7P:YK&$H<y>uFM5/$N%7 %J%W%97k9gIt$K$O7d4V$,$"$j!"EE5$?.9f$N%$%s%Q%k%9$,A0<T$+$i8e<T$K$8$+$K >h$j0\$k$3$H$O$J$$!#%7%J%W%9$K$*$$$F>pJs$rEA$($k<jCJ$H$7$F;H$o$l$F$$$k $N$O!"?@7PEAC#J*<A$H8F$P$l$k2=3XJ*<A$G$"$k!#%7%J%W%9$N>eN.$+$iJ|=P$5$l $?EAC#J*<A$,2<N.$KB8:_$9$k<uMFBN$H8F$P$l$k%A%c%s%M%k$KE~C#$9$k$3$H$G!" %Q%k%9$,EA$($i$l$k!# $3$N $h $& $K %7 %J %W %9 $K $* $1 $k >p Js EA C# $O!" ?@ 7P EA C# J* <A $r 2p $7 $? 2= 3X E* $J 2a Dx $G$" $k $,!" $3 $N %7 %J %W %9 $r DL $8 $? >p Js EA C# 8z N( $, JQ 2= $9 $k $3 $H $r %7 %J %W %9 2D A: @- 16

$H$$$&!#$3$N860x$H$7$F$O!"<uMFBN$N46EY$NJQ2=!"2=3X2aDx$N8zN($NJQ2=!"<u MFBN$N?t$d7ABV$NJQ2=!"$"$k$$$O%7%J%W%9$=$N$b$N$NA}2C$J$I$,9M$($i$l$k!# 2DA:@-$N$"$k%7%J%W%9$K$h$C$F?@7P:YK&$r7R$$$G$f$/$H!"$?$H$($P5-21$N$h $&$J5!G=$r;}$C$??@7P2sO)$r:n$k$3$H$,$G$-$k$H9M$($i$l$k!#G>$N9b<!5!G=$O $9$Y$F!"$=$N$h$&$J?@7P2sO)$K$h$C$FC4$o$l$F$$$k$H9M$($i$l$k!#$3$N2DA:@- $rC<E* $KI=$7$?$N$, Hebb B’$G$"$j!" %K%e!<%i%k%M%C%H%o!< %/$N3X=,$J$I $K$* $$$F9- $/ MQ$$ $i $l$F $$ $kJ} K! $G$" $k!# Hebb B’$K$D $$ $F $O!" 4.2 @a$G >\ $7$/ @b L@ $9$k!# :G6a$N8&5f$G$O!"%7%J%W%92DA:@-!"FC$K?7$?$J%7%J%W%9$N@8@.$d%7%J%W%9$N 7ABVJQ2=$J$I$K0dEA;R$N4XM?$,Bg$-$$$3$H$,J,$+$C$F$-$F$$$k!# 5-21$O%K%e!<%m%s$N%M%C%H%o!<%/$NCf$K$D$/$j$@$5$l!"J];}$5$l$F$$$k!#$R $H$D$N%K%e!<%m%s$OJL!9$N0c$C$?%K%e!<%m%s$+$i%7%J%W%9$r2p$7$FF~NO$r<u$1 $F$*$j!"J#;($JEE0L$,@d$($:@8$_$@$5$l$F$$$k!#$=$&$7$F$D$/$i$l$?EE0LJQ2= $r!"$^$?B?$/$NJL$N%K%e!<%m%s$K%7%J%W%9$r2p$7$FAw$j$@$9!#$=$NEE0L$N7A$d %9%T!<%I$d;}B3;~4V$O!"$R$H$D$R$H$D$N%7%J%W%9$N8zNO$N6/$5$d7A@.$5$l$?%7 %J%W%9$N?t!"$=$N0LCV!"7A$J$I$K$h$C$F0[$J$C$F$$$k!#5-21$O!"$3$&$7$F$D$/ $i$l$kEE0LJQ2=$N7A>u$,0lDj4|4VJ];}$5$l$k$3$H$KBP1~$9$k$i$7$$!#$3$N$h$& $J 7A >u JQ 2=$O <B :] $K $_ $D$+$C $F $* $j!" L TP (long term p oten tiation) $* $h $S L TD (long term depression) $H8F$P$l$F$$$k [6] !# %7%J%W%9$K$*$$$FF~NO@~0]$KH?I|E*$J6=J3$,5/$3$k$H!"%7%J%W%9A0Kl$+$i2= 3XEAC# J* <A $G$" $k %0 %k %?%_ %s ;@ $,J| =P $5 $l $k!#%0 %k %? %_%s ;@ <u MFBN $K $O AMP A 7? $H 8F$P $l$k $b$N$H NMD A 7? $H8F $P$l $k$b $N$,$" $j!"$H $b$K%$ %*%s %A%c%s %M%k$b7s $M$F $$$k!# AMP A 7? $O Na + $rDL$7!" NMD A 7? $O Ca 2+ $rDL$9!# $^ $?!" AMP A 7? $OKlEE0L$K4X$o $i$:>o$KF1 $8F0:n$r$9 $k$,!" NMDA 7? $OC&J, 6K$,5/$3$i$J$$$H%A%c%s%M%k$,3+$+$J$$$3$H$,CN$i$l$F$$$k!#$D$^$j%K%e!<%m %s$,Cx$7$/6=J3$7$?>uBV$G$J$$$H!"F/$+$J$$$H$$$&$3$H$K$J$k!# %7%J%W %9$N >e N.B& $+$i J| =P$5 $l $?%0 %k%? %_ %s;@ $O!" %7%J %W%9 8e Kl>e $N AMP A 7?<uMF BN$K 7k9g $7 $F$= $N%$ %*%s %A%c %s%M %k$r 3+$-!" Na + $,:YK&Fb $K N.$l $3$s $F %7%J %W%98e Kl$rC& J,6K$5 $;$k!# NMDA 7?<uMF BN$N%$ %*%s%A%c %s%M%k$, 3+$-!" :YK&Fb$N Ca 2+ G;EY$, >e>: $9$k!# Ca 2+ G;EY$N >e>:$K $h$j!" %-%J!< %< ( %?%s%Q%/ <A $N%j %s;@ 2=$r 9T$& 9ZAG ) $,;I 7c$5 $l!"<u MF BN$N %j%s ;@2= $,5/ $3$k!# %j%s ;@2= $5$l$? AMP A 7?<uMF BN $O 46EY $, >e>: $7!" $3 $3$K %7 %J%W %9 8e Kl$K $* $1$k L TP $, 17

H/8=$9$k!# $3$N $H$-!"%7 %J%W%9 8eKl$K $*$1$k Ca 2+ G;EY$N >e>:$O!" F1;~$K5U 9T@-EA C#J* <A$H8F$P$l$kJ*<A$r@8@.$7!"$=$l$,%7%J%W%9A0KlB&$K3H;6$9$k!#$3$l$K$h$C$F %7%J %W%9A0 Kl$K$*$$ $F$b%j%s ;@2=$, H/@8$7!"%7 %J%W%9A0 Kl$K$* $1$k L TP $,H/ 8= $9$k!# $3$N$h $&$K!" %7%J %W%9 A0It $H8e It$N :YK& $,O"7H $r9T $$$J $,$i L TP $O H/@8$9$k$3$H$,CN$i$l$F$$$k ( ?^ 3) !# ?^ 3: %7%J%W%9A0Kl!"8eKl$NO"7H$K$h$k L TP $NH/@8$N35MW ?M 4V$N5- 21$K$O!" Bg$-$/ $o$1$F DD =R5-21 $H 8F$P$l $k$b$N $H<jB3 $-5-21 $H8F $P$l$k$b$N$,$"$k$H$5$l$F$$$k!#A0<T$ODL>o$o$l$o$l$,!V5-21!W$H$$$&8@MU$+ $i%$%a!<%8$9$k5-21$G$"$j!"8e<T$O<+E><V$N>h$j$+$?$d1K$.$+$?$r3P$($k$H$$ $&$H$-$N!"$$$o$f$kBN$G3P$($k5- 21$r;X$9!#$=$7$F$3$N 2 <oN‘$N5-21$O!"$5$^ $6$^$J5-21>c32$N>INc$+$i!"G>$NJL$N>l=j$K=I$k$*8_$$FHN)$7$?;EAH$K$h$C$F J];}$5$l$F$$$k$H9M$($i$l$F$$$k 1) !# $3$l$i$N5-21$O!"$=$NFbMF$,$J$+$j915WE*$KJ]B8$5$l$k@-<A$N$b$N$G!"G>$N Cf$+$i7+$jJV$7<h$j=P$5$l$FMxMQ$5$l$kN‘$N$b$N$G$"$k!#$3$l$OD94|$K$o$?$C $F;D$k5- 21!"D9 4|5- 21 $H8F$P$l $k!#$3 $l$H $OBP >HE* $K!"$[ $s$N C;4| 4V$@ $1$7 $+ ;D$i$J$$5-21$bB8:_$9$k!#<jB3$-5-21$OH?I|%H%l!<%K%s%0$rA0Ds$H$9$k$?$aC; 4| 5-21 $H $$$& $b $N$r A[ Dj$9 $k $3$H $O $G$- $J $$!#$h$C $F $3$N C; 4| / D94| $H $$$& 2 <o$N5-21$N6hJ,$O!"DD=R5-21$K$N$_$"$F$O$a$i$l$k!# 1) $3 $N DD =R5- 21 $H <jB3 $- 5- 21$N Nc $N $h$& $K!" G> Fb$N FH N) $7$? It 0L $NGK 2u $K $h$C$F $= $l $>$l $N 5- 21 $, <: $o$l $k $h $& $J>l 9g!" $= $N Fs<T $K $* $$$F !V%H %& %P!< $NFs =E P* N% 86B’!W $, @. N) $9$k $H 8@$&!# 18

=> Mh $O $" $i $f $k 5- 21$K BP $7 $F @h $: $3$N C; 4| 5- 21 $,7A @. $5 $l!" $= $N $"$H 0l Dj 4|4V$r7P$F2~$a$FD94|5-21$X$HJQ49$5$l$k$N$@$H9M$($i$l$F$-$?$,!"C;4|5-21 $HD94|5-21$N4V$K$bFs=EP*N%86B’$,@.$jN)$D$3$H$,$o$+$C$F$-$F$$$k!#$9$J$o $A!"I,$:$7$bC;4|5-21$NCJ3,$r7P$:$K7A@.$5$l$kD94|5-21$b$"$k$H$$$&$3$H$G $"$k!# G>$K$*$$$F5-21$KBg$-$/4XM?$7$F$$$kIt0L$H$7$F!"B&F,MU$N3$GO$,$h$/CN$i $l$F$$$k!# 3$GO$KG>>c32$,@8$8$?Nc$K$*$$$F!"$=$N>c32$,5/$3$k0JA0$N5-21$O;D$C$F$$ $k$K$b$+$+$o$i$:!"?7$7$$$3$H$,3P$($i$l$J$/$J$k$3$H$,CN$i$l$F$$$k!#$3$N $3$H$+$i!"3$GO$OC;4|5-21$rD94|5-21$KJQ49$9$kLr3d$rC4$C$F$$$k$H9M$($i$l $k!# $^$?!"0J9_$N$G$-$4$H$,5-21$G$-$J$/$J$kA09T@-7rK:$N$_$J$i$:!"3$GO$K>c 32$,5/$-$?;~E@$+$iAL$C$F$7$P$i$/$N4V$N5-21$,<:$o$l$k5U9T@-7rK:$N>I>u$b 8+$i$l$k!#$3$N$3$H$+$i!"C;4|5-21$O3$GO$K$*$$$F0lDj$NJ]4I4|4V$r7P$F!"D9 4|5-21$X$HJQ49$5$l$k$H9M$($i$l $F$*$j!"?M4V$G$O>INc$+$i$=$N4|4V$OLs 2 G/ $G$"$m$&$H?dB,$5$l$F$$$k!# 3.2.2 G>$K$*$1$k5-21$NI=>] G>$N 5- 21 $K $D $$ $F 9M $( $k $H $-!" 9M N8 $9 $Y $- E@ $H $7 $F @h $: $R $H $D $O!" G> $N %U%)!< %k%H%H %l %i%s %H $J 9=B$ $, 5s$2 $i $l $k!#@h $K 5s$2 $? Grandmother Neuron 2>@b$N Nc$G9M $( $k $H!"$3 $N 2>@b $, @5 $7$$ $H $9 $k$H $-!" Grandmother Neuron $,;‘$s $@ >l9g$O!V$*$P$"$5$s!W$,G’<1$G$-$J$/$J$k$3$H$,9M$($i$l$k!#$7$+$7<B:]$K$= $N$h$&$JH&$O$J$/!"?M4V$OG>:YK&$,$R$H$D;‘$s$@$H$3$m$G5-21NL$, 2 � 1 G\$K$J $k$o$1$G$O$J$$!# $3$l$OG>$K$*$1$k%G!<%?9=B$$,C1$K>iD9@-$r;}$C$F$$$k$?$a$@$H$O9M$($K$/ $$!#$=$l$h$j$b$‘$7$mJ#?t$N;v>]$KBP$9$k5-21$rJ#?t$N?@7P:YK&$,J,C4$7$F0z $-<u$1$F $$$k $H9M $($k $N$,<+ A3$G $"$m $&!#$= $&$9 $k$H ?@7P:Y K&$,$R $H$D >C$( $? $H$-$K$b $"$k5- 21$N C&Mn $,5/$3 $k$N $G$O $J$/!" J#?t $N5- 21$, Gv$/$J $k$@ $1$G $9 $‘!# <!$K!">pJsMn$A$H>pJs05=L$NLdBj$,$"$k!#?M4V$N5-21NL$OG>:YK&$N?t$+$iA[ A|$5$l$k5-21NL$r$O$k$+$KN?$$$G$$$k$h$&$K;W$o$l$k!#$3$l$HF1MM$J5-21NL$r %3%s%T%e!<%?>e$K<B8=$9$k$3$H$O8=:_$N$H$3$mIT2DG=$@$H$b46$8$k!#$7$+$7$= $l$O5-9f$K$h$kI=>]@-$N9b$$5-21$rA[Dj$7$F$$$k$+$i$G$"$C$F!"$=$l$H$OJL$N 19

5-21$N%a%+%K%:%‘$,B8:_$9$k$N$G$"$l$P>u67$OJQ$o$C$F$/$k!# ?M4V$N5-21$H%3%s%T%e!<%?$K$*$1$k5-21$N$b$&$R$H$D$NBg$-$J0c$$$N$R$H$D $O!"$=$N[#Kf@-$K$"$k!#?M4V$N5-21$O%3%s%T%e!<%?$N$=$l$N$h$&$K87L)$J@53N $5$rI,$:$7$bM-$7$F$$$J$$!#$3$l$O!"5-21;~$K>pJsMn$A$N$"$k05=L$K;w$?JQ49 $,9T$o$l$F$$$k$?$a$H9M$($k$3$H$b$G$-$k!# $3$N$h$&$K!"G>$K$*$1$k5-21$N%a%+%K%:%‘$OHs>o$KJ#;($G$"$j!"$^$?O"B3E* $G$"$k!#8=:_MQ$$$i$l$F$$$kCN<1I=8=$N$h$&$K!"9b$$I=>]@-$r$b$D5-9f$H$OJL $N%a%+%K%:%‘$,B8:_$7$F$$$k$h$&$K;W$o$l$k!#2f!9$,!"=>Mh$NC1=c$J5-9f2=$H $O0[$J$C$?JL$NI=>]@-$rL\;X$9$N$O$3$&$$$C$?M}M3$+$i$G$"$k!#=>Mh$N?M9)CN G=8&5f$N$h$&$K!"5-9f2=$5$l$?%7%9%F%‘$KBP$9$k=hM}J}K!$rLO:w$9$k$N$G$O$J $/!"5-9f2=$NJ}K!<+BN$,2f!9$N8&5fBP>]$G$"$k$H8@$($k!# 2f!9$NG>$O!"%K%e!<%m%s$H8F$P$l$k?@7P:YK&$+$i9=@.$5$l$F$*$j!"$=$l$r%b %G%k2=$7$?$b$N$,%Q%?!<%sG’<1$J$I$KMQ$$$i$l$k%K%e!<%i%k%M%C%H%o!<%/$G$" $k!#%K%e!<%i%k%M%C%H%o!<%/$O2f!9$NG>$rLOJo$7$?%b%G%k$G$"$k$?$a!"G>$N5! G=$r <B 8= $9 $k :] $K $O Hf 3S E* $h $$ %b %G %k $G $" $k $H A[ A| $G $- $k $,!" <B :] $N %b %G %k 9= C[ $N:]$K$OI,$:$7$b%K%e!<%i%k%M%C%H%o!<%/$K94$k$3$H$O$J$$!#$3$N$h$&$J%G!< %?9=B$$rM-5!E*$K<B8=$9$kJ}K!$H$7$F$O%K%e!<%i%k%M%C%H%o!<%/$,:GE,$G$"$C $?$H$7$F$b!"%3%s%T%e!<%?>e$G<B8=$9$k:]$K?M4V$HF1$89=B$$,:GE,$G$"$k$H$O 8B$i$J$$$+$i$G$"$k!# >e=R$7$?$h$&$J[#Kf@-$dBQ8N>c@-$r9M$($?$H$-!"%[%m%0%i%U%#$NM}O@$d%9%Z %/%H%k3H;6$J$I$b%b%G%k2=$N:]$N;29M$K$J$k$N$G$O$J$$$+$H;W$o$l$k!# 3.3 %"%k%4%j%:%‘$N3MF@ LdBj=hM}$N$?$a$N%"%k%4%j%:%‘$r3X=,$K$h$j3MF@$G$-$k%7%9%F%‘$N<B8=$OMF 0W$G$O$J$$!#0lHLE*$K$O7hDjITG=$JLdBj$G$"$j!"%"%k%4%j%:%‘IT:_$N%7%9%F%‘ $r9M$($k $3 $H$K $J$C$F $7$^ $&!#$7 $+$7!" $3$l $O%A%e!< %j%s %0 %^%7 %s>e $G$N OC $9 $J$o$AN%;67O$rA0Ds$H$7$?>l9g$G$"$k!#%"%k%4%j%:%‘3MF@$N$?$a$NO"B37O$NFC D’$r;}$D 3X=, %"%k%4 %j%: %‘$O $^$@ $"$^$j $h$$$b $N$, H/8+ $5$l $F$* $i$:8& 5f$N ES Cf$G$"$k!# Nc$($P%K%e!<%i%k%M%C%H%o!<%/$K$O%[%C%W%U%#!<%k%I%M%C%H%o!<%/$H8F$P$l $k%b%G%k$,$"$k!#$3$l$O:GE,2=LdBj$N$?$a$N%K%e!<%i%k%M%C%H%o!<%/$G$"$j!" 20

%K%e!<%m%s$NF0:n$O dU i dt = � U i � � @ E @ V i U i ( t + � t ) = U i ( t ) + dU i dt � � t V i = f ( U i ) = 1 2 (tanh( � � U i ) + 1) U i %K%e!<%m%s i $NAmF~NO V i %K%e!<%m%s i $N=PNO � ;~Dj?t � F~=PNO4X?t f $N%2%$%s E %(%M%k%.!<4X?t $G5-=R$5$l$k!#$3$N%M%C%H%o!<%/%b%G%k$O!"%S%C%H%Q%?!<%s$N3MF@$rO"B37O $NFCD’$r@8$+$7$F9bB.$N5a$a$k6a;w2rK!$rM?$($k$b$N$G$"$k!#$7$+$72r7h$NBP >]$H$J$kLdBj$+$i%S%C%H%Q%?!<%sLdBj$X$NJQ49$O?M4V$,9T$&$N$,DLNc$G$"$j!" $3$NJQ49$r<+F0E*$K9T$&%"%k%4%j%:%‘$NLdBj$O2r7h$5$l$F$$$J$$!# $^$?!" cellular automaton $r3X=,E* $K3M F@$5 $;$k $h$& $J;n $_$b!" O"B3 7O$N FC D’$,M[$KF3F~$5$l$F$$$k$o$1$G$O$J$$$7!"$=$NJ#;($5$O?SBg$G$"$k!#<LA|$r3N N(2=$7$?%7%9%F%‘!"$9$J$o$A=PNO$5$l$k5-9f$,7hDjO@E*$K$ODj$^$i$:!"$=$l$> $l$N5-9f$,=PNO$5$l$k3NN($@$1$,5,Dj$5$l$F$$$k%7%9%F%‘$G$"$k1#$l%^%k%3%U %b%G%k (hidden Mark o v mo del: HMM) $O!"O"B37O$, $&$^$/ %*!<%H%^%H %s$KF3 F~$5$l$?Nc$H8+$k$3$H$b$G$-$k$,!"E,1~2DG=$JLdBj$K$O8B3&$,$"$k!#$^$?!"$3 $N$h$&$J3NN($rMQ$$$kJ}K!$K$O!"$=$N3NN(<+BN$r5a$a$k$N$,Hs>o$K:$Fq$G$"$k $H$$$&LdBjE@$,$"$k$&$(!"3NN(%M%C%H%o!<%/$GI=8=$G$-$k$3$H$O!"%3%9%H$K4p $E$/2>@b?dO@$NO@M}BN7O$G$bI=8=$G$-$kDxEY$N$3$H$G$7$+$J$$$?$a!"K>$‘$h$& $J=@Fp@-$OF@$i$l$J$$$H9M$($k!# 3.4 8&5f$NJ}K! 2f!9$O!" ?M 9) CN G= E* %" %W %m!< %A $G $O $J $/ ?M 4V $N G> $K Ez $( $r 5a $a $k $3 $H $K $7 $?!# 2f!9$N:G=*E*$JL\I8$O!V?M4V$N$h$&$KCNE*$J$b$N$r:n$k!W$3$H$G$"$C$F!"I,$: $7$b?M4V$dG>$=$N$b$N$r:n$k$3$H$G$O$J$$!#$7$+$7!"2f!9$O8=;~E@$K$*$$$F!" ?M4V$NG>$h$j$b?M4V$N$h$&$KCNE*$J$b$N$rCN$i$J$$!#$7$?$,$C$F2f!9$N:n$k$b $N$,G>$h$j$bCNE*$G$O$J$$4V$O!"G>$r<jK\$H$9$k$3$H$O0-$/$J$$A*Br;h$G$"$k 21

$H9M$($k!# 8=:_$NG>$N8&5f$N<~JU$O!"0J2<$N$U$?$D$KBg$-$/$o$1$k$3$H$,$G$-$k!# � ?@7P@8M}3X$rCf?4$H$7$?2r@OE*8&5f � 7W;;5!2J3X$rCf?4$H$7$?9=@.E*8&5f A0<T$O@8BN$r2rK6$"$k$$$O7WB,$7!"?@7P:YK&$d?@7P7O$N;EAH$rJ*M}E*$K2rL@$9 $k%"%W%m!<%A$G$"$j!"8e<T$OA0<T$K$h$C$FF@$i$l$?CN8+$r4p$KG>%b%G%k$r2>Dj $7$F9)3XE*$K9=@.$7!"$=$NF0:n$r4Q;!$9$k$3$H$GG>$N;EAH$r5!G=E*$K2rL@$7$h $&$H$9$k%"%W%m!<%A$G$"$k!# BgG>@8M}3X$KBeI=$5$l$k2r@OE*8&5f$NJ,Ln$G$O!"L5?/=1$J9b<!G>5!G=7WB,$N <jK!$,H/C#$7$F$-$F$$ $k!# fMRI $d PET, MEG $J$I$rBeI=$H$9$k $3$l$i$N<j K!$K$*$$$F;~4VE*$*$h$S6u4VE*$JJ,2rG=$,8~>e$7$F$-$?$3$H$K$h$C$F!"$3$l$^ $G:$Fq$G$"$C$?A0F,MU$N5!G=7WB,$d@83h4D6-2<$G$NG>$N3hF0>uBV$J$I!"G>Fb$N $*$*$^$+$JF0$-$N4QB,$,2DG=$K$J$j!"?M4V$N9b<!5!G=$d46>p$KH<$&G>$NF0:n$, $h$j>\:Y$KD4$Y$i$l$h$&$H$7$F$$$k!# $7$+$7$3$l$O8@$C$F$_$l$P4T85<g5AE*$J%"%W%m!<%A$G$"$k!#>-Mh!"2>$K8=:_ $h$j $b 5; =Q $, H/ C# $7!" 9b <! G> 5! G= 7W B, <j K! $N J, 2r G= $, 6K 8B $^ $G 8~ >e $7 $? $H $9 $k!# $=$& $9 $l $P G> Fb $N ?. 9f $N F0 $- $J $I $, C‘ 0l 4Q ;! $G $- $k $G $" $m $&!# $7 $+ $7!" 2L $? $7 $F $=$l$K$h$C$FG>$N5!G=$,2rL@$5$lF@$k$G$"$m$&$+!#CNG=$O%a%=!&%9%1!<%k$JJ* M}8=>]$G$"$j!"$3$N$h$&$J4T85<g5AE*$J<jK!$G$O2rL@$G$-$J$$$H;d$O9M$($k!# $b$& 0l J} $N 9= @. E* 8& 5f $G $O!" 7W ;; 5! >e $K G> $N %b %G %k $r 9= @. $7 $h $& $H $9 $k $H $-!" $= $N5, LO$N Bg$- $5$, LdBj $K$J $k!#G> %b%G %k$O Nc$( $P?M 4V$N G>$, 10 10 5,LO $N?@ 7P:YK&$N9T$C$F$$$k=hM}$H$7$F$NJBNs%"%k%4%j%:%‘$rBP>]$K$7$F$$$k$N$G$"$k $+$i!"$=$N7W;;NL$OKDBg$G$"$k!#$3$NBP1~$H$7$FFCDj$NG>%b%G%k$rBP>]$K$7$? @lMQ$N%O!<%I%&%’%"$"$k$$$O<o!9$NG>%b%G%k$rBP>]$K$7$?HFMQ$N7W;;5!$,3+H/ $5$l!"$=$NJ}<0$G<B8=$G$-$k5!G=$r3NG’$9$k$H$H$b$K$h$j9-$$BP>]!&5!G=$r<B 8=$7$h$&$H$9$kEXNO$,B3$1$i$l$F$-$F$$$k!# $^$?:G6a$G$O!"G>7?%3%s%T%e!<%?8&5f$J$I$KBeI=$5$l$k$h$&$K!"=>Mh$N?M9) CNG=8&5f$H$O0c$C$?%"%W%m!<%A$G?M4V$NF,G>$KGw$m$&$H$9$k8&5f$,B?$/$J$5$l $F $$$k!#$7 $+$7!"$= $l$i$O 0l35$K G>$N>p Js=hM} $N2rL@ / <B8=$K CmL\$7 $?$b$N $G $"$j!"5-21 $K4X $7$F $O=> MhF1 MM!"5- 9f=h M}E*!& I=>] E* $J9=B$$r =hM} 7O$N 30It $K A[Dj$7$F$$$k$b$N$,KX$I$G$"$k!# 2f!9 $O 3.2 @a$G =R$Y $?$h$& $K!"5- 21$K $3$=$, G>$N >pJs=h M}$N K\<A $G$"$j!" :G 22

$b=EMW$H$9$Y$-ItJ,$G$"$k$H9M$($k!#$=$3$G2f!9$N%"%W%m!<%A$O!"$^$:?M4V$N 5-21$N%a%+%K%:%‘$rC5$k$?$a!"C;4|!&Cf4|!&D94|$N5-21$,%7%_%e%l!<%H$5$l$k $h$&$JG>$N%_%K%A%e%"$r:n$k$3$H$G$"$k!#%7%_%e%l!<%7%g%s$K$h$C$FF@$i$l$? >pJs$+$i$=$N5-21$K$*$1$k@-<A$r2r@O$7!"%7%9%F%‘9=@.$N:]$N;29M$K$9$k$3$H $,8=:_$NL\I8$G$"$k!# @h$N?M9)CNG=8&5f$NFCD’$H>H$i$7$"$o$;$F2f!9$N8&5f$N%"%W%m!<%A$r$^$H$a $k$H0J2<$N$h$&$K$J$k!# I=>]@- G’<12aDx$K$*$$$F2f!9$N0U<1$K$N$\$i$J$$8=>]$r$bJq4^$7$&$k%b%G%k $r9=@.$9$kI,MW$,$"$k$H9M$($k$?$a!"$3$H$,$i$rC1=c$K5-9f2=$9$kJ}K!$O Hr$1$k!#5-9f2=$NJ}K!<+BN$,8&5fBP>]$G$"$k!# L@<(@- C1=c$J5-9f2=$r9T$o$J$$$3$H$K$b4XO"$9$k$,!"$=$N%"%k%4%j%:%‘$NM? $($+$?$,J,$+$C$F$$$J$$$?$a!"$=$l$,J,$+$i$J$$$"$$$@$OL@<(E*$K%"%k%4 %j%:%‘$rM?$($k$3$H$O6KNOHr$1$k!# L\E*@- ?M4V$N=hM}$HF1MM$N=hM}$,9T$($k$3$H$rL\I8$H$9$k$?$a!"$"$kDxEY$N @52r $O B8 :_ $9 $k!# $= $N $? $a $= $N @5 2r $K E, 9g $9 $k $h $& $K %7 %9 %F %‘ $r D4 @0 $9 $k I, MW$,$"$k$,!"$d$O$j%7%9%F%‘$ND4@0$N$7$+$?$,J,$+$C$F$$$J$$$?$a!"$=$l $,J,$+$i$J$$$"$$$@$O@8M}3XE*$KN"IU$1$N$"$kJ}K!0J30$O6KNO;H$o$J$$!# 4 4XO"8&5f K\>O$G$O!"K\8&5f$HF1MM$NL\I8$r$b$D8&5fJ,Ln$r$H$j$"$2$F@bL@$7!"$=$l$i $NFCD’$HK\8&5f$H$N0c$$$K$D$$$F=R$Y$k$3$H$GK\8&5f$NN)>l$rL@3N$K$9$k!# 4.1 ?M9)@8L? ?M9)@8L?8&5f$NL\E*$O!"@8L?$K$*$1$k8=>]$r7W;;5!Fb$K%7%9%F%‘$H$7$F<B8= $7!"@8L?$NK\<A$KGw$k$3$H$K$"$k!#$=$N@8L?8=>]$K$O!"$b$A$m$sCNG=$b4^$^$l $F$*$j!"CNG=$r@8L?8=>]$N$R$H$D$HGD$($F$=$N<B8=$rL\;X$7$F$$$k!# 8=:_$N?M9)@8L?J,Ln$N8&5f$K$K$*$$$F:G$b6/$$<gD%$O!" !V2J3X$N%U%m%s%F%#%"$K$OJ#;(7O$N2J3X$,$"$j!"$=$l$r@8L?7O$GMQ $$$l$PAO H/ (emergence) $,@8$8 $k!#$= $7$F $3$N AOH/ $3$= $,?M 9)@8 L?$N K\<A$G$"$k!W $H$$$&$b$N$G$"$k!# AOH/$r@bL@$9$k$N$K$h$/MQ$$$i$l$kNc$H$7$F$O!"5B$NBbNs$,$"$k!#8D!9$N5B 23

$OBbNs$r:n$m$&$H0U?^$7$F9TF0$7$F$$$k$o$1$G$b$J$/!"$^$?BbNs$r:n$k$3$H$r ;X4x$9$k8DBN$,$$$k$o$1$G$b$J$$!#8D!9$N5B$O%U%’%m%b%s$NJ,Hg$H$=$l$K8~$+ $&Av8~@-$H$$$&C1=c$J9TF0$r$7$F$$$k$@$1$G$"$k$,!"$=$*C1=c$J9TF0$N7k2L$H $7$FBbNs$H$$$&9gL\E*E*$K8+$($k8=>]$,H/@8$9$k!#$3$NNc$N$h$&$K!"$"$k3,AX $KB8:_$9$kB0@-$@$1$G$O@bL@$G$-$J$$B0@-$,!"$h$j>e0L$N3,AX$G@8$8$F$/$k$H $$$&35G0$,AOH/$H8F$P$l$k$b$N$G$"$k!#AOH/%7%9%F%‘$H$O!"$3$N$h$&$J@-<A$r MxMQ$7$F!"<BAu$NBP>]$H$J$k3,AX$r$h$jDc$$$H$3$m$KCV$-!"$=$&$7$?%7%9%F%‘ $rF0:n$5$;$?7k2L$H$7$F@8$8$F$/$kB0@-$r!"K\MhL\E*$H$7$F$$$?8z2L$H$7$FMx MQ$7$h$&$H$9$k%"%W%m!<%A$G$"$k$H$b8@$($k!# ?M9)@8L? 8&5f $G$O 4pK\E* $K$O Bh0l 860x $r2< It$K 5a$a!"L@ <(E* $J%b %G%k $N@8 @. $K$h$k%H%C%W%@%&%s%"%W%m!<%A$OHr$1$k!#?M4V$G$"$k@_7W<T$K$h$C$F=q$-2<$m $5$l$?%b%G%k$dJ}Dx<0$O!"$=$N@_7W<T<+?H$NJP8+$dFHCG$K4Y$k$3$H$,B?$/!"$^ $?F0J*$K$b9T$($k4JC1$J4D6-G’<1$J$I!"L@<(E*$K=hM}J}K!$rM?$($k$3$H$,$G$- $J$$LdBj$bB?$$$+$i$G$"$k!# %\%H%‘%"%C%W$J%"%W%m!<%A$r7P$FAOH/$K$h$C$F9=@.$5$l$k@8L?$O!"@_7W<T$G $"$k?M4V$,M=$a$=$N9=@.$rL@<(E*$KM?$($?$o$1$G$O$J$$$?$aM=B,ITG=$G$"$j!" $^$?L\ E*$r ;}$? $J $$!#L\ E*$r M? $($k $3$H $O @8L? $N9= @.$N 2a Dx$K $*$$ $F !V ( @_7W <T $N 9M$( $k ) ?J $‘$Y $-J} 8~!W$H $$$& L\I8 $rM? $( $k$3 $H$K $J$j!" ?M9) @8L? 8&5f $NCl $G$"$kHsL@<(@-$KH?$9$k$3$H$K$J$k$+$i$G$"$k!# 0J>e$^$H$a$k$H!" I=>]@- @_7W<T$K$h$k5-=R$O9T$o$:!"$=$l$i$,AOH/$K$h$C$F%7%9%F%‘$+$iH/@8 $9$k$3$H$r4|BT$9$k!# L@<(@- ?M9)@8L?8&5f$G$O!"0l@Z$NL@<(@-$rHr$1$k!#Bh0l860x:G2<It$K5a$a!" %\%H%‘%"%C%W$J%"%W%m!<%A$r7P$FAOH/$K$h$C$F@8L?$*$h$SCNG=$r4^$‘@8L? 8=>]$,<B8=$5$l$k$3$H$r4|BT$9$k!# L\E*@- L\E*$rM?$($k$3$H$O!"@8L?$N9=@.2aDx$K$*$$$F@_7W<T$,%7%9%F%‘$N<j $r$R$/$3$H$K$J$j!"K\Mh$NJ}8~$H$O0[$J$kJ}8~$K?J$s$G$7$^$&2DG=@-$,$" $k!#L@<(@-$,GS=|$5$l$F$$$k%7%9%F%‘$OM=B,ITG=$G$"$j!"L5L\E*$G$"$k$3 $H$rL\;X$9!# $3$N$h$&$K!"?M9)@8L?8&5f$NFCD’$H$7$F$O!"HsL@<(@-$*$h$SL5L\E*@-$,5s$2 $i$l $k!# ?M 4V $K $h $k 2p F~ $r 6K NO Hr $1 $k $3 $H $G <+ A3 $K @8 L? $r H/ @8 $5 $; $h $& $H $9 $k $N $G$"$k!#498@$9$k$H!"$3$NE@$G$OL@<(E*M}2r$rJ|4~$7$F$$$k$H$b8@$($k!#2f!9 24

$N%"%W%m!<%A$HBg$-$/0[$J$k$N$O$3$NE@$G$"$k!# 4.2 %K%e!<%i%k%M%C%H%o!<%/ %K%e!<%i%k%M%C%H%o!<%/$O!"%Q%?!<%sG’<1$J$I$K$h$/MQ$$$i$l$kG’<1$N$?$a $N%b%G%k$G$"$k!# ?M4V $N ?@ 7P :Y K& $r LO $7 $? 7A <0 %K%e!< %m %s $H 8F $P $l $k C1 =c $J %b %G %k $r AH $_ 9g $o $; $F%M%C%H%o!<%/$r9=@.$7$?$b$N$,%K%e!<%i%k%M%C%H%o!<%/$G$"$k!#7A<0%K%e!< %m%s$OB??t$NF~NO@~$H$R$H$D$N=PNO@~$r;}$D9=@.$r$7$F$*$j!"3FF~NO@~$KBP$9 $k=E$_ ( %7%J%W %9 7k9g 2Y =E ) $*$h $S:Y K& <+?H $N 6=J3 $N og CM$r JQ ?t$H $7 $F;}$C $F $$ $k!#7A<0%K%e!<%m%s$OF~NO?.9f$,M?$($i$l$k$H!"3FF~NO@~$K@_Dj$5$l$?=E$_$r 9MN8$7$?F~NO2Y=EOB$r7W;;$7!"$=$NCM$H<+?H$NogCM$H$rHf3S$9$k%9%F%C%W4X?t $K$h$C$F=PNO$r7hDj$9$k!#F~NO$r x i ( i = 1 ; 2 ; :::; n ) !"=PNO$r y $H$9$k$H!" y = 8 > < > : 1 ( u � 0 $N$H$- ) 0 ( u < 0 $N$H$- ) (1) C"$7!" u $OF~NO$N2Y=EAmOB u = n X i =1 w i x i � � (2) $H$J$k!# %M%C%H%o!<%/%b%G%k$O!"AX>u$NJQ49%M%C%H%o!<%/$,$h$/MQ$$$i$l$k!#C1=c$J %K%e!<%m%s %b%G%k$G$O!" >e=R$N<0$h$& $K <B:]$NG>F1MM u $N CM$O 0 = 1 $N%G%#%8 %?%k CM$r$H$k!# $7$+$7!" 3,AX>u$N %K%e!<%i%k%M%C %H%o!<%/$G MQ$$$k >l9g$K$O u $KO"B3CM$r$H$i$;$k%b%G%k$b$h$/MQ$$$i$l$k!#$=$NM}M3$O!"%M%C%H%o!<%/%b%G %k$N6u4V<1JLG=NO$K$"$k!# $3 $N:]!"CM u $K K0 OBFC @-4X?t $r:nMQ $5$; $k$N$G $"$k$,!" $3$N K0OBFC @-4X?t $H$7$F$h$/MQ$$$i$l$k$b$N$,%7%0%b%$%I4X?t$G$"$k!# %7%0%b%$%I4X?t$rMQ$$$k$H$-$O!"<0 (1) $NBe$o$j$K!" y = 1 1 + exp( � u ) (3) $rMQ$$$k!# <0 (3) $N u $K 0 $rBeF~$7$?<0 $O!" X = f x 1 ; x 2 ; :::; x n g $ND%$k%Q%?!<%s6u4V 25

>e $G$OD6 J?LL $rI= $9<0$H $J$k!# 1) $D$^ $j8@ $$49$( $k$H!" $=$N D6J?LL $G%Q %?!<%s 6u4V$r%+%F%4%jJ,3d$9$kG=NO$r$3$N%b%G%k$O;}$D$3$H$K$J$k!# 3,AX 9=B$$r $b$D%K%e!< %i%k%M%C %H%o!<%/ $G$O!"F~NO AX no de $N2Y =E$rJQ 99$9 $k$3 $H $K $h$C $F Cf 4V AX no de $N =P NO $G $" $k %7 %0 %b %$ %I 4X ?t $N 8{ G[ $, @) 8f $5 $l $k!# 99$K!" Cf4VAX $H=PNOAX 4V$N2Y =E$rJQ99 $9$k$3 $H$K$h$C$F!" Cf4VAX no de $N %7%0 %b %$%I4X ?t$, 3HBg / =L>. / H?E> $5$l $k!#$3$l $i$K$h$C $F!"==J, $J?t$N Cf4VAX $r;}$D3,AX%K%e!<%i%k%M%C%H%o!<%/$O!"G$0U$NHs@~7?4X?t$r@8@.$9$k$3$H$,$G $-$k$N$G$"$k!# $3 $N $h $& $K %K%e!< %i %k %M%C %H %o!< %/ 8& 5f $O!" ?@ 7P :Y K& $N %b %G %k $G $" $k 7A <0 %K%e!< %m %s $+ $i ;O $a $F $$ $k E@ $G Ev =i $O 2f!9 F1 MM!" CN E* %7 %9 %F %‘ $N 9= C[ $r L\ ;X $7$F$$$?$H$b9M$($i$l$k$,!"8=:_$N%K%e!<%i%k%M%C%H%o!<%/8&5f$O%b%G%k$G$" $k%K%e!<%i %k%M%C %H %o!<%/ $N%Q %?!< %sG’ <1 G=NO ( 6u4V<1 JLG= NO ) $KCmL\ $7!"$= $l $r%Q%?!<%sG’<1$N8zN(E*<jCJ$H$7$FMQ$$$F$$$k$K$9$.$J$$!#?@7PLV$r07$C$F$$ $k$H$$$&E@0J30$K!"2f!9$H$N8&5f$N6&DLE@$O$J$$$H8@$($k!# %K%e!<%i%k%M%C%H%o!<%/$r%3%s%T%e!<%?$N%"!<%-%F%/%A%c$H$7$F8+$?$H$-$K $O!" %[%C %W %U%#!< %k %I %M%C %H $O Hs F1 4| 2s O) $r!" %j %+ %l %s %H %M%C %H $O F1 4| 2s O) $r!" %7%0%b%$%I4X?t$ON%;67O$r1[$($kO"B37O$rI=$9G=NO$r;}$D$H$$$&0UL#$G!"7A<0 E*$K$O8=:_$N%U%)%s%N%$%^%s7?%3%s%T%e!<%?$HF1Ey$"$k$$$O$=$l0J>e$N$b$N$r 9=@.2DG=$G$"$k!# $7$+$7!"$3$l$O$"$/$^$G7A<0E*$J%K%e!<%i%k%M%C%H%o!<%/$NI=8=G=NO$NOC$G $"$j!"G>$N$h$&$K%W%m%0%i%‘$"$k$$$O%"%k%4%j%:%‘$r3X=,$K$h$C$F<+$i3MF@$9 $k$h$&$J%7%9%F%‘$H$O$+$1N%$l$F$$$k!#%W%m%0%i%‘$d%"%k%4%j%:%‘$r9M$($k$N $O0MA3%W%m%0%i%^$G$"$k?M4V$G$"$k!#$D$^$j!"8=>u$G$O=hM}2DG=$JLdBj$O4pK\ E*$K!V%Q%?!<%sG’<1!W$G$"$j!"9M$($k%7%9%F%‘$N<B8=$K$O;j$C$F$$$J$$!# 2f!9$N K> $‘ $h $& $J %7 %9 %F %‘ $O!" 2a 5n $N 8& 5f $N 1d D9 @~ >e $K $O $J $$ $H 9M $( $i $l $k!# => Mh$N 3X=, J}<0 $N2C B.4o $G$O $J$/!" $^$? %7%s %\%j%C %/$J AI $G $b$J $$2? $+JL $N ?7$7$$%7%9%F%‘$,I,MW$G$"$k [7, 8] !# $=$N $? $a $K $O $d $O $j %b %G %k $N 9= C[ $+ $i ;O $a $J $1 $l $P $J $i $J $$ $@ $m $&!# $7 $+ $7!" %b%G %k $N G= NO $r 6K NO @) 8B $7 $J $$ $h $& $K $9 $k $3 $H $K == J, N1 0U $7 $J $1 $l $P $J $i $J $$!# 4JN,2=$5$lG=NO$,@)8B$5$l$?%b%G%k$rMQ$$$F%7%_%e%l!<%7%g%s$r9T$&$H!"$=$N 1) 7k9g2Y=E w i $HogCM$N=E$_ � $K$h$C$F79$-$*$h$S0LCV$,7hDj!# 26

%b%G%k$KFC2=$7$?FC<A$7$+8+$($F$3$:!"$^$?$=$N>pJs$K$h$j%b%G%k$N:GE,2=$r 9T$C$F$7$^$&$?$a!"$^$9$^$9 sp eci�c $J%b%G%k$H$J$C$F$7$^$&!#:G=i$N6O$+$J 8m :9 1) $,%b %G%k $N2~NI $r=E $M$k$4 $H$K A}I}$7!" :G8e $KF@ $i$l$k $b$N $OEv=i K>$s $G$$$?$b$N$H$O0[$J$k%(%-%9%Q!<%H%7%9%F%‘$K$J$C$F$7$^$&$+$i$G$"$k!# $^$?!"I=>]@-$H$$$&LL$G%K%e!<%i%k%M%C%H%o!<%/$r8+$F$_$k$H!"AX>u%K%e!< %i%k%M%C %H %o!< %/$N =P NOAX $O $^ $5$7 $/ A0 =R$N Grandmother Neuron $G$" $jI= >] E*$G$"$k!#$^$?Cf4VAX$G$O!"3,AX9=B$$N%K%e!<%i%k%M%C%H%o!<%/$G$O>e=R$N$h $&$KHs@~7A<1JLG=NO$r:81&$9$k>pJs$,Cf4VAX$K%7%J%W%92Y=E$H$7$FJ]B8$5$l$F $$$k$o$1$G$"$k$+$i!"Cf4VAX$N2Y=E$NJ,I[$,$3$N%7%9%F%‘$N5-21$G$"$k$H8@$( $k$,!"$=$l$K4X$9$k2r@OE*8&5f$OKX$I9T$o$l$F$$$J$$!#$^$?!"Ev3:%K%e!<%i%k %M%C%H%o!<%/$G=hM}$5$l$kLdBj$OIaDLFCDj$5$l$F$$$k$?$a!"Cf4VAX$K$*$1$k5- 21$,L@$i$+$K$J$C$?$H$7$F$b$=$l$+$i5-21$N2rL@$K4X$7$F0UL#$r;}$D>pJs$,F@ $i$l$k$H$b8B$i$J$$$H;W$o$l$k!# $^$?!"%K%e!<%i%k%M%C%H%o!<%/8&5f$K$bL\E*@-$OB8:_$9$k!#?@7P:YK&%b%G%k $K$*$$$F!"$5$^$6$^$J3X=,%b%G%k$,B8:_$9$k$,!"$=$l$i$NKX$s$I$,A0Ds$H$7$F $$$k$N$, Hebb $N3X=,K!B’ (Hebb 2>@b ) [9] $H8F$P$l$k$b$N$G$"$k!# Hebb B’ ?@7P:YK& A $H?@7P:Y K& B $H$N4V$N%7%J%W%9 $O!" A $NH/2P$, B $NH/ 2P$KB3$$$F@8$8$?$H$-$K$O$=$NEAC#8zN($,6/2=$5$l!"$=$&$G$J$$$H$-$K$O <e$a$i$l$k!#$=$l$K$h$C$F!"?@7PLV>e$K2?$i$+$N3X=,$,$b$?$i$5$l$k!# � i:j $r i $*$h$S j $K$"$k 2 $D$N?@7P:YK&$r$D $J$0%7%J%W%97k9g 6/EY!" A i $H A j $r $=$l $> $l%7 %J %W%9 A0$* $h $S%7 %J %W%9 8e$N %" %/%F%# %S%F%# $H $9$k $H $-!">e 5-$N Hebb B’ $K$h$k%7 %J%W %97k 9g6/ EY$N ;~4V JQ2= $O0J2< $NHy J,J} Dx<0 $GI= $5$l $k!# d� i;j dt = A i A j $?$@$7$3$l$O%7%J%W%97k9g$NA}2C$@$1$r5-=R$7$F$$$k$?$a!"%7%J%W%97k9g$O L58B$K6/2=$5$lH/;6$7$F$7$^$&!#$3$l$r2sHr$9$k$?$a!"=>Mh$N%b%G%k$G$O8:?j 9‘$d94B+>r7o$rIU2C$7$F$$$k!# $3$l$r0l HL2= $7$? 3X=, B’$H $7$F!" 3X=, ?.9f $O!"F~NO?. 9f x !"%7%J%W %92Y =E w !"65;U?. 9f y $K $h$C$FDj $^$k?.9f = ( x ; w ; y ) $G$"$j!" %7%J%W%9 2Y=E w i $O!"$= $N%7%J%W%9$X $NF~NO?.9f$N 6/$5 x i $H$=$N:Y K&$N3X=,?. 9f $H$N@Q x i 1) %b%G%k$N4JN,2=$J$I$K$h$j@8$8$k!"%b%G%k$H%b%G%kBP>]$H$N0c$$ 27

$KHfNc $7$FA}2C$9$k$H F1;~$K$o$:$+$K 8:?j$9$k!# Hebb 2>@b$O!"?@7P:YK& $,6= J3$7$?$H$-$N$_%7%J%W%92Y=E$N6/2=$,5/$3$k$H$$$&$b$N$G$"$k$+$i!"3X=,?.9f $H$7$F$=$N:YK&$N=PNO z $r:NMQ$9$k$3$H$KAjEv$9$k!# Hebb B’$K 4p$E $/3X =,K! $G$O!" ?@7P :YK&$O <+J, $,6= J3$7 $?$H $-$K $N$_ 3X=, $, 9T$o $l$k!#$9$J $o$A!"=P NOCM$, 0/1 $N 2 CM $N>l 9g!"3X=,?. 9f$r !" :YK&$Nog CM$r h $H$9$k$H:YK&$N=PNO$rMQ$$!" = z = 1( w T x � h ) $H$J$k!# ?^ 4: 8m:95UEAGE $3 $N Hebb B’ $K4p $E $$ $F%M%C %H %o!< %/ $r3X =, $5 $; $k$? $a $N MM!9 $J%" %k %4 %j %:%‘$,9M$($@$5$l$?$,!"AX>u%K%e!<%i%k%M%C%H%o!<%/$G$h$/MQ$$$i$l$k$N$O!" 8m :95U EA GE (back propagation) $H 8F$P $l $k$b $N $G$" $k!#AX >u %K%e!<%i %k %M%C %H%o!< %/$K$* $1$k3X =,$H$O!" F~NO$KBP $7$FK> $^$7$$ =PNO$r Ds<($7 ( 65;U $D$-3X =, : sup ervised learning) !"%M%C%H%o!<%/$,K>$^$7 $$JQ49$r$9$k $h$&$K7k9g2Y=E $r=$@5$9$k$3$H$G$"$k$H8@$($k!#$?$@$7$3$l$i$N3X=,%"%k%4%j%:%‘$O%K%e!<%i %k%M%C%H%o!<%/$NL\E*@-$+$iH/@8$7$?$b$N$G$"$j!"I,$:$7$b@8M}3XE*$JN"IU$1 $K4p$E$$$?$b$N$G$O$J$$!#$D$^$j<B:]$N@8BN$N?@7P:YK&$K$*$$$F$=$N$h$&$J3X =,$KAjEv$9$k8=>]$,H/8+$5$l$F$$$k$o$1$G$O$J$$!# $^$?!" Hebb B’$O=PNO$, $J$5$l$F$$$k$^ $5$K$=$N;~E@$G $NF~NO>pJs$K$7 $+8z $+$J$$!#$D$^$jF~NO$N;~4VE*JQ2=$r3X=,$KH?1G$5$;$k$3$H$,:$Fq$G$"$k!#2?$i $+$N7A$G;~4VE*>pJs$r3X=,$KH?1G$5$;$k$3$H$,I,MW$G$"$k$H9M$($i$l$k$,!"$= 28

$l$,%b%G%k$rFCDj$NJ}8~$K@)8B$7$F$7$^$C$F$O?M9)CNG=8&5f$N%"%W%m!<%A$HA4 $/F1$8LdBj$K$V$D$+$C$F$7$^$&!# $^$?!" $? $H $( $P G> $H A4 $/ F1 $8 $b $N $r 7W ;; 5! Fb $K 9= C[ $9 $k $3 $H $, <B 8= $G $- $? $H $7 $F$b!"$=$l$r3X=,$5$;$k$K$O?M4V$,@8$-$F$$$k$/$i$$$N;~4V$bI,MW$G$"$m$&!# 0J>e$^$H$a$k$H!" I=>]@- AX>u$N%M%C%H%o!<%/$G$O!"=PNOAX$,6K$a$FI=>]E*$JLr3d$r2L$?$7$F$$ $k!#3X=,8e$N%K%e!<%i%k%M%C%H%o!<%/$K$*$$$F$O!"7k9g2Y=E$,$"$k<o$NI= >]$G$"$k$H$b9M$($i$l$k$,!"$=$N%M%C%H%o!<%/$,3X=,$7$?FCDj$N%Q%?!<%s G’<1LdBj$K$D$$$F$NI=>]$G$7$+$J$/!"$^$?$=$l$KBP$9$k2r@OE*8&5f$O$[$H $s$I$J$5$l$F$$$J$$!# L@<(@- 3X=,$r9T$o$;$k$?$a$K$O3X=,%"%k%4%j%:%‘$rL@<(E*$KM?$($F$d$kI,MW $,$"$k $?$a!"L@<(@-$O Hr$1$i$l$J$$!# Hebb B’$J$I$NC1 =c$J5,B’$@$1 M?$( $?>l9g$O;~4V>pJs$J$I$,B;<:$5$l!"%M%C%H%o!<%/$NI=8=G=NO$r@)8B$7$F$7 $^$&$?$a!"$h$jCj>]%l%Y%k$N9b$$3X=,B’$rM?$($k$N$,IaDL$G$"$k!# L\E*@- 65;U$D$-3X=,!"6/2=3X=,$H$b$K4|BTCM$,B8:_$7!"$=$l$K=PNO$*$h$S6/ 2=?.9f$r6a$E$1$k$h$&$K2Y=E$NJQ99$r9T$&$H$$$&0UL#$G!"L@3N$JL\E*@-$, B8:_$7$F$$$k!# :G6a$O7A<0%K%e!<%m%s%b%G%k$O%Q%k%9$N;~4V>pJs$rH?1G$7$J$$$H$$$&E@$,;X E&$5$l!"$h$jJ#;($G;~7ONs>pJs$r9MN8$7$?%Q%k%9F0:n7?%K%e!<%m%s%b%G%k$rMQ $$$? 8& 5f $b $J $5 $l $F $$ $k $,!" $d $O $j 5- 21 $K $" $? $k $G $" $m $& 2Y =E $N J, I[ $K BP $9 $k 2r @OE*8&5f$O$[$H$s$I$J$5$l$F$$$J$$>u67$G$"$k!#$^$?!"%K%e!<%i%k%M%C%H%o!< %/$NBP>]$H$9$kLdBj$r@)8B$7$F$$$k$3$H$b$"$C$F!"2Y=E$r2r@O$7$F$bLdBj$KFC M-$N@-<A$OG’$a$i$l$k$+$b$7$l$J$$$,!"5-210lHL$K$D$$$F$N@-<A$r8+6K$a$k$3 $H$O!"8=:_$NJ}K!$G$O:$Fq$G$"$m$&!# $J$*!"K\ 9F$K $*$1 $k%7 %_%e %l!<%7%g %s$G $O $3$N%Q %k%9 F0:n 7? %K%e!<%m %s%b %G %k$r$b$H$K$7$?%K%e!<%m%s%b%G%k$rMQ$$$F$$$k$?$a!"%Q%k%9F0:n7?%K%e!<%m%s %b%G%k$K$D$$$F$O $"$H$G>\$7$/=R$Y$k!# 4.3 G>7?%3%s%T%e!<%? :G6a@9$s$K$J$C$F$$$k8&5f$H$7$F!"G>7?>pJs=hM}$"$k$$$OG>7?%3%s%T%e!<%? $H8F$P$l$k8&5fJ,Ln$,$"$k!#$3$N8&5fJ,Ln$G$O0lHL$K!"BgG>@8M}3XJ,Ln$N8&5f @.2L$K$h$C$F>/$7$E$D$G$O$"$k$,L@$i$+$K$J$j$D$D$"$k?@7P:YK&$NF0:n$rCi<B 29

$KDI$$$+$1:F8=$9$k$3$H$+$i!"?M4V$NF,G>$HF1MM$N5!G=$r<B8=$5$;$h$&$H$9$k 4T85<g5AE*$J%"%W%m!<%A$r$H$k!# =>Mh$+$i!"?@7P@8M}3X$O$8$aG>$N8&5f$K$*$$$F!"CN3P!"1?F0!"G’CN!"5-21!" 3X=,!"0U<1$J$I$H$$$C$?!"G>$N9b<!5!G=$,G>$N$I$&$$$&%a%+%K%:%‘$K$h$C$FC4 $o$l$F$$$k$+$H$$$&LdBj$,$"$k!# :G6a$N5;=Q$N?JJb$d8&5f@.2L$K$h$j!">.G>$K4X$7$F$O!"?@7P2sO)LV$N9=B$$d 5!G=$,$[$\J,$+$C$F$-$F$$$k!#$7$+$74N?4$NBgG>$K4X$7$F$O!" � ?@7P2sO)LV$,$I$&$$$&9=B$$K$J$C$F$$$k$N$+!"$^$?$I$&$$$&5!G=$r$b$C$F $$$k$N$+!# � $I$&$$$&>pJs$,N.$l$F$I$&$$$&=hM}$,$J$5$l$F$$$k$N$+!# $3$N$h$&$JLdBj$O!"$^$@$[$H$s$I2?$b2rL@$5$l$F$$$J$$$H$$$C$F$h$$!#8=:_J, $+$C$F$-$F$$$k$N$O!"BgG>$N$I$NIt0L$K$*$$$F$I$N$h$&$J5!G=$,C4$o$l$F$$$k $N$+$H$$$C$?5!G=6I:_$/$i$$$G$"$k!# 8=:_$NG>7?%3%s%T%e!<%?8&5f$O!"%O!<%I%&%’%"$GG>$r<B8=$7$h$&$H$9$k%"%W %m!<%A$r$H$C$F$$$k$b$N$,B?$$$,!"$=$N$[$H$s$I$O%K%e!<%i%k%M%C%H%o!<%/%b %G%k$N%O!<%I%&%’%"2=$G$"$k!#$D$^$j%K%e!<%i%k%M%C%H%o!<%/$NFCD’$G$"$k%Q %?!<%sG’<1G=NO$rMxMQ$7!"9bB.2=$*$h$S$=$l$KH<$&G’<1N($N8~>e$rL\E*$H$7$F $$$k!# $7 $+ $7!" Cf $K $O C1 $J $k %K%e!< %i %k %M%C %H %o!< %/ $N 9b B. 2= $G $O $J $/!" %O!< %I %&%’ %"$K$h$k%7%_%e%l!<%7%g%s$K$h$C$F8=:_$N%K%e!<%i%k%M%C%H%o!<%/$G$O<B8=$G $-$J$$G=NO$r$b$C$??7$7$$%K%e!<%i%k%M%C%H%o!<%/%b%G%k$r$R$-$@$=$&$H$7$F $$$k$b$N$b$"$k!#$7$+$7$d$O$jL@<(E*$K%b%G%k$N9=@.$d3X=,%"%k%4%j%:%‘$rM? $($6$k$rF@$J$$$?$a!"=>Mh$N%K%e!<%i%k%M%C%H%o!<%/%7%_%e%l!<%7%g%s$H$"$^ $jJQ$o$k$H$3$m$N$J$$>u67$G$"$k!# 5 %7%_%e%l!<%? K\>O$G$O!"?@7PLV$NF0:n%7%_%e%l!<%7%g%s$r%=%U%H%&%’%"$G9T$&$3$H$NI,MW @-$K$D$$$F=R$Y$?$"$H!":#2s:n@.$7$?%7%_%e%l!<%?$N9=@.$*$h$S$=$N=hM}J}<0 $K$D$$$F9M;!$r9T$&!# $^ $?!" 99 $J $k 9b B. 2= $N J} K! $H $7 $F!" %7 %_%e %l!< %7%g %s $N JB Ns 2= <j K! $* $h $S Sun UltraSP AR C $N Visual Instruction Set $NMxMQ$K$D$$$F=R$Y$k!# 30

5.1 ?@7P:YK&$N%b%G%k :#2s$N%7%_%e%l!<%7%g%s$,A0Ds$H$9$k%b%G%k$K$D$$$F=R$Y$k!#$=$l$K@h$@$C $F!"=> Mh $N C1 =c $J %K%e!< %m %s %b %G %k $d!" :G 6a $h $/ MQ $$ $i $l $k %Q %k %9 F0 :n 7? %K%e!< %m%s%b%G%k$K$D$$$F@bL@$7$F$*$/!# 5.1.1 =>Mh$N%K%e!<%m%s%b%G%k =>Mh$N%K%e!<%i%k%M%C%H%o!<%/8&5f$K$*$$$F$O%K%e!<%m%s$NH/2PIQEY$r9MN8 $7$?%3!<%G%#%s%0$K4p$E$/%K%e!<%m%s%b%G%k$,MxMQ$5$l$F$-$F$$$k!# ?^ 5: C1=c$J%K%e!<%m%s%b%G%k :G$b C1 =c $+ $D $h$/ MQ $$ $i $l $k %b %G %k $O McCullo c h & Pitts $K$h $k 7A <0 %K%e!< %m%s %b%G%k ( ?^ 5) $G $"$k!#$3$N %b%G%k $G$O?@7P :YK&$O n 8D $N?@7P :YK&$+$i $= $l$>$l x 1 , x 2 , ..., x n $N6/$5$NF~ NO?. 9f$r <u$1$H $j!"$= $NKlEE 0L u $*$h$S =PNO z $O u = n X i =1 w i x i z = f [ u � h ] $GI= $5$l$k!#$3$3 $G!" h $O6=J3$Nog CM$G$"$k!#$^ $?!" w i $O%7%J%W%9 $N7k9g8z N($rI=$9NL $G7k9g2Y=E$H8F$P$l$k$b$N$G$" $j!"?@7P:YK&$N i HVL\$N<4:w$KC1 0L F~NO$,Mh$?$H$-$KJQ2=$9$kKlEE0L$NNL$rI=$9!#6=J3@-:YK&$+$i$N%7%J%W%9$KBP $7$F$O w i > 0 $G$"$j!"M^ @)@-:YK& $+$i$N%7 %J%W%9 $KBP$7$F $O w i < 0 $NCM$r$H $k!# McCullo c h & Pitts $,Ds0F$7 $?Ev =i$N %b%G %k$G $O!" f $H$7$FC1 0L%9 %F%C%W 4X ?t$,MQ$$ $i $l$F $$$?!# $3$N >l9g!" <B:] $N?@ 7P :YK& $HF1 MM$K =PNO CM$O 0, 1 $N%G%# %8%?%kCM $r$H $k!#$7$+ $7!"0l HL$K $O f $O%7%0 %b%$%I 4X?t $N$h $&$J C1D4 A}2C4X ?t 31

$dC1D4Hs 8:>/ 4X?t$, MQ$$ $i$l!" $3$N >l9g%K%e!< %m%s $N=P NO$O!" 0 $+$i 1 $N%"%J %m%0CM$r$H$j!"$=$N%K%e!<%m%s$NH/2P$NJ?6QIQEY$rI=8=$9$k!# $3$N$h$&$J%K%e!<%m%s%b%G%k$N=89g$G$"$k%K%e!<%i%k%M%C%H%o!<%/%b%G%k$K $*$$$F!"3, AX9= B$$r;} $D%M%C %H%o!< %/ ( AX>u%M%C %H%o!< %/ ) $O!"$=$N%Q %?!<%s %/ %i%9$KBP$9$k5"G<E*?dO@G=NO$*$h$SHF2=G=NO$K$h$j!"%Q%?!<%sG’<1$d%m%\%C%H @)8f$KB?$/MQ$$$i$l$F$-$?!# ?^ 6: AX>u%K%e!<%i%k%M%C%H%o!<%/$K$h$kHs@~7A<1JL $3$N$h$&$JAX>u$N%M%C%H%o!<%/$G$O!"F~NO?t$@$1$N<4$r;}$D<!856u4V$K$*$$ $F!"$= $NCf4V AX$,D6 J?LL$r 9=@.$7!"$= $l$K$h $j$=$N <!856u 4V$rJ,3d ( %+ %F%4%j G’ <1 ) $9 $k$h $&$J @~ 7A$N G’<1 G=NO $r;} $D!#$h$C $F!"$3 $l$i $r=P NO AX$G E}9g $9$k $3$H$K$h$C$F!"AX>u$N%K%e!<%i%k%M%C%H%o!<%/$OHs@~7AJ,N%$,9T$($k!# ?^ 6 $N%K%e!<%i%k %M%C%H %o!<%/$N Nc$r9M $($F $_$k!#$3 $3$G!"%N!< %IFb$N ?tCM $OogCM$rI=$7!"%(%C%8$KIU$7$F$"$k?tCM$O7k9g2Y=E$rI=$7$F$$$k!#$3$N%M%C%H %o!< %/$K $* $$$F Cf 4VAX $N %N!<%I n 0 , n 1 $O!"$= $l $>$l ?^ 6 :82< $K$" $k $h$& $J D> 32

@~$r x 0 x 1 J?LLFb$K 9=@.$9 $k!#$3$N>l 9g!"$3$l$i $NCf4V AX$N=PNO $rE}9g $9$k=P NO AX$N%N!< %I n 2 $O!"?^ 6 1& 2<$N<B @~$G IA$+$l $F$$ $k6-3& $r9=@. $9$k $3$H$, $G $-!"Hs@~7A$N<1JLG=NO$r;}$D$3$H$,J,$+$k!# $5$i$K$3$l$i$N%M%C%H%o!<%/$NG=NO$r0z$-$@$9$?$a!"F~NO$K%7%J%W%9$N7k9g 2Y=E$r>h$8$?$b$N$N OB$G$"$kF~ NOAmOB$K%7 %0%b%$%I4X ?t ( ?^ 7) $J$I$NK0OBFC@- $r:nMQ$5$;$k$3$H$K$h$C$F!"Hs@~7A$N<1JLG=NO$r<B8=$9$kJ}K!$bMQ$$$i$l$k!# 3,AX%K%e!<%i%k%M%C%H%o!<%/$G$O!"F~NOAX$N%N!<%I$N2Y=E$rJQ99$9$k$3$H$K $h$C$FCf4VAX%N!<%I$N=PNO$G$"$k%7%0%b%$%I4X?t$N8{G[$,@)8f$5$l$k!#99$K!" Cf4VAX$H=PNOAX4V$N2Y=E$rJQ99$9$k$3$H$K$h$C$F!"Cf4VAX%N!<%I$N%7%0%b%$%I 4X ?t$, 3HBg / =L>. / H? E> $5$l$k!# $3$l $i$K$h$C $F!"==J, $J?t$N Cf4VAX $r;}$D 3,AX%K%e!<%i%k%M%C%H%o!<%/$O!"G$0U$NHs@~7?4X?t$r@8@.$9$k$3$H$,$G$-$k!# ?^ 7: %7%0%b%$%I4X?t$NK0OBFC@- $h$/MQ$$$i$l$k$3$N$h$&$J%b%G%k$G$O!":YK&$N=PNO$O%7%0%b%$%I4X?t$GI=$5 $l$k:YK&H/2P$NJ?6QIQEY$K$h$C$F$N$_7hDj$5$l$k$?$a2r@OE*$JI>2A$,9T$($k$N $,MxE@$G$"$k!#$7$+$7!"<B:]$NG>Fb$N?@7P:YK&$K$*$1$k?.9fEAC#$K$*$$$F4QB, $5$l$F$$$k%Q%k%9>pJs$J$I$O9MN8$5$l$F$$$J$$!#$D$^$j:YK&4V$rEA$o$k%Q%k%9 $NE~Ce;~9o$dE~Ce4V3V$H$$$C$?;~4VE*>pJs$,$3$N%b%G%k$G$O<:$o$l$F$7$^$$!" $=$N$3$H$,%b%G%kA4BN$NI=8=G=NO$K8B3&$rM?$($F$7$^$C$F$$$k2DG=@-$,$"$k!# 5.1.2 K\%7%_%e%l!<%?$,A0Ds$H$9$k%b%G%k $3$l$KBP$7!"%Q%k%9E~Ce$N;~9o$d4V3V$N>pJs$r%3!<%G%#%s%0$K<h$jF~$l$?!" <B:]$N%K%e!<%m%s$K$h$j6a$$%b %G%k$K%Q%k%9 F0:n7?%K%e!<%m%s%b %G%k [10] $,$" 33

$k!# ;~9o t � t 0 $K$* $1$k%K%e!< %m%s$N KlEE0L$r P ( t ) !"ogCM EE0L$r H ( t ) $H$7$? >l 9g!"$=$l $>$l$O 0J2<$N $h$&$J <0$G M?$($i $l$k$H $9$k!#$3 $3$G!"3F JQ?t / Dj ?t $NE:;z E , I $O$=$l$>$l!"6=J3@-!"M^@)@-$rI=$7$F$$$k!# P ( t ) = P 1 + ( P 0 � P 1 ) e � ( t � t I j i ) =T p + K E X j =1 A E j n j X i =1 e � ( t � t E j i ) =T p � K I X j =1 A I j m j X i =1 e � ( t � t I j i ) =T p H ( t ) = H 1 + ( H 0 � H 1 ) e � ( t � t 0 ) =T h P 0 , H 0 =i4|%j%;%C%HKlEE0L!"=i4|%j%;%C%HogCMEE0L P 1 , H 1 @E;_KlEE0L!"@E;_ogCMEE0L A E j , A I j j HVL\$N%7%J%W%9$K$*$1$kC10l%Q%k%9$"$?$j$N:YK&KlEE0L$NJQ2=NL K E , K I 6=J3!"M^@) $=$l$>$l$NF~NO@~O)?t n j , m j j HVL\$NF~NO@~O)$X$NF~NO%Q%k%9?t t E j i , t I j i 6=J3!"M^@)%Q%k%9$N0u2C;~9o t 0 %Q%k%9=PNO8e!"@dBPIT1~4| � $r7P$?;~9o T p , T h KlEE0L!"ogCMEE0L$N;~Dj?t KlEE 0L P ( t ) $O%Q %k%9$, E~Ce$7 $J$$4V $O8:?j$r B3$1$k $,!"%Q%k %9$,E~ Ce$9$k $H$=$NEE0L$r5^7c$K>e>:$5$;!"$=$N$N$A$^$?8:?j$r;O$a$k!#$3$l$KBP$7!"ogCM EE0L H ( t ) $OC1$K8:?j$r B3$1!" @E;_og CMEE0L H 1 $KC#$9$k$H $=$3$G 0lDj $9$k!# ;~9o t $K $*$$$FKl EE0L P ( t ) $NCM$, ogCMEE0L H ( t ) $N CM$r>e2s $k$H!"$=$N ?@ 7P:YK&$OH/2P $9$k!#$3$N :]!" P ( t ), H ( t ) $O=i4|CM P 0 , H 0 $K%j%;%C%H$5 $l$k!# $3$l$r$=$l$>$l=i4|%j%;%C%HKlEE0L!"=i4|%j%;%C%HogCMEE0L $H8F$V!# ( ?^ 8) :#2s$N%7%_%e%l!<%?$GA0Ds$H$9$k%b%G%k$O!">e5-$N%Q%k%9F0:n7?%K%e!<%m%s %b%G %k $r 4p $H $7 $F!" $5 $i $K ?@ 7P :Y K& $N !V47 $l!W $r 9M N8 $7 $? %b %G %k $r MQ $$ $F $$ $k!# 5.2 %=%U%H%&%’%"%7%_%e%l!<%7%g%s$NI,MW@- A0>O$G=R$Y$?$h$&$K!"B?>/L\E*$O0[$J$k$b$N$N!"Bg5,LO$J?@7P2sO)LV$N9bB. %7%_%e%l!<%7%g%s$,I,MW$H$5$l$F$-$F$$$k!# =>Mh$N$h$&$J%K%e!<%m%s%b%G%k$G$O!"$=$N9=@.$*$h$SK0OBFC@-$NC1=c$5$+$i 2r@OE*$KI>2A$r9T$&$3$H$,2DG=$G$"$C$?!#$7$+$7!":YK&$N=PNO$r:YK&$NH/2P$N 34

?^ 8: F~NO$NJQ2=$HKlEE0L$NJQ2= J?6QIQEY$GI=8=$9$k$?$a$K<B:]$N?@7P:YK&$K$*$1$k?.9fEAC#$K8+$i$l$k%Q%k%9 >pJs$,<:$o$l$F$$$k$H$$$&7gE@$,$"$C$?!# $3$N$?$a%Q%k%9F0:n7?$N%K%e!<%m%s%b%G%k$,MQ$$$i$l$k$h$&$K$J$C$F$-$F$$ $k!#$3$N%b%G%k$O%Q%k%9E~Ce$N;~9o$d;~4V4V3V$N>pJs$r$b9MN8$7$?:n$j$H$J$C $F$$$k$?$a!"=>Mh$N%b%G%k$h$j$b9b$$I=8=G=NO$r4|BT$G$-$k!#$7$+$7!"$3$N$h $&$J%K%e!<%m%s%b%G%k$K$h$k%M%C%H%o!<%/$N?6Iq$$$rD4$Y$k$?$a$K$O!"=>Mh$N %b%G%k$H$O0[$J$j2r@OE*$KI>2A$r9T$&$3$H$,:$Fq$G$"$k!#$h$C$F!"%7%_%e%l!< %7%g%s$K$h$C$F$3$N?6Iq$$$rD4$Y$kI,MW$,$"$k!# $7$+$7$3$N%b%G%k$O9=B$$d=hM}$,J#;($G$"$k$?$a7W;;NL$,KDBg$G$"$j!"9bB. $N%7%_%e%l!<%7%g%s$d?@7P2sO)LV$NBg5,LO2=$O:$Fq$G$"$k$H$5$l$F$-$F$$$k!# $3$N$h$&$J9bB.%7%_%e%l!<%7%g%s$NI,MW@-$+$i!":G6a$G$O@lMQ$N%W%m%;%C%5 $r:n@.$9$k$3$H$G BP=h$7$h$&$H$9$k8&5f$b9T$o $l$F$$$k [11, 12] !#%O!<%I%&%’ %"$G%b%G%k$r<B8=$9$k>l9g$O!"%N!<%I$K$*$1$k7W;;!"3X=,$N$?$a$N7W;;!"@\B3 35

>pJs$J$I$r embedded $K$9$k$+$I$&$+$,LdBj$H$J$k!# ?@7PLV$r %O!<%I%&%’%"$G<B8= (VLSI 2= ) $9$k$3$H$O!" =hM}B.EY$N8~>e$rL\E* $H$7$F$$$k$,!" RISC $NHFMQ%o!<%/%9%F!<%7%g%s$,9bB.2= $7$F$$$k8=:_ $G$O!" %3%9%H%Q%U%)!<%^%s%9$NLL$G$OBgI}$KNt$k$H9M$($F$h$$!#$^$?B.EY$NLL$K$*$$ $F $b!"JB Ns2=$* $h$S 8e=R $9$k Visual Instruction Set $J $I$r MxMQ $9$l$P!" %=%U %H%&%’%"%7%_%e%l!<%7%g%s$b%O!<%I%&%’%"$G$N<B8=B.EY$KKX$INt$i$J$$$H9M$( $i$l$k!# $7$+$7K\<AE*$JLdBj$O$=$NB>$K$"$k!#%7%_%e%l!<%7%g%s$r9T$&$K$"$?$C$F:G $b=EMW$J$3$H$O!"$^$@?@7PLV$N%b%G%k$,3NDj$7$F$$$J$$$H$$$&$3$H$K$"$k!#A0 $K$b=R$Y$?$h$&$K!"%7%_%e%l!<%7%g%s7k2L$r%b%G%k$N@_7W$X$H%U%#!<%I%P%C%/ $9$kI,MW$,$"$k>uBV$G$"$k8=:_!"%7%_%e%l!<%7%g%s$r%O!<%I%&%’%"$G<B8=$9$k $3$H$O!" %b%G %k $N2D A:@- $r Dc$a!" :G=* E* $K adho c $J%b%G %k $X$H 9T$- $D $$$F $7$^ $&2DG=@-$,9b$$!#$^$?!"%M%C%H%o!<%/$N9=@.$,F0E*$KJQ2=$9$k$h$&$J%b%G%k$r <B8=$7$?$$>l9g$b!"BP=h$,:$Fq$G$"$m$&!# 0J>e$N$h$&$JM}M3$K$h$j!":#2s%=%U%H%&%’%"$K$h$k%7%_%e%l!<%?$r<BAu$7!" $=$NI>2A$r9T$C$?!# 5.3 %7%_%e%l!<%7%g%sJ}<0 :#2s$N%K%e!<%m%s%b%G%k$O!"F~NO%Q%k%9$r<u$1$FF0:n$9$k$H$$$&%Q%k%9F0:n 7?%K%e!<%m%s%b%G%k$H4pK\E*$KF1$89=B$$r$7$F$$$k!# K\%b%G %k$G$O!"0lEY ?@7P:YK&$, H/2P$9$k$H$=$NKl EE0L ( 6=J3>uBV ) $O$9$0$K $*$5$^$k$N$G$O$J$/!"=y!9$K8:?j$7$F$$$/$H9M$( $k ( ?^ 8) !#$3$N$h$&$J%b%G%k $G!"Kh2s$=$NKlEE0L$r7W;;$7$F$$$?$N$G$O!"Hs>o$K7W;;%3%9%H$,Bg$-$/$J$j8z N($,0-$$!# $^ $?!":Y K&=* C<$N %7%J %W%9 $K?. 9f$, E~C# $9$k $^$G $NCY 1d;~ 4V ( :YK& 4V5w N%$r I=$9 $b$N ) $b3F:Y K&$4$H $K@_Dj$5 $l$F$$ $k$?$a!" $3$l$b9M N8$7$J $/$F$O $J$i$J $$!# $7$+$7!"$=$b$=$b3F:YK&$K$*$1$k7W;;$NL\E*$O!"$=$NKlEE0L$,ogCM$rD6$($k $+$I$&$+$r3NG’$9$k$3$H$G$"$k!#$=$3$G!"$"$k:YK&$NKlEE0L$,ogCM$rD6$($k$N $,$I$&$$$&>l9g$+$r9M$($F$_$k$H!"KlEE0L$OF~NO%Q%k%9$N2Y=EOB$GM?$($i$l$k $N$G!"F~NO%Q%k%9$,JQ2=$7$?$H$-$G$"$k$3$H$,J,$+$k!#?@7P:YK&$NKlEE0L$OC1 D48:>/$7$+$7$J$$$N$G!"$"$k?@7P:YK&$NF~NO$X7R$,$k?@7P:YK&$N>/$J$/$H$b$R 36

$H$D$,H/2P$7$?$H$-$K$OKlEE0L$N7W;;$r9T$&I,MW$,$"$k$,!"F~NO$X7R$,$k?@7P :YK&$NA4$F$,H/2P$7$F$$$J$$$H$-$O!"F~NO$NA4$F$OA0;~9o$h$j$b8:>/$7$F$$$k $O$:$G$" $k$+ $iKlEE 0L$N 7W;; $r9T $&$^ $G$b $J$/ $=$N?@7P :YK& $O8= ;~9o$G $OH/ 2P $7$J$$$3$H$,J,$+$k$N$G$"$k!# $^$?!"$3$NJ}K!$G$OJQ2=$7$??.9f$,L@$i$+$G$"$k$?$a!"8:?j$N<0$H%Q%k%9E~ Ce;~9o$5$(F@$i$l$l$P!"4JC1$K8=;~E@$G$NF~NOCM$r7W;;$G$-$k!# $h$C$F!"$"$k:YK&$,H/2P$7$?$H$-$K$=$N=PNO$,7R$,$k@h$N:YK&$r7W;;$N$?$a $K%9%1%8%e!<%j%s%0$9$k$H$$$&F0:n$r7+$jJV$;$P!"I,MW$J?@7P:YK&$N7W;;$OA4 $F9T$($k$3$H$K$J$k$N$G$"$k!# 0J2<$K!"6qBNE*$JN%;6;v>]%7%_%e%l!<%7%g%s$NJ}K!$r=R$Y$k!#$"$k?@7P:YK& $KBP $9 $k ?. 9f $N E~ Ce $* $h $S Kl EE 0L $N JQ 2= $r $R $H $D $N ;v >] $H $7 $F 07 $& $3 $H $H $9 $k!# ?@7P:YK&$X$N?.9f$NE~C#$r%$%Y%s%H$H$9$k%$%Y%s%H6nF0J}<0$G$"$k!# $^$:9M$($i$l$kJ}K! $H$7$F$O!" Time Wheel $rMQ$$$k$3$H$,5s$2$i $l$k!#$" $k?@7P:YK&$,H/2P$9$k$H!"$=$N=PNO$,7R$C$F$$$kA4$F$N?@7P:YK&$KBP$7$F;v>] $rH/@8$5$;$k!#;v>]$O Time Wheel $KEPO?$5$l$k$?$a!"A4$F $N?@7P:YK& $KBP$9 $k;v>]$,0l3g4IM}$G $-$k!#$^$?!" Time Wheel $X$NEPO?$N:]$K!"3F<4:w $NCY1d ;~4V$r9MN8$7!"$=$l$>$l$KBP1~$7$?0[$J$k;~9o%(%s%H%j$K;v>]$NEPO?$r9T$&$3 $H$G!"CY1d;~4V$NLdBj$b4JC1$K=hM}$G$-$k!# Time Wheel $O!"<4 :w $N :G Bg CY 1d ;~ 4V $r D6 $( $k D9 $5 $G $" $l $P $h $/!" %j %s %0 >u $K 9=@.$9$k$3$H$K$h$C$F!"8B$i$l$?%a%b%j6u4V$K$*$$$F$bL58B;~4V$N%7%_%e%l!< %7%g%s$,2DG=$G$"$k!# 3F?@7P:YK&$O!" � Ev3::YK&$K?.9f$,E~Ce$7$?;~9o$N$&$A!":G$b?7$7$$$b$N � $=$N$H$-$KJQ2=$7$?KlEE0L$*$h$SogCMEE0L � KlEE0L!"ogCMEE0L$N;~Dj?t � Ev3::YK&$N=PNO$N7k9g@h � 7k9g$=$l$>$l$KBP$9$k2Y=E$*$h$SCY1d;~4V $J$I$r>pJs$H$7$F;}$D!#D>A0$N?.9fE~Ce;~9o$H8=;~9o$+$i7P2a;~4V$r;;=P$7!" $=$N7P2a;~4V$r0JA0$NKlEE0L$NCM$+$i$N8:?j$N7W;;$KMQ$$$k$3$H$G!"8=;~9o$N KlEE0L$NJQ2=$N7W;;$r9T$&!# ?^ 9 $N $h $&$J %M%C %H %o!<%/ $K $* $$$F!" :# t = 0 $G n 0 $N =P NO $, JQ2= $7!" n 1 $, H/2P $7$? $H$9 $k!#$3 $N$H $- n 1 $NH/ 2P$K $h$j 1F6A $,5Z $V%N!< %I$O n 3 , n 4 , n 5 37

?^ 9: Time Wheel $K$h$k;v>]4IM} $N 3 $D$G$" $j!"$3 $l$i$r Time Wheel $KEPO? $7$J$1 $l$P $J$i$J $$!#$3$3 $G n 1 $H!"$=$N=PNO$,7R$,$k@h$G$"$k n 3 , n 4 , n 5 $H$N4V$N3F%(%C%8$K$O!"$=$l$>$lCY 1d;~4V$,@_Dj$5$l$F$$$k!#$3$l$O<B:]$N?@7PLV$K$*$1$k!"%N!<%I4V5wN%$J$I$r %Q %i%a!< %? 2=$7 $? $b$N $G $"$k!# ?^ 9 $N Nc $G$O n 1 , n 3 4V $N %(%C%8 $N CY1d ;~4V $O 4 $H$J$C$F$$$k$N$G!" n 1 $N=P NO$, n 3 $KE~C#$9$k;v>]$rI=$9%(%s%H%j$r Time Wheel $N t = 4 $N2U =j$KEPO? $9$k!# n 4 , n 5 $K$D $$$F$bF1 MM$K!"3F%(%C %8$NCY 1d;~4V$r9MN8$7$J$,$i Time Wheel $X$N;v>]$NEPO?$r9T$&!# ?.9f$,E~Ce$7$?$H$-$K!"3F?@7P:YK&$G9T$&$Y$-=hM}$r$^$H$a$k$H0J2<$N$h$& $K$J$k!# 1. 8=;~9o$,!"Ev?@7P:YK&$NIT1~4|$r7P2a$7$F$$$k$+H]$+$rH=CG$9$k!#?@7P:Y K&$K$O0lEYH/2P$9$k$H$7$P$i$/$OH/2P$7$J$$$H$$$&IT1~4|$,B8:_$7!"$3$l $r9MN8$9$kI,MW$,$"$k!# 2. KlEE0L$*$h$SogCMEE0L$N7W;; (a) IT1~4|4VCf$G$"$C$?>l9g$O!"2?$b9T$o$:$K<!$N:YK&$K=hM}$,0\$k!# (b) IT1~4|$,7P2a$7$?>l9g$O!"Ev3:?@7P:YK&$NKlEE0L$*$h$SogCMEE0L$r7W ;;$9$k!# 3. KlEE0L $H ogCMEE0L$NHf3S ( H/2P$NM-L5$NH=Dj ) (a) KlEE0L < ogCMEE0L $N>l9g!"H/2P$O5/$3$i$:<!$N=hM}$K0\$k!# (b) KlEE0L > ogCMEE0L $N>l9g!" i. $^ $:!" Ev 3: H/ 2P $K H< $$ H/ @8 $9 $k IT 1~ 4| $N!" =* N; ;~ 9o $r 7W ;; $7 EP O? $7 $F$*$/!#8=;~9o$+$iIT1~4|;~4V8e$N;~9o$,!"5a$a$k;~9o$G$"$k!# ii. Ev3:?@7P:YK&$N=PNO$,7R$,$kA4$F$N?@7P:YK&$KBP$7$F!"BP1~$9$k <4:w$NCY1d;~4V$r%F!<%V%k$+$i5a$a$k!#%?%$%‘%[%$%k>e$N!"8=;~ 38

9o$+$i$=$NCY1d;~4V$@$1$"$H$N;~9o$KBP1~$9$k%9%m%C%H$K!";v>] $rEPO?$9$k!# $?$@ $7!" $3 $N J} K! $G $O %9 %F%C %W ;~ 4V $N CY 1d $7 $+ <B 8= $G $- $:!" HF MQ @- $K 7g $1 $k!# $h$C$F!"<B?t ;~ 4V$N CY1d $b07 $($k $h $&$K ;v>] 4IM} $N Time Wheel $N9=@. $r 3HD% $7$?!# <B ?t ;~ 4V $r 07 $& >l 9g!" %9 %m%C %H $N ?t $O 8G Dj ?t $K $G $- $J $$!# $3 $N $? $a Time Wheel $N 4D 9= B$ $r C1 $J $k Time Map $K JQ 99 $7 $?!# $^ $?!" %( %s %H %j $N A^ F~ / :o=|$r8zN($h $/9T$( $k$h$& $K$9$k $?$a!" Time Map $O binary tree 9=B$$G<B8= $7$?!# ?^ 10: Time Map $K$h$k;v>]4IM} 5.4 I>2A K\>O$G=R$Y$?%Q%k%9F0:n7?%K%e!<%m%s%b%G%kMQ$N%7%_%e%l!<%?$r<BAu$7!"I> 2A$r9T$C$?!# ?@ 7P :Y K& ?t $r 10000 !" 3F ?@ 7P :Y K& $" $? $j $N %7 %J %W %9 7k 9g ?t $r 100 $H $7 $F %7 %_%e%l!<%7%g %s $r9T$C $?!# $=$N 7k2L $r ?^ 11 $K<( $9!#2# <4 $K?@ 7P :YK& $N H/2P N( $r <($7!" =D<4$K $O%7%_%e %l!<%7%g%s$K $*$1$k C10L;~ 4V$N 10 %9 %F%C%W$KBP 1~$9$k $@$1$N%7%_%e%l!<%7%g%s$KMW$7$?<B;~4V$r<($7$?!#$3$3$G$$$&H/2PN($H$O!"C; $$;~4V$K$*$$$F?@7PLVA4BN$N?@7P:YK&$N$&$AH/2P$7$F$$$k?@7P:YK&$,@j$a$k3d 9g$r;X$9!# ?^$K$OHf3S$N$?$a!"N%;6;~9o;v>]%7%_%e%l!<%7%g%s$rMQ$$$:$KA4$F$N7W;;$r 9T$C$?>l9g$NJ?6Q=jMW;~4V$b7G:\$7$?!#$3$N>l9gA4$F$N%9%F%C%W$K$*$$$FA4$F $N:YK&$N7W;;$r9T$&$?$a!"=jMW;~4V$,H/2PN($K:81&$5$l$:!"$[$\0lDj$NCM$r$H 39

$k!#$?$@$7$3$NJ}K!$O%9%F%C%W;~4V$K$*$$$F3F7W;;$r9T$&$?$a!"<4:w$K$*$1$k CY1d;~4V$K$O%9%F%C%W;~4V$NDj?tG\$N$_$7$+;XDj$G$-$J$$!# ?^ 11: %7%_%e%l!<%?$N=hM};~4V K\%7%_%e%l!<%7%g%s$K$h$kJ}K!$O!"<B?t;~4V$NCY1d$,07$($kE@$K$*$$$F=>Mh $NJ}K! $h$j $bHF MQ @-$, 9b$$ $H$$ $& MxE@ $,$" $k!# $K$b $+$+ $o$i $:!" ?^ 11 $K<($9 $h $&$K!" H/2PN( 10% $N >uBV$G$O Ls 4.4 G\ $NB.EY8~>e $,F@$i$l$?!# $^$?!"H/2PN( $, 50% $rD6 $($J $$HO 0O$K$* $$$F $O=> Mh$NJ} K!$h $j$b 9bB. $K%7%_%e %l!<%7%g %s $,9T$($k$3$H$,J,$+$C$?!# ?M 4V$NG> $K$* $$$F!" ?@7P:Y K&$N H/2P N($O 10% $/$i$$ $G$" $k$H $b$=$l 0J2< $G $"$k$H$b8@$o$l$F$$$k!#2f!9$O$R$H$D$N%b%G%k$GG>A4BN$N%7%_%e%l!<%7%g%s$r 9T$&$o$1$G$O$J$$$?$a!"G>$N0lIt$KCmL\$7$?>l9g!"H/2PN($O$b$&>/$79b$$CM$K $J $k$H9M $($i $l$k!# $7$+$7 H/2P N( 50% $H $$$& $N$O$+ $J$j Bg$- $JCM$G $"$j!" DL >o$N%b%G%k$G$OH/2PN($,$=$3$^$G9b$$CM$K5Z$V$3$H$O$[$\$J$$$G$"$m$&$H;W$o 40

$l$k!# $D$^$j!"=>Mh$NJ}K!$K3S$Y$F$=$N%7%_%e%l!<%7%g%s$KMW$9$k;~4V$rM^$($k$3 $H$,$G$-$k$&$(!"<B?t;~4V$NCY1d$,07$($k$3$H$G%b%G%k$NI=8=G=NO$r$h$j0z$- $@$;$k%7%_%e%l!<%7%g%s$,9T$($k!# 5.5 2~NI$NM>CO K\%7%_%e%l!<%?$K$*$$$F99$J$k9bB.2=$r?^$k$?$a!"%7%_%e%l!<%7%g%s$NJBNs 2=J}<0$K$D$$$F=R$Y$k!#$^$?!" VIS $NMxMQ2DG=@-$K$D$$$F$b?($l$k!# 5.5.1 JBNs2=J}<0 99$K9bB.2=$r?^$k$? $a!"JBNs=hM} J}<0$rDs 0F$9$k!# Time Wheel $rMQ$$$?%$ %Y%s%H6nF0J}<0$rJBNs=hM}$G9T$&>l9g!"Bg$-$/J,$1$F$U$?$D$NJ}K!$,9M$($i$l $k!#$R$H$D$a$NJ}K! $O!"%7%_%e%l!<%? A4BN$KBP$7 $F Time Wheel $r$R$H$D$@$1 MQ0U$7!"A4$F$N;v>]$N;~9oF14|$r0l3g4IM}$9$k$H$$$&J}K!$G$"$k!#$b$&$R$H$D $N J}K! $O!"3F %W%m%;%C %5 ( 0J2< PE $H 5-=R ) $K$R $H$D $E$D Time Wheel $r;} $? $;!" PE Kh$K;~9oF14|$r$H$j$D$D=hM}$r9T$o$;$kJ}K!$G$"$k!# A0<T$NJ}K!$G$O!"$R$H $D$N Time Wheel $K$h$C$FA4$F$N;v >]$N4IM}$r 9T$&$? $aF14|$rMF0W$K<B8= $G$-$k$H$$ $&MxE@$,$"$k $,!" Time Wheel $X$N;v>]$NEPO? / ;2 >H $N$H $- $K6% 9g $N@8 $8 $k2D G= @-$, $" $j!"$3 $l $rHr $1 $k<j CJ $rMQ 0U $9$k I, MW $,$"$k!# PE Bf?t$,A} 2C$7$?>l9g!"$3$N 6%9g$N$?$a$N GSB>@)8f$N%*!<%P %X%C%I $H!"GSB>@)8f$K$h$j@8$8$kBT$A;~4V$N$?$a!"==J,$J8z2L$,F@$i$l$J$$2DG=@-$b $"$k!# 8e<T$N J}K!$G$O!">e5-$N $h$&$J6%9g$N 5/$3$k2DG=@-$O >/$J$$$,!"3F PE >e$N Time Wheel $N4V $G F0 :n $N F1 4| $r $H $k I, MW $, $" $k!# $^ $?!" 3F PE $K Time Wheel $r;}$? $;$k>l9g$O!"?@7P :YK&$r PE $K@E E*$K3dEv$F$k$3 $H$K$J$k$N$GIi 2Y$N$P $i$D$-$,@8$8!" Time Wheel 4V$NF14|$K$h$C$FBT $A;~4V$,A} Bg$7$F$7$^ $&2DG= @-$,$"$k!# $3$N $h $& $K $U $? $D $N J} K! $K $O $= $l $> $l $K D9 =j / C;=j $, $" $k $,!" A0 <T $N 6% 9g 2s Hr $N%*!<%P %X%C %I $,$+ $J $j Bg $-$/ $J $k $H9M $(!" 0J 2<$G $O 8e <T $G$" $k 3F PE $K Time Wheel $r;}$? $; $kJ} K! $G9M $( $k!# $?$@ $7!" JBNs 2= $r9T $& >l 9g F14|$r $H $k $N$, :$ Fq$G$"$k$?$a!"CY1d;~4V$N@_Dj$K@)8B$rM?$(!"<B?t;~4V$G$O$J$/%9%F%C%W;~4V $K$h$kCY1d$r:NMQ$9$k$3$H$H$9$k!# 6qBNE*$JJBNs2=<jK!$r0J2<$K=R$Y$k!# 41

A4?@7P:Y K&$r:G=i$K3F PE $K@EE*$K J,G[$7$F$*$-!"3F PE $N Time Wheel $K $O $=$l $i$N?@ 7P:Y K&$K BP1~ $9$k ;v>]$N $_$N 4IM} $r9T $o$; $k$3$H $H$9 $k!#3F PE $O!"<+J, $N Time Wheel $+$i ;v>] $r <h$j =P $7$F =h M}$7!" $= $N7k 2L ?7$?$J ;v>] $, H/@8$9$k$H!"$=$N;v>]$KBP1~$9$k?@7P:YK&$rC4Ev$9$k PE $N Time Wheel $K;v >]$rEPO?$9$k!# $3$3$G!" PE $,;v>]$r;2>H$9$k$N$O<+J,$,4IM}$9$k Time Wheel $KBP$7$F$@ $1$G$"$k$+$i6%9g$O @8$8$J$$$,!" EPO?$OB>$N Time Wheel $KBP$7$F$b9T$&$?$a $=$N$^$^$G$O6%9g$,@8$8$k!#$h$C$F3F Time Wheel $N3F%9%m%C%H$K$O PE ?t$@ $1$N%U%#!< %k%I$rMQ0U$7!" $=$l$>$l PE $O0[$J$k%U%#!<%k %I$rMxMQ$9$k$3 $H$G $3$N6%9g$rHr$1$k$3$H$K$9$k!# ?^ 12: JBNs2=<jK!$K$*$1$k%?%$%‘%^%C%W$N9=B$ 42

$3 $N$H $- $N3F Time Wheel $N 6qBN E*$J %G!< %?9= B$$O!" ?^ 12 $N $h$& $K $J$k!# PE ?t $HF1$8?t $@$1$N Time Wheel !" TW 0 ... TW n $, B8:_$7!" $=$l$i $O:G=i $K3F PE $K3d Ev$F$i $l$k!# PE n $N Time Wheel !" TW n $N;~ 9o t $K BP1~$9 $k $R$H$D$N%9%m%C%H$K$O!"$d$O$j PE ?t$HF1$8?t$NFHN)$7$?%U%#!<%k%I$,B8:_$9 $k!#0J2<!" Time Wheel $r TW n !"$=$N;~ 9o t $K$*$1$k PE i $+$i$N?. 9f$K BP1~ $9$k%U%#!<%k%I$r!" F n;i;t $HI=5-$9$k$3$H$K$9$k!# 3F%U%#!<%k%I F n;i;t $O%U%i%0 FL n;i;t $H!";v>]%j%9%H$X$N%]%$%s%? EL n;i;t $+ $i@.$k!# FL n;i;t $O!";~9o t $^$G$K PE i $KEPO? $9 $Y$- ;v>] $r PE j $,A4$F EPO? $7 $*$o$C $F$$$k $+H]$+ $r<($9%U %i%0$G $"$j!" FL n;i;t $,N)$C$? $"$H$K $O $= $l$KBP 1~$9$k;v>]%j%9%H EL n;i;t $OJQ99$r<u$1$J$$!# %W %m %;%C %5 PE j $K$* $$ $F!" ;~ 9o t $N =h M} $, A4 $F =* N; $9 $k $H!" FL j; 0 ;t ... FL j;n;t $r%9%-%c%s$7$F%U%i%0$,N)$C$F$$$k$b$N$rD4$Y!"%U%i%0$NN)$C$F$$$k$b$N$KBP $7$F$O $=$l$KBP 1~$9 $k;v >]%j%9 %H$+ $iA4 $F$N ;v>] $r=g $K=h M}$9$k!# ;v>] $,EP O? $5$l$F$$ $k%U%#!<%k %I F $K4X$7 $F$b!" %U%i%0 FL $,N)$C$F$$ $J$$ >l9g $O=h M}$r 9T$o$J$$!# $"$k%U%#!< %k %I$K B8 :_ $9$k ;v >] $N%j %9 %H $rA4 $F =hM} $r =* $($k $H!" %U %i%0 $r o� $KJQ99$7!"<!$N%U%#!<%k%I$N%U%i%0$rD4$Y$k!# EL j; 0 ;t ... EL j;n;t $K$?$$$7$FA4 $F$N=hM}$,40N;$9$k$H!" ;~9o t $r<!$K?J$a $F F1 MM$N =hM} $r7+$j JV$9!# $^$? $3$N :]!"%W %m%;%C %5 PE j $K $*$1 $k Time Wheel 99?7$, 40N; $7$? $3$H $rCN $i $;$k $?$a!" 4X78 $9 $k Time Wheel $N%U%i %0%U%#!< %k %I FL $rA4$F%;%C%H$7$F$*$/!# $3$N$h$&$JJ}K!$r$H $k$3$H$K$h $j!"3F Time Wheel $K$*$$$FEPO?$,40 N;$7$F $$$k$+H]$+$r PE $,H=CG$9$k$3 $H$,$G$-!";~9o $N5UE>$,5/ $3$i$:$KJB Ns$K=hM} $r<B9T$G$-$k!# 5.5.2 Visual Instruction Set $NMxMQ UltraSP AR C $N Visual Instruction Set [13] $rMxMQ $9$k$3$H$K $h$j!"%7%_%e %l!<%7%g%s$N9bB.2=$r?^$k!# Visual Instruction Set(VIS TM ) $O!"HFMQ%W %m%;%C%5 Sun UltraSP AR C TM $K $*$$$F%0%i%U%#%C%/%9=hM}$N$?$a$N7W;;$J$I$r9bB.$K<B9T$9$k$?$a$KMQ0U$5$l $? RISC L?Na%;%C%H$G$"$k$,!"0l It$N4pK\1i;;$rJBNs$K9T$($k$?$a?tCM2r@O$d N.BNNO3X7W;;$J$I$NKDBg$J7W;;NL$rI,MW$H$9$k%"%W%j%1!<%7%g%s$K$b8z2LE*$K MxMQ$9$k$3$H$,$G$-$k!# 43

UltraSP AR C $NCf ?4 It $O 2 $D$N FH N) $J ALU $*$h $S $R$H $D $N F GU ( oating- p oin t/graphics unit) $+ $i9=@.$5 $l$F$*$j!" 99$K F GU $O!"0J2< $N 5 $D$N0[ $J $k%f%K%C%H$+$i9=@.$5$l$F$$$k ( ?^ 13) !# � oating-p oin t divide/square ro ot � oating-p oin t addin tion/subtraction/absolute v alue/negativ e � oating-p oin t m ultiplication � graphics addition, align, merge, expand, and logical � graphics m ultiply , pack, compare and p dist ?^ 13: UltraSP AR C $N F GU $H<~JU VIS $G $O %0 %i %U%#%C %/ %9 =h M} $K MQ $$ $i $l $k 4p K\ 1i ;; $N 9b B. 2= $, ?^ $i $l $F $$ $k!#Nc$($P 16bit $NCM$H 8bit $NCM$N>h;;$G$O!" 1 %5%$%/%k$G 4 $D $N>h;;$,F1 ;~$K9T$($k!# ?@7PLV$N%7%_%e%l!<%7%g%s$G$O!"3F?@7P:YK&$K$*$1$kF~NO$N8:?j7W;;$OIbF0 >.?tE@$N>h;;$J$I$rB?$/4^$_!":G$b=hM}$K;~4V$rMW$9$kItJ,$G$"$k!#$h$C$F!" $3$l$i$N1i;;L?Na$r$3$N8:?j7W;;It$KMQ$$$k$3$H$G!"99$J$k9bB.2=$,4|BT$G$- $k$G$"$m$&$H9M$($k!# 44

6 $*$o$j$K K\O@ $G $O!" $3 $l $+ $i 9T $& ?M 4V $N $h $& $K CN E* $J %7 %9 %F %‘ $r 9= C[ $9 $k $3 $H $r L\ I8 $H $9$k8&5f$N=‘Hw$H$7$F!"$=$N:]$KI,MW$H$J$k$H9M$($i$l$k?@7PLV$N%7%_%e%l!< %7%g%s$r9bB.$K9T$($k$?$a$N%7%_%e%l!<%?$r3+H/$7!"$=$NI>2A$r9T$C$?!# 2f!9$N8&5f$NJ}8~@-$rL@3N$K$9$k$?$a!"?M4V$N$h$&$KCNE*$J%7%9%F%‘$r9=C[ $9$k$H$$ $&L\ I8$K ;j$k $?$a $NJL $N%" %W%m!< %A$H $7$F ?M9)CNG= 8&5f $r$H $j$" $2!" $=$NI=>]@-!"L@<(@-!"L\E*@-$K$*$$$F 2f!9$N%"%W%m!<%A$H$NHf3S$r9T$C$?!# ?M9) CN G= 8& 5f $,!" CN <1 $d =h M} $N 5- 9f 2= $H $$ $& 9b $$ I= >] @- $r A0 Ds $H $7 $? %" %W %m!< %A$G$"$k$N$KBP$7!"2f!9$N8&5f$,$=$N5-9f2=<+BN$r8&5f$NBP>]$H$9$k$3$H$r<( $7$?!#$^$?$=$N$?$a$K!":G6a8&5f$,$9$9$s$G$$$k?M4V$NG>$KBP$7!"5-9f2=$NJ} K!$N<jK\$r5a$a$k$3$H$K$7$?!# G>$N>pJs=hM}$K$*$$$F80$H$J$k$N$O!"$=$NI=>]2=$NJ}K!$9$J$o$A5-21$N%a%+ %K%:%‘$G$"$k$H9M$(!"8=:_CN$i$l$F$$$kG>$N5-21$NJ}K!$K$D$$$F354Q$7$?!# 0J>e $N $3 $H $r F’ $^ $( $? $& $( $G!" G> $N 5- 21 9= B$ $r C5 $k $? $a $K ?@ 7P LV $N %7 %_%e %l!< %7%g%s $r 9T $& I, MW @- $K $D $$ $F =R $Y $?!# $^ $?!" %b %G %k $, 7h Dj $7 $J $$ 8= :_ $K $* $$ $F!" %O!<%I%&%’%"$G$O$J$/%=%U%H%&%’%"$G%7%_%e%l!<%7%g%s$r9T$&I,MW@-$K$D$$$F =R$Y$?!# $3$N%=%U%H%&%’%"%7%_%e%l!<%7%g%s$KMQ$$$k$?$a$N9bB.%7%_%e%l!<%?$r3+H/ $7!"$=$NI>2A $r9T$C$?!# 7W;;NL $NDc8: $K$O!" LSI $NO@M}%7%_%e %l!<%7%g%s $J$I $GMQ$$$i$l$kN%;6;~9o;v>]%7%_%e%l!<%7%g%s$N<jK!$r1~MQ$7!"C10L;~4V$K8B$i $:<B?t;~4V$N<4:wCY1d$,07$($k$h$&$K3HD%$r9T$C$?!# $3$N%7%_%e%l!<%?$rMQ$$$FI>2A$r9T$C$?7k2L!"=>Mh$NJ}K!$K3S$Y$F<B?t;~4V $NCY1d$,07$($kE@$K$*$$$FHFMQ@-$,9b$$$K$b$+$+$o$i$:!"?@7P:YK&$NH/2PN($, 10% $N >u67$K$*$$$F $O=>Mh$NJ} K!$N Ls 4.4 G\ $NB.EY8~ >e$,F@$i$l $k$3$H$r<( $7 $?!#$^$?!" ?@7P :YK& $NH/2P N($, 50% $rD6 $($J $$HO0O $K$* $$$F $O=>Mh $NJ} K! $h$j$b9bB.$K%7%_%e%l!<%7%g%s$,9T$($k$3$H$r<($7$?!# $^$?!"%7%_%e%l!<%?$N99$J$k9bB.2=$N$?$a$K!"$=$NJBNs2=<jK!$K$D$$$F9M;! $r9T$C$?!# 3F PE $,;}$D Time Wheel $N3F;~ 9o %9%m%C %H$K!" PE $NAm?t $@$1 $N %U%#!<%k%I $rMQ0U$9$k$3$H $G!"6%9g$rHr$1 $J$,$i PE 4V$N F14|$r$H$k$3$H $,$G $-$k$3$H$r<($7$?!# 45

<U<- 42Bg$J$*?4$r$b$C$FK\8&5f$N5!2q$rM?$($F2<$5$j!"E,@Z$J8f;XF3$r;r$o$j$^ $7$?IYEDbC<#65<x$K?<?S$J<U0U$rI=$7$^$9!# $^$?!"5.=E$J8f=u8@$r$$$?$@$$$??9bC0lO:=u65<x!"8^Eg@5M5=u<j$K?<$/46<U CW$7$^$9!# $5$i$K!"F|:"CH$+$/8fJ\Z%2<$5$C$?5~ETBg3XBg3X1!9)3X8&5f2J>pJs9)3X@l96 IYED8&5f<<$N=t7;$K46<UCW$7$^$9!# :G8e$K!":#$^$G;d$K2?$i$+$N7A$G4X$o$j$N$"$C$?$9$Y$F$NJ}!9$K46<UCW$7$^ $9!#$"$j$,$H$&$4$6$$$^$7$?!# ;29MJ88% [1] 3a0f4p<!O: : ]&]( . [2] F odor, J.: The mo dularity of mind., MIT Pr ess (1983). [3] T uring, A. M.: Computing mac hinery and in telligence, Mind , V ol. LIX, No. 236 (1950). [4] Ogaw a, S., T ank, D. W., Monon, R., Ellermann, J. M., Kim, S. G., Merkle, H. and Ugurbil, K.: In trinsic Signal Change Accompanying Sensory Stimulation: F unctional Brain Mapping with Magnetic Reso- nance Imaging, V ol. 89, USA, Pro c. Natl. Acad. Sci., pp. 5951{5955 (1992). [5] T o v � ee, M. J. and Cohen, E. M.: W orking memory: T rouble in mind, Curr ent Biolo gy , V ol. 6, No. 13 (1996). [6] Bliss, T. V. P . and L � m � , T.: Long-lasting p otentiation of synaptic transmission in the dentate area of the anesthetized rabbit following stim ulation of the p erfoan t path, Journal of physiolo gy , V ol. 232, No. 31 (1973). [7] Bt ED 9/ <! : G> $N M} 9) 3X E* 8& 5f $N J} K! O@ $K $D $$ $F , F| K\ ?@ 7P 2s O) 3X 2q ;o , V ol. 3, No. 4, F|K\?@7P2sO)3X2q , pp. 123{125 (1996). [8] : G> 7? %3 %s %T%e!< %? $H $O 2? $+ , F| K\ ?@ 7P 2s O) 3X 2q Bh 8 2s A4 9q Bg 2q M= 9F =8 (1997). [9] Hebb, D. O.: The problem of consciousness and introspection, Br ain 46 me chanisms and c onsciousness (Delafresnay e, J. F.(ed.)), Blackw ell, Oxford (1954). [10] Segundo, J. P ., P ark el, D. H., Wyman, H., Gegstad, H. and Mo ore, G. P .: Input-output relations in computer-simulated newv e cells, Ky- b ernetic , V ol. 4, No. 5, pp. 157{171 (1968). [11] ;T@nF;65 : In tro duction of BMP chip design G>LOJo%W%m%;%C%5!<$N35MW , Br ain F unction & Br ain Computing Workshop , V ol. 161, Tsukuba Cit y , Japan, FED, pp. 48{49 (1998). [12] >>K\85 , =E>> @,;K , ;T @nF; 65 : G>8& 5f$+ $i>pJs =hM} $X { G> 7?%3%s %T%e!<%? $N3+H/$K$‘$1$F {, >pJs=hM}3X2q;o , V ol. 38, No. 5 (1997). [13] Sun Microsystems, Inc.: UL TRASP AR C TM THE VISUAL INSTR UC- TION SET (VIS TM ): ON CHIP SUPPOR T FOR NEW-MEDIA PR O- CESSING , 901 San An tonio Road, Palo Alto, CA 94303 USA (1995). 47