
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Lamarckian Evolution of Associative Memory

Imada, Akira
Graduate School of Information Science, Nara Institute of Science and Technology

Araki, Keijiro
Graduate School of Information Science, Nara Institute of Science and Technology

https://hdl.handle.net/2324/6341

出版情報：1996
バージョン：
権利関係：



����� �����
	��
��� � �����
�����
��� ��� � ���������
����� ��!
" !#� ����$

%�&('*),+.-0/1+
23+
4658709;:<7>=@?BADCFE<G0G>HIG>J KMLNJOG058PQ7>=MRSG0LTADCURS?VL;CV?
WX7Y587ZKML<[\=8R]=@:N=@?BG>J^ADCURS?VL<CF?_70L<9a`^?VCbE<L<G>HSG0ced

f0g<hVi>j\k `^70lF7mdn70PQ7NoNKMlnGYPQ7No;WX70587No
i0pYq>j*q;h3r 7Ys;70L

70lnRt587 j ROu(RS[wvx7>RS[\= j L<70587Nv 70CYv y@s

z|{}'�~�'*),��%�),+�&('
4658709<:;7>=@?ZADCwE<G�GeHIG>J�KMLDJ�G058PQ7e=8RSG0L�ANCURS?VL<CV?
WX70587�KML<[M=8R�=b:D=b?�G>J�ANCURt?FL<CV?�70L<9T` ?FCUE;L<G>HtG0c>d

fYg;hVi>j\k `�70le7VdD70PQ7DoDKMl�G0PQ7NoNWX70587No
iYp0q>j*q;h6r 70s<70L

7Y5870lnR�u3RS[wvx7eRS[\= j L;70587Dvx70C>v y8s
� ���\���w�F�*�S�������F�@�X�D�F�0�3�;�V�e�Z�_���e� �Y¡¢�b�V£8�F�e�@¤m���F£�¥X��¦�¤m��>§N§N�©¨Q�U���Y�tª0�@¦��n���>�M¨��@�F¤F�N��¦]«Dª��F£I�@�6���w¨��F�@�F¬Z�D�mª��b�e�;�D�U�M­¥(�Y�@®n£b¯�°6�e¥��w���F�U±��U���F¦�� �>§N§N��¦�¤V�F�@¦��n��£^�@��°6�Y§�²;�F��¬³���eª0­�b�e�N�D�U�M¥ �Y�@®�£I�@�e´B�>¦t��¡S�w¥µ£8�3¡S�e�w¯I¶������V�n���,�V�e���>§N§N�©¨�­¦t�n·�¸3�e���w�@¦�¤Q¹3�©·n�>�b¦©�U�N´�£6�@�T¡Oª����©¨�¤V�0�<���F¤b�@�F¬��e£8£M��¤V¦��F­�@¦©�N�Q´B�e´B�Y�M¨�´��0¬<�V���Y¡�°6�Y§�²;�F��¬;±��0��¬º�@�F§¢�Y�M�@�F¬T�F��£M�w­¥X���F�@�»�U���m���U�D�¼���w�M¥ �Y�@®½¤V�Y��£��@�Y�@�³£M�n´B�¾�NªN´6�;�F���>¡§N�m�M�@�F�U��£¾�n���©¨¿��¨
�w���>�À�D¦t�0·�¥Á�V¦À·��Y�½´B�F�@�b¦�¤w�F£³¥(¦©�U�Â�£8¦t´B§N�]��¸X�m�D�U�@¦�¤(¹(�©·n�Y�@¦©�U�N´Ã¯
Äb�Z�U��¦�£^§N�>§¢�V��¥Å�Å§N�@�F£8�m�n��U���m�B�U���T´��m´��Y�M¨Æ¤w�>§N�e¤V¦©��¨�¤V�Y���¢�¼�m�<���Y�D¤w�F¬Æ�D¨�¦t�0­¤V�>�b§¢�>�b�F�@¦t�n·aÇÈ�Y´��e�@¤U®n¦]�Y�a¦t�<���F�@¦©�@�0��¤w�Z�@�»�U���³¸X�m�D�U�@¦�¤¹3�©·n�>�b¦©�U�N´Z¯

É>Ê_ÉbË}ÌÈÍÏÎ�ÐIÑ}ÒÈÌÈÓSÎ Ë
KML hVgYf�Ô½Õ G0sDÖ¢?UHS9Ø× hUÙ s<58G0s,G0[8?F9�7ºL<?V:<587>HÁL;?U=8Ú�G058l

PQGN9<?UH�7Y[�70LÆ70[8[@GDCURS7>=8R�ÛD?ÃPQ?VPQG05\d�[\dN[M=@?FP¾v Õ ?Ã:;[8?V9
Õ ?VÜ;ÜDRS7YL¼58:NHt?Z× ÔmÙ =bG�PQ70lD?ÁCVG0L<L;?VCU=8RSG0L¼PQ7e=b5\R�Ý¼[\=bG058?(7
[8?w=ÁG>J�s<7>=8=b?V58L<[Vv Õ ?X?V[M=MRSPQ7>=b?V9»=bE<?XPQ?VPQG05\d³CV70s;7YCwR�=\d
=bGaÜÈ?�7>=_PQG0[\= hmkYÞ G>J�=bE;?ÃLD:;PZÜ<?V5�G>J�L;?V:<58G0L<[3ÚÅR�=bE
CVG0PQs;:D=b?V5
[\RSPZ:NHt7>=8RtG0L;[wv�A�RtL;CV?^=bE<?FLÃPQ70Lnd_58?F[8?V7058CVE;?V58[
E;7eÛn?�ÜÈ?V?VLB=b5\d�RSL<cX=bG�?VLDHS7058c0? =bE<?ÁPQ?VPQG05\d�CV70s;7YCwR�=8d_RtL
Ûn705\RSGY:;[
ÚÅ7md<[Åß�[8?V?X?>vxcNv]o¢× p>Ù�à v Õ ?V58?(ÚÅ?(7058?Á=b5\d�RSL<c�=bE<7>=
ÜNdQPQ?V70L<[�G>J}7Q46?VL;?U=8RtCXá(HScYG05\R]=bE<P¾v 46?VL<?w=MRSCXá(Htc0G j
5\R]=bE<PQ[(7058?�7ÃlnRtL;9½G>J�[8?F7Y58CFEDRSL<c_=b?VCwE<LNRtâD:<?F[�ßÁ× ã Ù × kFÙOà v
A�RtL;CV?^=bE<?
HS7>=@? hVgYf0qNä [won46?VL;?U=8RtC�á(Htc0G05\R]=bE<PQ[ E;7mÛD?�Ü¢?V?VL
?bÝN=b?VL<[MR�Û<?UH]dº:;[8?V9Æ=bG½[8?F7058CUE�=bE<?»G0sD=8RtP»7eHÁ[@?U=�G>JÅCVG0L j
L;?VCU=8RSGYLZÚ3?URScYE0=b[ G>JÏL<?V:;587eH,L<?w=MÚÁG058l�[�70L<9,å>G05
=@E;?URS5
G0s j
=8RSPQ7eH 7058CwEDR]=@?FCU=b:<58?V[_ß�[8?V?�?>vxcNv�oµ× i>Ù ×xæ ÙOà v
46?VL;?U=8RtCºáÅHSc0G05\R�=bE<PQ[»Ú3?F58?½:<[@?V9ç7>=³Ö¢58[\=¾G0LNH�dÂJ�G05

9;?U=b?V58PZRSLDRSL<c�CVG0L;L<?VCU=8RSG0L�ÚÅ?wRtc0E0=b[wo(ß�[8?V?¼?>vxcNv�oÁ× f>Ù × geÙOà o
E;GeÚÁ?UÛD?V5ç=@E;?�4�?VL<?w=MRSC�á(HSc0GY5\R]=bE<PQ[è70[é7êHt?F7Y58LNRtL;c
PQ?U=bE;GD9çÚ3?V58?�L<G>=�[8G
?wëÏ?VCU=8R]ÛN?�CFGYPQs;7058?V9|=bG
G>=bE<?F5
7>HScYG05\R]=bE<PQ[BH�RSln?»ì�70CwlTí�58G0s<70c07e=8RSG0LØ× hVq>Ù v�ADGa=@E;?QRSL j
=b?V58?F[\=b[ÁÚ3?V58?�[8ENR�J�=@?F9¾=bGmÚÅ70589¼=bE<?_?UÝ<sNHtG0587>=8RtG0LTGeJ�L;?V: j
587>HIL<?w=MÚÁG058lQ7058CVEDR]=b?VCU=b:<58?F[6ßO[@?V?�?>v cNv]oI× h0hbÙ × hmÔmÙ�à v Õ GmÚ j
?UÛ<?V5woY=bG�58?Vs<58?F[8?VLD=
7058CVENR]=@?FCU=b:<58?V[�?UëÏ?VCw=MR]Û<?UH]dYonPQG058?([8G j
s;EDRS[\=8RtCF7e=b?V9Â46?VL;?U=8RtCaá(Htc0G05\R]=@E;PQ[�E;709�=bG�Ü,?¾CFG0L<[\RS9 j
?V58?F9Èv�îÏG05½?UÝ<70PQsDHS?>oÃcY5870PQPQ7>=8RtCF7>HZ58?Fs<58?V[@?VLD=b7>=8RtG0L<[
G>JQ=@E;?�7058CFEDR]=@?FCU=b:<58?�G>J»L;?V:<587>H�L;?U=8Ú�G058l�[¼Ú3?V58?�s;58G j
sÈG0[8?F9�× hVq>Ù o}× hVp>Ù v^ï(?VCV?FLn=8H]dQPQG058?XÜDRSG>HtG0c>RSCV7>HÏ70s<s<58G070CwE
Ú370[�58?VsÈG05\=b?V9�× h ã Ù v
á(H�HBGeJ�=@E;?V[8?�58?V[@?V7058CVE<?F[»Ú3?V58?½J�GY5¼HS7edn?F58?V9ØL<?F:<587>H

L;?U=8Ú�G058l�[VoX70L;9|G0LNH�d¿7ðJO?UÚñÚ3?V58?½J�GY5 Õ GYsNÖ,?UHS9çL<?w= j
Ú3G058lD[»× hmkmÙ × hVi>Ù o^s<58G0Ü<70ÜDH]d�ÜÈ?VCF7Y:;[8?¼GeJÅ=bE<?»JO70Cw=�=@E;7>=
Õ G0sDÖ,?wHt9BL<?w=\ÚÅG058l3E<70[}7ÁÖNÝ;?V9�7058CVENR�=b?VCw=@:;58?>v Õ G>Ú�?wÛ�?F5wo
[8s;7058[8?(CVG0L<L;?VCU=8R]Û�R]=8dZE;70[
7_sÈG0[8[MRtÜNR�H]R]=\dB=bGB?VL<E;7YL;CV?Á=bE<?
G05\RSc>RtL;7eHÃ70[8[@GDCURS7>=8R�ÛD?�PQ?FPQG05\d�CF7Ys;70CUR]=\d|GeJ Õ GYsNÖ,?UHS9
L;?U=8Ú�G058l|× h æ Ù v.`ÅE<?F58?UJOG058?Yo646?VL<?w=MRSC�á(Htc0G05\R]=@E;PQ[¼7058?
7>HS[8G�ÛY7>H]Rt9ÆJ�GY5 Õ G0sNÖ,?UHS9µL<?V:;587eHÅL<?U=8Ú�G058lD[�=@Gº?bÝ<sNHtG058?
=bE<?wRt5�7Y58CFEDR]=b?VCU=b:<58?V[}70[}Ú3?UH]Hn70[}=@G39<?U=b?V58PZRSL<?
=bE<?URS5ICFGYL j

L;?VCU=8RSG0L¾ÚÅ?wRtc0E�=@[Vv
KMLµ70L�?F705\H�RS?V5Zs<70sÈ?V58[wo�ÚÅ?¼[8E;GmÚÅ?V9�=bE<7>=Ã7�46?FL<?U=8RSC

á(HSc0GY5\R]=bE<P�?VLDHS7058c0?V[�=@E;?6CF7Ys;70CUR�=\d¼GeJ Õ ?VÜ;Ü j 58:NHt?X70[8[8G j
CwRt7>=8R]ÛN?�PQ?FPQG05\dºÜ�dTs<58:;LDRSL<ca[8G0PQ?ÃCVG0L<L;?VCU=8RSG0L<[Q× hFkmÙ v
òð?»7>HS[8G�[@E<GmÚ�?F9º=bE;7e=Q587YL;9<G0PZH]d�cY?FL<?V587>=b?V9µCVG0L<L;?VC j
=8RSG0L�PQ7>=@5\RSCV?F[XCV70L½HS?V7058L�[@GYPQ?Zs<7>=8=@?F58L<[X:;[\RSL<ca7¾4�? j
L;?U=8RtCBá(Htc0G05\R]=@E;PóÚÅR]=@E;G0:D=X70LndQHS?V7058LNRtL;c»58:DHS?V[_× hVi>Ù v
KMLµ=@ENRt[Qs<70s,?F5wo�ÚÅ?¼58?V9;?V[\RSc0L<?V9µ=@E;?½46?FL<?U=8RSC¾á(HScYG j

5\R]=bE<Pô[8G�=bE<7>=�ÚÅ?»CV70LµRtL;CVG058s,G0587>=@?»=bE<?¼RtL;9DR]Û�RS9<:;7eHS[ ä
Õ ?VÜ;ÜDRS70L½HS?V7058LDRSL<c¼?UëÏ?FCU=X=@G»=bE<?URS5(CFE<58G0PQG0[8G0PQ?V[wo;Rõvx?>v]o
ö�7YPQ7058CFl0RS70L»RtL;E<?V5\R]=b70L<CV?>v áXL<9¼ÚÅ?XJOG0:<L;9³=bE<7>=ÁR]=XCV70L
?FLDHS7058cY?�=bE<?�PQ?VPQG05\d½CV70s<70CUR]=\dYv
`ÅE<?3GmÛ�?F587eH]H,c0GY7>HÈJOG05
=@ENRt[�58?F[8?V7058CUEZRt[�=\ÚÅG>J�G>Ht9Ïv^÷XL<?

RS[
=bG�l�L;GeÚ�R�JÏÚÅ?ÁCV70L»:;[8? =bE<?X46?FL<?U=8RSCÁá(Htc0G05\R]=@E;P17Y[^7
PQG058?�?UëÏ?FCU=8R�Û<? Ht?F7058LDRSL<c(PQ?U=bE<GN9�=@E;70L6=bE<G0[8?�s<58G0s,G0[8?F9
[@G6J�705woN70L<9»=bE<?(G>=bE<?V5
RS[
=bG�CUHS705\R�J�dZ=bE<?(s;58GDCF?V[8[�G>JÈ=bEDRS[
HS?V7058LNRtL;c»PQ?VCUE;7YLNRS[8P�G>J�=bE<?B46?VL<?w=MRSCBáÅHSc0G05\R�=bE<P¾v

ÉUÉeÊQø�ù�ú;û<ÍÏÓSüXû<Ë}Ì
òµ?Z7Ys;sDH]RS?V9�7a[\RSPQsDHS?»46?VL<?w=MRSCÃá(HScYG05\R]=bE<P�=bG³J�:DH]H�d

CFGYL;L<?VCw=@?F9B7Y[@[8G�CURt7>=8R]ÛN? PQ?FPQGY5Md�P»Gn9<?wHDG>J Õ G0sDÖ¢?UHS9ÈoF=bG
ÜÈ?ÃPQG058?Ã[@sÈ?VCUR]Ö,C>oI70LÆ7Y:N=bG j 7Y[@[8G�CURS7e=8R]ÛN?Z9DRS[8CV58?w=@? j =8RtPQ?
70[MdNL<CFE<58G0L<G0:<[ j :<s;9<7>=@?3ÜDRSL<705\d j [\=b7e=b?XL<?w=\ÚÅG058l;v}òð?Å[8?U=
=bE<?Å[\RSýV?(G>J,=bE<?ÅL<?U=8Ú�G058l6=bG�ã g L<?F:<58G0L<[wonRSL�=bEDRS[
s<70s,?F5wo
CFGYL;[\RS9<?V5\RSL<cTCVG0PQs<:N=@7>=8RSGYL;7>H^?bÝ;s,?VL;[8?>v³ìÁ?UJOG058?Ã70s;sDH]d j
RSL<cÃ=bE;?�46?VL;?U=8RtCBá(Htc0G05\R]=@E;P¾o;=@E;?_CFGYL;L<?VCw=MRSG0L¾ÚÅ?wRtc0E�=b[
7058?ZCVE<G0[8?FL½5870L<9;GYPZH]d�?UR]=@E;?V5(JO58G0P jUh G05 h o¢=@E;?V58?UJ�G058?
=bE<?ÆL;?U=\ÚÅG058lðCV70L�L<G>=½[M=@G058?Æ70LDdØs<7>=M=b?V58L;[¾RSLNR�=8RS7eH]H]dnv
`ÅE;?_G0Ü�y8?VCw=MR]ÛD?�GeJ�=bE<?B46?VL;?U=8RSC_á(Htc0G05\R]=@E;PóRS[Á=bGÃPQ70ln?
=bE<?BL<?w=\ÚÅGY5@lQ[\=bG058?6[@GYPQ?BLD:;PZÜ<?F5(G>J s;7>=M=b?V58L;[wv
KML�=bE<?ÃJ�G>H�HSGmÚÅRSL<c¾s;705\=_G>J�=bEDRS[�[8?VCw=8RtG0LÈoIÚ3?�s<58?V[@?VLD=

7»Ü;5\Rt?wJ�58?UÛDRS?UÚèG>J^7Y[@[8GDCwRt7>=8R]Û�?BPQ?VPQG05\dno¢70L<9a=bE<?VLT9<? j
[@CV5\RSÜÈ?6G0:<5646?VL<?w=MRSC�á(Htc0G05\R]=@E;P¾v

þ¾ÿFÿ��������	�
����
���
��������
Õ G0sDÖ¢?UHS9
L<?w=�Ú(GY58l�Ú3ENRtCwE�E;7Y[�� L<?V:;58G0L<[»CV70LÂ[\=bGY58?
[@G0PQ?³L;:<PBÜ,?F5�G>J�� j ÜDR]=»ÜDRSs,G>Ht705Zs<7>=8=@?F58L<[wo^R]J(7>H]H =bE<?
CFGYL;L<?VCw=MRSG0LBÚÅ?URScYE�=b[}7Y58?�9<?w=@?F58PZRtL;?V9Z7Y9;?VâD:<7>=b?UH]dnv�`ÅE<?
s;7>=M=b?V58L;[�7058?�� j 9DRSPQ?VL;[\RSGYL;7eHÅ587YL;9<G0P�ÛD?VCw=@G058[�Ú3E<G0[@?
?wHt?FPQ?VLD=b[X=b70l�?�=bE<?»Ûn7>HS:<?V[�� h 5870L<9<G0PZH]d�ÚÅR]=@EÆ?Fâ�:<7>H
s;58G0Ü<70ÜDR]H�R]=8dYv^`ÅE;? � j =@ETs<7>=8=@?F58L³RS[Å9<?VL;G>=@?F9½Ü�d

!�"$# ß ! "%'& ! "(�&*)*)
)*& ! "+ &�)*)*)*& ! ", à &
Ú3E;?V58?>o ! "+ Rt[3=bE<?.- j =@ETÜDR]=�G>J
=bE<?�� j =bE�s<7>=8=b?V58L½Ú3EDRSCwE=b70lD?V[�=bE<?½Ûn7>HS:<?aG>JB?UR]=bE<?V5 jbh G05 h v�`^G�[\=bGY5@?½=@E;?V[8?
/ s<7>=8=b?V58L<[Vo�?V70CVEºCVG0L<L<?FCU=8RtG0L�ÚÅ?wRtc0E�=6E;70[6=bGaÜÈ?Ã709<? j



âD:<7>=b?UH]dµ709ey8:<[M=@?F9ÈvTK�J3ÚÅ?»:<[8? Õ ?VÜ<ÜNRt70Lµ58:DHS?>o�JOG05Z?bÝ j
70PQsDHS?>o;=bE<?XÚ3?URSc0EY= � +�� RS[(9;?U=b?V58PZRSL<?V9a70[ÁJ�GeH]HSGmÚ3[��

� +�� #
��
"	� %

! "+ ! "��

`ÅEDRS[¼s;58GDCV?F[8[¼G>JB9<?w=@?F58PZRtLNRtL;c � +�� RS[¼58?UJ�?V5858?V9
=bGµ7Y[
��
������������0v
`ÅE<?F[8? � +�� 9<?wÖ,L<?»7T[8G½CF7eH]HS?V9Æ?VL;?V58c>d�JO:<L;CU=8RSGYLÆG0L70L � j 9DRSPQ?VL<[MRtG0L<7>HIÜNRtsÈG>HS705Á[\=b7>=b?_[8s;7YCF?>oNRõv ?Yv�o

�³ß�� à # h
Ô �
+�� � � +"!� �$#

� +�� � � + � � &

Ú3E<?F58?%��PQGmÛ�?F[¼GmÛD?V5¼7eH]H_s¢GY[@[\RSÜDHS?�CVG0PQÜDRSL<7>=8RtG0L<[¼G>J
� j 9NRtPQ?FL<[\RSG0L<7>H ÛD?VCU=bG05'&�( h & h�) , 70L<9*� + Rt[B=bE<? - j =@ECVG0PQsÈG0L<?FLn=XG>J�=@E;?_[\=b7>=b?+� v�K�J
=bE;?_LN:<PZÜ<?F5XG>J
[M=@G058?V9
s;7e=8=b?V58L<[Å7058?X[8PQ7>H]HÏ?VL;GY:;c0EÈo�=bEDRS[�JO:;L<CU=8RSGYL»=b70lD?V[�7_HSG j
CV7>HIPZRSLDRSPZ:;P�Ú3E;?V58?,�µCVG05858?V[8sÈG0L<9;[�=@GQGYL;?XGeJ�[M=@G058?V9
s;7e=8=b?V58L<[Vv
KML¼=bEDRS[Å[8?VL;[8?X=@E;?6[M=@G058?V9Ts<7>=8=b?V58L<[Å7058?6[@7>Rt9
=bGÃÜÈ?'�.-/-0���213-54�� 6�7YL;9¼=@E;?6[MRtýF?6G>J}=bEDRS[�HtGNCV7>HIPZRtLNRtPÃ:<P
7058?(58?UJ�?V5858?V9Q=@G�70[87��96����:4";<�.-/-0���21�-�4=�Uv á3[^=@E;?ÁL<:;PBÜ,?V5
G>J�[\=bG058?V9¼s<7>=8=b?V58L<[ / RSL<CV58?F7Y[@?V[wo;[@s<:<5\RSG0:<[�PZRSLDRSPQ7�Ü,? jCVG0PQ?BL<G0L j L;?Vc>H]Rtc>RSÜDHS?_70L<9aÖ,L;7eH]H]d³=bE<?V[8?�HSGDCV7>HIPZRSLDRSPQ7
7058?B587YL;9<G0PZRSýV?V9Èv
`ÅE<?�58?U=b5\RS?UÛn7>HÏG>J�G0L<?�GeJ�[\=bG058?V9aPQ?VPQG05\RS?V[ÅRt[Å70[�JOG>H j

HSG>Ú3[wva`ÅE;?»[\=b7e=b?¼G>J3?V70CUEÆL<?F:<58G0L�Rt[Z70[\d<L<CwE<58G0L<G0:<[MH�d
:;s¢9;7>=@?F9¾ÜNd

> "+ ß/?A@ hmà # >�B ��ß
,�
� � %

� +�� > "� ß�? à8à &
Ú3E<?F58? > "+ ß�? à RS[(=bE<?�[M=@7>=b?�G>J^=@E;?.- j =bEºL<?V:<58G0Lº7e=X=8RSPQ??BÚ3E<?FL�=bE<? � j =@EÂs<7>=8=@?F58L�RS[»c>R]ÛN?FL�=bG�=bE<?½L;?U=8Ú�G058l;v
îÏG05(?V70CUETL<?F:<58G0LÈo¢=bE<?_ÚÅ?wRtc0E0=b?V9½[@:<P�G>J
R]=b[ÁRSL<s;:D=b[(RS[
CVG0PQs;:D=b?V9ÈoÁ70L<9µR�J3=bEDRS[ÃRS[Ãc058?V7>=b?V5�=bE<70LðG05Ã?VâD:<7>HÅ=bG
ýV?F58GNo�=@E;?»[\=b7e=b?ÃG>J�=bE<?»L<?F:<58G0L�=b70l�?V[6=@E;?�Ûn7>Ht:;?ÃGeJ h o
70L<9 jbh G>=@E;?V5\ÚÅRS[8?>v^KML»=@ENRt[Ås;7Ys,?F5wo;7ÃL<?F:<58G0L»Rt[ÅCwE<G0[8?VL
70CVCFGY589NRtL;c_=bGBs<58? j 70[8[MRtc0L;?V9¼G0589<?V53ß�G0L<CV?(RSL»7BCUdNCwHt? à 7>=
?V70CFE¼[\=b?Vs½G>J�:<s¢9<7>=MRSL<cNo;RSL<[\=b?V709aG>J
CwE<G0[8?FL¼587YL;9<G0PZH]dDv
îÏG05I=bE<?(58?VPQ7>RSL<9;?V5
G>JÈ=bEDRS[
s<70sÈ?V5won=bE<? =b?V58PDCb:<sÈ9<7>=b?�E
ÚÅR]H�H 58?wJO?V5�=bGÃ=@ENRt[Å70[\d<L<CVE;58G0L<G0:<[�:<sÈ9;7e=b?>v
òçE;?VL
RSL<s;:D=³RS[¼G0L<?�G>JB[M=bGY58?F9Øs<7>=8=@?F58L<[»Ú3EDRSCwE�RS[

c>R]ÛN?FL»[8PQ7>H�H�L<G>Rt[@?(ÚÅR�=bEDRSL¼=@E;?X[\RSýV?�GeJ�Ü;70[\RSL¾G>J�7>=8=@5870C j
=bG05wo�=bEDRS[aRtL;s<:D=ºs<7>=M=b?V58L�58?wHt7eÝ;?V[a=@GÂGY5\RSc>RSL<7>H�[\=bG058?V9
s;7e=8=b?V58Lð7eJ�=b?V5Ã[8?wÛD?V587>HÁ[\=b?Vs<[QG>JÅ=@E;?¾:<sÈ9;7>=@?Yv�KMLµ=bEDRS[
[\RSPQ:NHt7>=8RtG0LÏo�E;GmÚÅ?UÛn?V5wo^ÚÅ?a9<G�L<G>=¼c>R�ÛD?¼70LDd�L<G>RS[8?¾=bG
RSL<s;:D=Ãs<7>=8=b?V58LÈv½KML�=bEDRS[BCV70[8?Yo�Ú(E;?VLµG0L<?»G>J37½[\=bG058?V9
s;7e=8=b?V58L<[6Rt[�c>R]ÛN?FL½=bG³=bE<?QL<?U=\ÚÅG058l,oÈ7>H]H�=bE<?Ã[M=b7e=b?V[�58? j
PQ7>RSL�:;L<CUE;70L<c0?V9�JO58G0P =bE;?³[M=@705\=Fo^70L<9�=bE<?¼s;7e=8=b?V58L<[
7058?([87>RS9Ã=bG_ÜÈ?(PQ?FPQG05\RtýF?V9»70[GFIH2
�JLKM4��0�N-�6Uv òµ?Á?UÛn7>HS: j
7>=b? =bE<?�7YÜNR�H]R]=8d�G>J¢ÚÅ?URSc0En= PQ7>=b5\R�ÝÃÜ�d_=@E;?Á:<s;s,?V5
Ü,G0:<L;9
G>J�=@E;?6L;:<P�Ü,?V5ÁG>J^s<7>=8=@?F58L<[Å[\=bG058?V9T7Y[�ÖNÝ;?V9asÈG>RtL�=b[wv
`^G�l�L;GmÚêPQG058?½70Ü,G0:D=¼70[8[8GNCURS7e=8R]ÛD?¾PQ?VPQG05\dDo [8?F?¾JOG05
?bÝ;70PQsDHS?»× p>Ù v
O'P �RQ 
�S 
 �����½þUT�V � � ���9W �
KML�=bEDRS[�[8:;Ü<[8?FCU=8RtG0LTÚ3?_9<?F[8CV5\RSÜÈ?_=bE<?�RSPQsDHS?VPQ?FLn=b7>=MRSG0L
G>J3G0:<5Ã4�?VL<?w=MRSC¼áÅHSc0G05\R�=bE<P Ü<5\RS?�X;dDvaáX[BRtLµî�RSc0:<58? h o

G0:;5X46?VL;?U=8RtC�á(Htc0G05\R]=@E;Pês<58G�CV?V?F9<[37Y[�J�GeH]HSGmÚ3[��

fitness evaluation

...

crossover  &  mutation

GA  reproduction

...

(randomly  generated connection weights) 

phenotype-genotype  mapping

genotype-phenotype mapping

{ 1, -1 }

selection

Hebbian learning

Y�Z\[�] % ]N^`_9acb"_.d a�eRf9gNf=h�bLikj

l�mMn áÁ=ÁÖ,58[M=Vo ÔYk>i ÚÅ?wRtc0E�=ÁPQ7>=b5\RtCF?V[Fß�ã g Ý;ã g�àporq 7058?
s;58GD9;:<CV?V9a5870L<9;G0PZH�d½[8GÃ=bE<7>=(?F7YCFE¼CVG0PQsÈG0L<?VL�=(G>J =bE<?
PQ7>=b5\RSCV?V[ � q+�� 7Y58?aCVE;GY[@?VL�JO58G0Ps&�( h & h�) v Õ ?FL<CV?¼=@E;?
PQ7>=b5\R�Ý»9<G�?V[�L;G>= [\=bG058?Á70LDd�s;7e=8=b?V58L<[ 7e=
=bEDRS[�PQG0PQ?VLD=Fv
òð?XPZ:;[\=(L;Ge=b?X=bE<7>=(=@E;?3HS7058c0?V5Á=bE<?�sÈG0s<:DHS7>=8RtG0LaL<:;P j
ÜÈ?F5wo}=bE<?»EDRSc0E<?V5�=bE<?»s,?V5\J�G058PQ7YL;CV?V[Vv»KML�=bE<?F[8?»?bÝ;s,?V5 j
RSPQ?VLN=@[Vo^E<G>Ú�?UÛD?V5wo�Ú3?¼[8?w=ÃR�=Ã=bG Ô0k>i y@:<[\=»Ü,?FCV70:<[8?TG>J
G0:;5»CVG0PQs<:D=b?V5Q58?V[8G0:<58CF?V[wv l tunUv 70CUEµÚÅ?URScYE�=ÃPQ7>=b5\RÀÝ
HS?V7058L;[_7T[8?U=ZG>JÅs<58?V9;?U=b?V58PZRSL<?V9µ5870L<9<G0P s<7>=8=b?V58L<[ ! "
ÜNd Õ ?VÜ<ÜNRt70LaHt?F7Y58LNRtL;cÃ58:DHS?�70[ÁJOG>H]HSGmÚ3[wv

� +�� # � +�� @xw
��
"�� %

! "+ ! "�.!� + 


òð?B[8?U=�=bE<?�Ûn7>HS:<?�G>JLwº=bG q v q�Ô E<?V58?YvZ`ÅE<?V[@?ÃCVG0PQsÈG j
L;?VLD=b[QGeJ Õ ?VÜ<ÜNRt70L
HS?V7058L<?F9�Ú3?URSc0EY=¼PQ7>=b5\RtCF?V[»7058?¾RSL j
CFGY5@s¢G0587>=b?V9Ø9NRt58?FCU=8H�d
=@GÆ=bE<?URS5¼CUE;58G0PQGY[@GYPQ?F[ÃRSLØs<58G j
CF?V9<:;58?0ß�ã à Ü,?wHtG>Ú_v Õ ?VL;CV?¾Ú3?¼CV7>H]HÅ=bEDRS[»?wÛ�G>HS:D=8RSG0L�70[
ö�7YPQ7058CFl0RS70LÈv lcyun+v Ûn7>Ht:;7e=8RSG0L�G>J�Ö<=bL<?F[8[�Ûn7>Ht:;?{z�J�GY5
?F7YCFE�RSL<9DR]ÛDRt9;:<7>H;Ú3?wRtc0E0=�PQ7e=b5\R�ÝÃRS[�PQ709<?ÁÚÅR]=@E³7_[8?w= G>J
s;58?V9<?w=@?F58PZRtL;?V9µ5870L<9<G0Pôs<7>=M=b?V58L;[ ! " ß�[8?F?³s;58?VCV?F9DRSL<c
[@:<Ü<[@?VCU=8RSGYL à vZî�RS58[\=6Ú(?�CV7>HSCV:DHS7>=@?Z=@E;?_=bGe=b7>H^G>JÁ7eH]H�=bE;?
RSL<L;?V5Ás;58Gn9;:<CU=b[6ß�G>Ûn?V5\HS7Ys à G>J}RSLDR]=MRS7>HÏ[\=b7>=b?V[Å7YL;9¼[\=b7>=@?F[
7>=X?V70CwE³=8RSPQ?�GeJ^:<s¢9<7>=@?BL<G>=(PQG058?X=@E;70L½CV?F5\=@7>RSL¼=MRSPQ?
?}|Yv3áXL;9¾=bE<?VLT=bE<?V[8?B7058?�[8:;PQPQ?V9T:<s�GmÛD?V5Å7>H�H
[8?U=b[3G>J
RSLDR]=8RS7eH s;7e=8=b?V58L<[VoNRõv ?>v]o

z # h
/ ) ß�? | ( hmà ) ã g

��
"	� %

~���
~ � (

����
� � %

! "� > "� ß/? à 


KMLZ=@ENRt[�s<70sÈ?V5wo2? | RS[
[8?w= =@G g0f Rõv ?Yv�on=\ÚÅGÁ=8RSPQ?V[ =bE<?�L<:<P j
ÜÈ?F5XGeJ L<?F:<58G0L<[woÏ70L<9TÚ(?BG0Ü<[8?F5\Û�?F9¾=bE<7>=XÚ370[(?VL;G0:<c0EÈv
òð?�PQ:<[M=�L;G>=@?Á=bE;7e=�Ö<=bL<?F[8[ h v qYq0q RSPQsDH]Rt?F[ =bE<7>= 7>H]H;=bE<?
RSLDR]=8RS7eH}s<7>=M=b?F58L<[�7058?6[M=@G058?V9¼70[�ÖNÝ;?V9¼s,G>RSLD=b[wonÚ3EDR]Ht?(Ö;= j
L;?V[8[�HS?V[8[�=bE<70L h v q0qYq RtL;CUHS:<9<?F[�PQ70L�dºsÈG0[8[\RSÜDHS?»CV70[8?F[wv
K�J}Ú(?(?UÛn7>Ht:;7>=@?F9�=bE<?(Ö<=bL<?F[8[�7>=ÁG0L<?(sÈG>RSLn=�G>J�:<s,9;7e=8RSL<c
=8RSPQ?ÃRtL;[\=b?V709Èo�[@G0PQ?Q[@G>Ht:N=MRSG0L<[BPZRSc0En=BÜÈ?�H�RSPZR]=�CUd<CUHS?>v
òð?�709<G0sD=b?V9B=@E;? Ö<=bL;?V[8[
?wÛn7eHS:;7e=8RSG0L�70ÜÈGmÛD?^RSLÃG0589<?F5I=bG
7>ÛnG>RS9¾=bE<?F[8?_G0[8CwR�H]HS7>=@?F9�[8G>HS:D=8RtG0L;[wv l$�Gn�v 70CUETCwE<58G0PQG j
[@G0PQ?^RS[I[MRtPQsNH�d_s;58GD9<:;CV?V9�J�58GYPéCVG05858?V[@s¢G0L;9DRSL<cÁÚ3?URSc0E0=
PQ7>=b5\R�ÝÃÜ�d_:<LDJ�G>Ht9NRtL;cX=@E;? CVG0PQsÈG0L<?FLn=b[IRõvx?>v]o0?F7YCwE�7>H]HS?UHS?



Ûn7>HS:<?�GeJ�=bE<?BCUE;58G0PQGY[@G0PQ?3RS[��

� q ß -A@ � )�� à # � q+�� & - &�� # q & h & Ô &
)*)*) & ß � ( hmà 

`ÅE<?F58?UJ�GY58?Æ=bE<?�CwE<58G0PQG0[8G0PQ?ÆE<70[�7ðÖNÝ<?F9|HS?VL;ce=bEèG>J
Ô ã q;h ß # ã g Ý;ã gnà 7>H�HS?UHS?V[Vv l��un `�ÚÅG�s<7058?FLn=µCUE<58G0PQG j
[8G0PQ?F[½7058?ÆCUE;GY[@?VLç:<LNR�J�G058PZH�d|7>=�5870L<9;G0P J�58GYP =bE<?
:;s<sÈ?V5
ã q�Þ G>J<=bE<?ÅsÈGYs;:DHS7>=MRSG0L�Ú3EDRSCwE_RS[
5870L<ln?V9ZÜDd6Ö;= j
L;?V[8[wv l��An ï(?VCFG0PQÜDRSL<7>=8RtG0L<[�7058?»PQ709<?ÃÚÅR]=bEÆ:<LDR]JOG058P
CV58G0[@[8G>Ûn?V5wv6òµ?_=b?V[\=b?V9º[8?UÛD?V587>H =\dNs¢?V[XG>J�CF58GY[@[8GmÛD?V5ÁRSL j
CUHS:<9NRSL<c_G0L;? j 70L<9�=8ÚÁG j s,GeRSL�= j CV58G0[8[8GmÛn?F5wo�70L<9QGYÜ;[8?V5\Û<?V9
=bE<7>=µ:<LDR]JOG058P CF58GY[@[8GmÛD?V5�G0:D=bs,?F5\JOG058PQ?V9#=bE<?ðG>=@E;?V58[wv
îÏ:<5\=bE<?F58PQGY58?Yo�PQ:N=@7>=8RSG0L|58G>=b7>=@?F[½=bE<?ÆÛn7>Ht:;?�G>J³5870L j
9;GYPZH]d�CwE<G0[8?VLÆÜNR�=BRtLµCUE;58G0PQGY[@G0PQ? � ���.# ß - à CwdNCwH�RSCV7>H]H�dRõvx?>v�o

ß hFà
	 ß ( hmà & ß$( hmà
	 ß q�à & ß q�à
	 ß hmà 

òð?XPZ:;[\=(L<G>=b?X=@E;7>=(ýV?V58GÃCFG0PQsÈGYL;?VL�=@[ÅG>J�ÚÅ?URSc0En=ÁPQ7 j
=b5\RSCV?V[¼7058?¾RSL�=@58G�9<:;CV?V9ÂÜDd�=@ENRt[³PQ:D=b7>=MRSG0L�G0s,?F587>=MRSG0LÈv
`ÅE<?BPZ:N=@7>=8RSGYLa587>=b?6RS[Á[@?U=(=bG q v q;h RSL¾=bENRt[3s<70s,?V5wv l��Nn
`ÅE<?XCFE<58G0PQG0[8G0PQ?V[�7058?(70c07>RtL¼PQ70s<sÈ?F9Q=bG�Ú3?URSc0EY=�PQ7 j
=b5\RSCV?V[ÅÚÅR�=bET58?UÛD?V58[8?�s<58GNCV?V[@[ÁG>J(ß Ô0à v l�
An�� LDHS?V[@[(EDRSc0E j
?V[M=ÁÖ<=bL<?F[8[�Ûn7>Ht:;?(58?V70CUE;?V[
=bE<?(Ûn7>Ht:;?XGeJ h v q0q0q L<G05�c0?VL j
?V587>=8RSG0L»?bÝ;CV?V?V9;[ hmÔ>qYq0q oY=@E;?(s<58G�CV?V[@[8?V[�JO58G0P�ß ÔYà =bGQß f�à
7058?�58?FsÈ?V7>=@?F9Èv_`ÅE<?VLTRtL;9DR]Û�RS9<:;7eHS[(RSL�:;s<s,?F56[@:<Ü<s,G0s;: j
HS7>=MRSG0L�ßOã q�ÞQà [8:;5\Û�R]ÛD?(=bGÃCVG0L<[\=8R]=b:D=b?(=@E;?6L;?bÝN=(cY?FL<?V587 j
=8RSGYLaÚÅR]=@E¼=bE<?URS5(G>ëÏ[@s<5\RSL<c0[Fß i0qnÞQà v
`ÅE<?F[8?XG0sÈ?V587>=8RtG0L<[�70L;9¼s<705870PQ?U=b?V5�Û07>HS:<?F[ Ú3?V58?(9;?U=b?V5 j
PZRSL<?F9½PQ7>RSLDH]d¾GYLa=bE<?�Ü<70[\RS[(G>J�=b5\Rt7>H 70L<9a?V5858G05wv

ÉUÉVÉ>Ê��_û��FÑ��mÌ�����Ë}Ð���Ó��FÒÈÑ����FÓSÎ Ë��
`�G([8?F?^=bE<?�?UëÏ?VCw=
GeJ¢öI70PQ7058Cwl0RS70L6RSL<E;?V5\R]=@70L;CV?^RSLBG0:<5

46?FL<?U=8RSC»áÅHSc0G05\R�=bE<P¾oIÚÅ?_Ö,58[M=�?bÝ;s,?V5\RSPQ?VLN=@?F9½ÚÅR]=@E;G0:D=
:;[\RSL<c�70LDdÃHt?F7058LDRSL<c�7>HSc0GY5\R]=bE<P¾v�KML»=bEDRS[�CV70[8?>oN=bE;?3L;?U= j
Ú3G058lTÚÅ?F58?³70ÜDHS?»=bG�[\=bG058?³:;s�=bG g s<7>=M=b?V58L;[Z7Y[BÖNÝ;?V9
sÈG>RSLn=b[wv6îÏG05 hVq s;7>=M=b?V58L;[woÈÚ(?_58?VsÈ?F7e=b?V9 p0q 58:;L<[XÚÅR]=bE
9NR�ëÏ?F58?VLD=Å587YL;9<G0P�L;:<PBÜ¢?V5Á[@?V?V9Ïo;E<GmÚÅ?UÛn?F5 ÚÅ?X9DRS9aL<G>=
G0ÜD=b7>RSL¾=bE<?�Ú3?URScYE0=(PQ7>=b5\R�Ý¾Ú3ENRtCFE¾[M=@G058?V9T7>H]H}=bE<?F[8? hwq
s;7e=8=b?V58L<[Vv
KML¼î�RSc0:<58? Ô o�Ú3?([@E<GmÚ¿58?Vs<58?F[8?VLN=@7>=8R�Ûn?3[870P j
sNHt?¼G>J�Ö<=bL<?V[@[_Û<[Bc0?VL<?F587e=8RSG0L�JOG05 g 70L<9 hwq s<7>=8=@?F58L<[wv
÷6L�=bE;?³G>=bE<?V5ZE<70L<9Ïo
ÚÅR]=bE�ö�70PQ7Y58Cwl0RS70L�RSL<E<?V5MR�=b70L<CV?Yo
=bE<?�ÚÅ?URSc0En=ÅPQ7e=b5\RSCV?V[�Ú3EDRSCVE¼CF7YLa[\=bG058?_PQG058?�s<7>=8=b?V58L<[
?VPQ?F58c0?>vèKMLØî�RSc0:<58? Ô =bE;?�?bÝ<70PQsNHt?�G>J hmk s<7>=8=b?V58L<[
J�GY5QöI70PQ7058CVl0RS70LÆ?UÛ<G>Ht:N=MRSG0LÆ7058?¾7>HS[8G�[8E<GmÚ3LÏv�KMLµ=bEDRS[
CV70[@?>o�sÈ?F5\JO?VCw=^[@GeHS:D=8RSG0L�Ú370[ G0ÜD=b7>RSL<?V9Q7e= f0p0f>j =bEÃc0?VL<?F5 j
7>=8RtG0LÏo}Ú3EDR]HS?Z=bE<?QL<G j HS?V7058LDRSL<c¼ÛN?F58[\RSGYLTJOG05 g s;7e=8=b?V58L<[
9;?V[8CV5\RSÜÈ?V9Â7YÜ¢GeÛn?aCVG0LDÛn?F58cY?F9�7>= i0gYp;hUj =bE
c0?VL;?V587>=8RtG0LÈv
òð?½CF70Lç[8?V?½=bE<7>=¾=bE<?ºöI70PQ7Y58CwlnRt70L
RSL<E;?V5\R]=@70L<CF?½RtP j
s;58GeÛn?F[(=bE<?»CVG0L�Û�?F58cY?FL<CV?Z[8s,?V?F9Æ7Y[XÚ(?UH]H�70[�=bE<?ÃPQ?VP j
G05\d½CV70s<70CUR]=\dnv
`^GÃ[8?F?_=bE<?�9NR�ëÏ?F58?VL<CF?_ÜÈ?U=\ÚÅ?F?VL¾=bE;?6=8Ú�GÃÛD?V58[\RSG0L<[Vo<Ú3?
RSLDÛn?V[M=8Rtc07>=b?V9�=bE<?ÅýV?V58G�9<?FL<[\R]=8d�RSL�=bE;? Ú3?URScYE0=�PQ7>=b5\RtCF?V[
70L<9�=bE<?URS5�9<?Vc058?V?�G>J;[\d<PQPQ?U=b5\d670[I?wÛNG>HS:D=8RtG0LXs;58GDCV?F?V9<[Vv
Õ ?V58?�Ú3?�9<?wÖ,L<?�=bE<?�9;?Vc058?V?�G>JZ[\d<PQPQ?U=b5\d��çG>JB=@E;?

0.0

0.2

0.4

0.6

0.8

1.0

0 1000 2000 3000 4000 5000 6000 7000

F
   

   
i  

   
 t 

   
  n

   
   

e 
   

  s
   

   
s

G    e    n    e    r    a    t    i    o    n

Simle GA  (p=10)

Simple GA  (p=9)
Lamarckian GA (p=15)

Lamarckian GA  (p=15):      838-th generation

Simple GA          (p= 9):       6931-th generation

Simple GA          (p=10):              no

perfect  fitness at:

Y	Z [�] ( ]�� d! #"�a%$&$`_'$ i a%"�acb)(* "d f+"

PQ7>=b5\R�Ý � +�� ÜDd

� #
,�
+ � %

,�
� � %

� +�� � � +&,
,�
+ � %

,�
� � %

� (+�� 


`ÅE;?Ã58?V[8:NH�=b[�7058?Ã[8E;G>Ú3L½RSL�î�Rtc0:;58? p o 70cY7>RSL�ÚÅR]=@Eº=@E;?
Ö;=@L;?V[8[�CV:;5\ÛD?�J�G05ÏCFGYLNÛn?VLDRS?VL;CV?>v�`ÅE;?
ÜÈ?VE<7mÛDRtG058[}G>JNÜÈG>=bE
587>=8RSGY[Z7058?Ã=bGe=b7>H]H�d�9NR�ëÏ?F58?VLD=�JO58G0Pô?V70CUEÆG>=bE<?V5wv½òØR]=@E
L;G j Ht?F7058LDRSL<c¼ÛN?V58[MRtG0L�ßO:;s<s,?V5�RSL�=bE<?�Ö,c0:<5@? à o�Ü,G>=bE�587 j
=8RSG0[ 7058?
RtL;CV58?V70[\RSL<c(J�58G0P�ýV?F58GX7YL;9B7Y[MdNPQsN=@G>=8RSCV7>H�H]d_70s j
s;58G07YCFE»=@GÃ=bE<?XÛn7>HS:<?XG>J q v Ô 70s<s<58GeÝNRSPQ7e=b?UH]d0v
KMLZ=@E;?ÁCV70[8?(G>JÏöI70PQ7058CVl0RS70L�?wÛNG>HS:D=8RSGYL¾ß�HtG>Ú�?F5 RtLZ=bE<?

Ö¢c0:<58? à o^G0L�=@E;?³G>=bE<?F5_E<70L;9Èo^Ü,G>=bE�587>=8RSGY[B[M=@705\=�J�58G0P
=bE<?�Ûn7>Ht:;?6Ü¢?U=8Ú�?V?FL q v p 70L<9 q vxãNo¢Ü,?VCV70:;[8?_G>J Õ ?FÜ<ÜDRS70L
HS?V7058LNRtL;cQRSL½=bE<?BÖ,58[\=�c0?VL;?V587>=MRSG0LÈv.-6?FcY58?F?�G>J�[\d<PQPQ? j
=b5\d�RtL;CV58?V70[8?F[
PZR]Ht9NH�d�=bG>Ú�70589_=bE<?ÁÛ07eHS:<?ÅG>JÈ7058G0:<L<9 q v k o
Ú3ENR�HS?�ýF?V58G¼9<?VL;[\R]=\daG0[8CwR�H]HS7>=@?F[XÜ,?U=8Ú�?F?VLa=MÚÁG»[8G>Ht:N=MRSG0L<[
G>JQ7058G0:<L<9 q 70L;9 q v k v `ÅENRt[T[8E;GmÚ3[¼=@E;?V58?Æ7Y58?�=\ÚÅG
9;G0PZRtL;7YLN=
[8sÈ?VCURS?V[�RtL³?V70CUEÃs¢GYs;:DHS7>=MRSG0LÃÚ3EDRSCVEZE<7>Ûn?Á7>H j
PQG0[M= 7�[@70PQ?(PQ?VPQG05\dQCV70s;7YCwR�=8d0v�`ÅE<?Ud»CVG0PQsÈ?U=b?ÁÚÅR]=@E
?F7YCFE�G>=@E;?V5wo�c0?VL;?V587>=MRSG0LÆÜnd�c0?VL<?F587e=8RSG0LÈo�70L<9Æ?UÛD?VL�=b: j
7>H]H]daJ�:DH]H�d½CVG0L<L;?VCU=b?V9TRtL;9DR]Û�RS9<:;7>Ht[39<G0PZRSL<7>=@?B=@E;?_sÈG0s j
:NHt7>=8RSGYLÏv
÷65\Rtc>RSL<7>H Õ G0sNÖ,?UHS9ØPQGD9;?UHXG>JB70[8[8GNCURS7e=8R]ÛD?½PQ?VPQG05\d

ÚÅR]=bE Õ ?VÜ;ÜDRS7YLçHS?V7058LDRSL<cÂE<70[½=bE<?ÆPQ?VPQG05\déCV70s<70CUR]=\d
G>J hmkYÞ G>J(=bE<?aLD:;PBÜ,?V5QGeJ6L<?F:<58G0L<[Z7>=»PQG0[\=Fv¿ß�`ÅEDRS[
CFGY5@58?V[8sÈG0L<9;[_=bG�æ�s;7e=8=b?V58L<[BRSLµGY:;5�[\RSPQ:NHt7>=8RtG0LÆG>J3ã g
L;?V:<58G0L;[wv à K�=b[BÚ3?URScYE0=ÃPQ7>=b5\R�ÝÆRt[Z=@G>=b7>H�H]d�[\d<PQPQ?U=b5\RSC>o
70L;9Ã7>H�H<L;?V:<58G0L<[^7058?^JO:NH�H]dÃCVG0L<L;?VCU=b?V9Z?bÝ<CF?VsD=
J�GY5�R�=b[8?wH�J\v
ß�òð?BPZ:<[\=XL;G>=@?B=@E;7e=XRSL�=bE<?�CF70[8?�G>J�?wÛ�?FL�LN:<PBÜ,?F5XG>J
s;7>=M=b?V58L;[ =bG»Ü,?B[\=bG058?V9Èo;[@GYPQ?XÚ3?URSc0E0=ÁÛY7>Ht:;?V[ÅCVG0:DHS9aÜÈ?
ýF?V58G»9<:;?3=bG Õ ?VÜ<ÜNRt70L¼HS?V7058LDRSL<cNv à
KML¼G0:<5�öI70PQ7058CVlnRt70L»?wÛNG>HS:D=8RtG0LÏo�G0L¼=@E;?XGe=bE<?F5ÁE;7YL;9Èo

Ú3?(G0ÜN=@7>RSL<?V9¼ÚÅ?wRtc0E�=ÁPQ7>=b5\RÀÝ»Ú3ENRtCFE»CV70La[\=bG058? hmk s;7>= j
=b?V58L;[Ã70[BÖNÝ;?V9ðs¢G>RSL�=@[Vv�ò�?³58?FsÈGY5\=b?V9µ?UHS[8?wÚ3E<?V58?�× hmkmÙ
=bE<7>=(Ü¢Ge=bEa70[\d<PQPQ?U=b5\d³G>JIÚ(?URScYE�= P»7e=b5\R�Ýa70L<9¼s<58:;L<?V9
CFGYL;L<?VCw=MRSG0L<[QRtL�=b58Gn9;:<CV?V9ðÜDd�46?FL<?U=8RSC½á(Htc0G05\R]=bE<P�?VL j
HS7058c0?½=bE<?�CV70s<70CUR]=8dYv Õ ?F58?�7>Ht[@G�ÚÅ?�PQ7md
CVG0Ley8?VCw=@:;58?



0.0

0.2

0.4

0.6

0.8

1.0

0 2000 4000 6000 8000 10000 12000

D
e
g
re

e
 o

f 
sy

m
m

e
tr

y,
  
 Z

e
ro

 d
e
n
si

ty
, 
  
a
n
d
  
 F

itn
e
ss Simple Genetic Algorithm (p=9)

fitness

zero density

degree of symmetry

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500 600 700 800

D
eg

re
e 

of
 s

ym
m

et
ry

,  
Z

er
o 

de
ns

ity
,  

an
d 

 F
itn

es
s

G    e    n    e    r    a    t    i    o    n

fitness
Lamarckian evolution  (p=15)

degree of symmetry

zero density

Y	Z [�] � ]��Ia��3b"a�aLf3g $����	� a� }b
�.(�"���
2acb f���a*"'$}d  ��

=bE<7>=X70Ü,G0:D= k>q�Þ 70[\d<PQPQ?U=b5\d¾G>J ÚÅ?wRtc0E�=ÁPQ7>=b5\RÀÝTE;?UHts;[
J�GY5�=bE<?»L<?w=MÚÁG058la=bG½[\=bG058?»PQG058?»L<:<P�Ü,?V5BG>JÅs<7>=8=@?F58L<[
=bE<70Lµ=@E;?¾G05\RSc>RtL;7eH Õ G0sDÖ,?wHt9ðL<?w=MÚÁGY58l,v Õ GmÚÅ?wÛn?V5wo 58? j
c070589DRSL<c»ýV?F58GÃ9<?FL<[\R]=8dYoDÚ(?XG0Ü;[8?V5\Û<?V9»=bE<7>=Á=bE<?BÜ,?V[\=ÁRSL j
9NR�ÛDRt9;:<7>H PQ7>=@5\R�ÝaE<7>Ûn?�G0LDH]d¾7ÃJO?UÚéýV?V58GQCVG0PQsÈGYL;?VL�=@[Vv

É��aÊ��3Î�Ë}Ò��nÑ �FÓSÎ Ë��
`ÅE<?([MRtPÃ:DHS7e=8RSG0L<[ RSLÃ=bEDRS[�s<70sÈ?V5
ÚÅ?F58?ÁPQ709<?(ÚÅR]=@E»ã g

L;?V:<58G0L<[QG>JÁJ�:DH]H]dµCFGYL;L<?VCw=@?F9µL<?V:<5@7eH(L;?U=\ÚÅG058l�[Vv�`ÅENRt[
[\RSýV?�G>J Õ ?VÜ;ÜDRS7YL j HS?V7058LDRSL<cµ7Y[@[8GDCwRt7>=8R]Û�?ºPQ?VPQG05\dÂL<?w= j
Ú3G058lTÚÅG0:DHS9Æ[\=bG058?aæ¾s<7>=8=b?V58L<[Z70[BÖNÝ<?F9�s¢GeRSLD=b[Vva`ÅE<?
L;G j Ht?F7Y58LNRtL;c¾ÛD?V58[\RSG0L�G>JÅG0:<5B46?VL;?U=8RtC»á(HSc0GY5\R]=bE<P s<58G j
9;:<CV?V9Z=bE<?(L<?w=\Ú�G058l�Ú3ENRtCwE�CF7YLQ[\=bG058? g s<7>=8=@?F58L<[wv^î¢:<5 j
=bE<?F58PQGY58?Yo3Ünd�RSLD=b58G09<:<CURSL<cµöI70PQ7058CVlnRS7YLµRSL<E<?F5\R�=b70L<CV?
=bG�=bE<?a46?VL;?U=8RtCaáÅHSc0G05\R�=bE<Pao
ÚÅ?¼G0ÜD=b7>RtLÆ=bE<?aL<?U=\ÚÅG058l
Ú3EDRSCVE�CF7YLB[M=@G058? hmk s<7>=8=@?F58L<[wv�á(H]=bE<G0:<c0E�=@E;?�RSPQs<58GmÛD? j

PQ?FLD= RSLTCV70s<70CUR]=\d³Rt[ÅL<G>=X[8GQ9<5870[\=8RSC>o;=@E;?_CFGYL�Ûn?V58c0?VL;CV?
RS[3[\RScYLNR�Ö¢CV70Ln=8H]d³JO70[\=b?V5�RtL¼=bE<?�Ht7>=8=b?V5ÁCF7Y[@?>v
`ÅE<?X7058CVENR]=@?FCU=b:<58?V[�G>J�ÚÅ?URSc0En=�PQ7>=b5\RtCV?F[ÁG0ÜN=@7>RSL<?V9»RSL

ÜÈG>=bEØ[\RSPQ:DHS7>=8RtG0L<[³70Ü¢GeÛ�?T7Y58?�9NR�ëÏ?F58?VLD=FvèKML
=bE<?�L;G j
HS?V7058LNRtL;cºÛD?V58[MRtG0L;[wo�=bE<?aL<?w=MÚÁGY58lD[QGYÜN=@7>RSL�=bE<?a70ÜDR]H�R]=8d
G>J^[\=bG05\RtL;c»s<7>=8=@?F58L<[3Ünd¾PQ70l0RSL<c³Ü¢G>=bET9<?VL;[\R�=\d¾G>J^ýV?V58G
RSLØ=bE<?½Ú3?URSc0E0=¾PQ7>=b5\RÀÝ¿70L<9ç9<?FcY58?F?�G>JZ[\dNPQP»?U=b5\dÂG>J
=bE<?XPQ7>=b5\R�Ý¼70[\dNP»sD=bGe=8RSCV7>H]H�d³70s;s<58G070CUEÃ=bG_=bE<?(Ûn7>HS:<?(G>J
q v Ô vèKMLØ=@E;?�öI70PQ7058CVlnRt70L
?wÛDGeHS:D=8RSG0L<[wo3G0L
=bE<?�G>=bE<?F5
E;70L<9Èo<9<?Vc058?V?XG>J�[\d<PQPQ?U=b5\d³G>J}=bE<?(ÚÅ?URSc0E0= PQ7>=b5\RÀÝ¾7Ys j
s;58G07YCFE<?V[�=bG»7058G0:<L<9 q v k o¢70L<9a70[ÁJ�GY53CVG0L<L<?FCU=8RtG0L;[woNÚ3?
G0Ü;[8?V5\Û<?V9BGDCVCF70[\RSGYL;7eH,70s<s,?F70587YL;CV?ÁG>JÏÜ,?V[\= j Ö;=@L;?V[8[ RSL;9DR j
ÛDRS9<:<7>HÏJ�58G0P�[8sÈ?VCwRt?F[ Ú3ENRtCFE¼E<70[Á7058G0:<L;9 k>q�Þ CVG0L<L<?FC j
=8R]Û�R]=8dYonÚ3EDR]HS?ÅJ�:DH]H]d j CFGYL;L<?VCw=@?F9»RtL;9DR]Û�RS9<:;7eHS[�7058?(:<[@:<7>H�H]d
9;G0PZRtL;7YLN= RSL¾=bE<?�sÈG0s<:NHt7>=8RtG0LÏv
`ÅE<?»58?F[8:DH]=b[B7YL;9Æ70L<7>H�d<[\RS[B58?VsÈG05\=b?V9ÆE<?V58?»7058?»G0LDH]d

=bE<?ºÜÈ?Vc>RtL;LDRSL<cÆG>JBG0:<5¼CVG0Ln=8RSLD:NRtL;cÆ58?V[8?V7058CwE
s<58Gey8?VCw=Vo
70L;9ØPQ70Lnd
Ge=bE;?V5Ã=b7Y[@l�[³7Y58?�[M=8R�H]H(Ú(7>R]=8RtL;c�JOG05¼?bÝ;sDHSG j
587>=8RSGYLÏv

��Ò���Ë}Î�� �nû;Ð�� ü3û;Ë}Ì��
òµ?X=bE<70L<l³í�?U=b?V5 -67mÛDRt[Å7>=(áX9DÛn70L<CV?F9¾`�?UHS?VCFGYPQPÃ: j

LNRtCF7>=MRSG0Léï3?V[8?V7058CwEçK\L;[\=8R]=@:N=@?Âß�á `Åï à vÅ`ÅE;?�RS9<?F7Y[TRtL
=bEDRS[3s<70sÈ?V5ÁÚÅ?F58?6G05\RSc>RtL;7>H�H]d½9<?V5\R]ÛD?V9¼JO58G0Pê9NRt[@CV:<[@[\RtG0L;[
ÚÅR]=bE½ENRtP¾v

�_û��Nû<ÍÏû;Ë}ÒÈû �
× hUÙ_r v r v Õ G0sDÖ¢?UHt9ÏoZWX?V:<587>H»WX?U=\ÚÅG058l�[T70L<9.í^E�d<[\R j

CV7>H¢A�dN[M=@?FPQ[
ÚÅR�=bE v PQ?F58cY?FLD=���G>H�HS?VCw=MR]Û<?���G0PQs<: j
=@7>=8RSGYL;7>H^áXÜDR]H�R]=8RS?V[wv! k��431 
c
 J��0����6 4"; -#"�
%$ �.-0�/4��u���
&<1 �2J2
('*) 4";�+u1��5
��u1�
c6-,/.�+0& ��1 s<sÏv Ô0k0k ã32 Ô0k0k>f o
hwg0f�Ô

× ÔmÙ -�vX÷Bv Õ ?VÜ;ÜÈo546"�
87k���������#99�.-0�/4�� 4";;:<
�"��=<9�/4��?>
òØR]Ht?wdno hVg ã g

× p>ÙA@ v Õ v Õ 7Y[@[8G0:<L ß v 9Èv à oB&86c694=1��5�	-��C<	
D$ 
(E �����
F 
('{4����5
c6?GH46" 
�4��-) ���uJ5I('8KN��
-' 
��N-5�.-0�/4���>Á÷ÅÝ j
JOG0589 � LNR�Û<?V58[MR�=*d¾í�58?V[@[wo hVg0g0p

× ã Ù_r v Õ GeH]HS70L<9Èo;&<J2�cKA-5�.-0�54=� �0�D$ �.-JE �c���U���uJH&8�LK
-0� F 1��5����+M)=6�-5
('+6?>3`ÅE;? � LDR]Û<?V58[\R]=*d|G>J @ RSCUENRtc070L
í^58?F[8[wo hVg æ k

× kmÙ -�vÈ46G>Ht9;Ü¢?F58cNoON 
��u
�-0�51�&8� ��4����/-#"P' 6,�0�5+u
���� 1�"P,
7 KA-0�J' �#93�.-0�54��M, ���uJ F%�21�" �0�u
 QI
c�����������P>
á39;9DRS[8G0L j ò�?V[\HS?Udno hVgYf0g

× i>Ù_r v+-�vYADCVE;7>ëÏ?V5wo+-�veòçENR�=8HS?Ud�oe7YL;9�ö^v r v v [8E<?UHSPQ70LÈo
��GYPÃÜDRSL<7>=8RtG0L<[�G>J}46?FL<?U=8RSCÁá(Htc0G05\R]=@E;PQ[
70L<9ÃWX?V: j
587eH<WX?U=\ÚÅG058lD[��Iá
AD:<5\Û<?Ud_G>JN=bE<?ÁA�=b7e=b?�GeJN=bE<?�áX5\=Vv
 k��431c
�
 J��0���=6<4";�-#"�
�R 4���S96�"�4cKR4��UT 4='{7����u�.-0�54�� 6
4";VN 
��u
�-0�51W&�� � 4�����-C"P' 6 ���uJU$ 
(E �c���X$ 
3-JYk4���S96Z>
h 2 p æ�o hVg0gnÔ

× æ Ù\[ v^] 70GNo3áñï3?UÛ�RS?UÚñG>J v ÛDGeHS:D=8RSG0L<705\dðáX5\=8R]Ö,CURS7>H
W3?F:<587>HIWX?U=\ÚÅG058l�[Vv_I��N-5
����u�.-0�54��u����` 4=E ���u����4";�I��aK
-5
�������� 
��N-O+M)=6�-5
('+6?> 
 s<sÏv k>p0g 2 kei æ�o hVg0gYp

× f>Ù -�v @ G0LD=b70L<7No�70L;9éö
v.-67>ÛDRt[�ß hVgYf0g�à v6` 587>RSLDRSL<c
î,?F?V9DJ�G05\ÚÅ70589|WX?V:;587>HQWX?U=\ÚÅG058lD[½:;[\RSL<c�46?VL;?U=8RtC
áÅHSc0G05\R�=bE<PQ[Vvb k��431c
 
�J��0����6 4";Uc	�cJdI��N-5
����u�.-0�/4��u���
T 4��3;�
���
��u1c
+4��eN 
��u
3-0�/1�&8� � 4=���/-#"P'+6?>¢æ i�Ômj æ i æ�v



× g>Ù -�v�ò|EDR]=MHS?Ud�o^70L<9µ`6v Õ 70L<[@G0Lçß hVg0fYg�à v^÷XsN=8RtPZRSý j
RSL<cTWX?V:<587>HÁWX?U=\ÚÅG058lT:;[\RSL<c½îÏ70[\=b?V5 @ G058?»áXCVCV: j
587>=b?Ã46?FL<?U=8RSC�AN?V7058CUEÏv� �c491 
c
�J�������6+4";%c	��JAI��N-5
��LK
�u�.-0�54��u���WT 4��3;3
��c
��u1�
 4�� N 
��u
�-��/1V&8� � 4����/-#"P' 6Z>
p0g;hUj*p0g0i v

× hVqeÙZÕ v��6R�=b70L<Gºß hVgYg0q�à v -6?V[\RSc0LDRSL<c¼WX?V:<587>H WX?U=8Ú�G058lD[
:;[\RSL<ca46?VL;?U=8RtCZáÅHSc0G05\R�=bE<PêÚÅR]=bE�465870s;E�46?VL;?V587 j
=8RSG0L�A�dN[\=b?VP¾v�T 4='8KN��
 H�+M)963-5
(' 6Z> � ã i;hUj ã�æ i v

× h0hbÙ 4�v @ R]H]Ht?F5wo^í v�`�G�9<9Èo
7YL;9µA,v Õ ?Vc09<?Tß hVgYf0g�à -6? j
[MRtc0LNRtL;c�W3?F:<587>HÁWX?U=\ÚÅG058lD[_:;[\RSL<c�4�?VL<?w=MRSC¼áÅHSc0G j
5\R]=bE<P¾v� k��431�
 
 J��0����6 4"; c	��J I��N-5
����u�	-��/4��u��� T 4=�aK
;3
��c
��u1 
+4��eN 
��u
3-0�51�&8� � 4����/-#"P' 6Z> p æ g>j*p0f ãNv

× hmÔFÙ A,v Õ 7058sÈoI`6v}AN70PQ7Y9Ïo�70L<9�áBv 46:<E;7�ß hVg0f0gnà vI` G j
Ú370589;[³=bE;?�46?VL;?U=8RtCðAnd<Ln=bE;?V[\RS[½G>J³WX?V:<587>HÃWX?U= j
Ú3G058lD[wvO �c491 
 
�J�������6 4";Wc	��J I��N-5
����u�.-0�54��u����T 4��aK
;3
��c
��u1 
+4��eN 
��u
3-0�51�&8� � 4����/-#"P' 6Z> p0iYq>j*p0i0g v

× hVpeÙ î v³4658:<70:Èoº70L;9 -�vQò|EDR]=MHS?Ud ß hVg0g0pnà vQáX9<9NRtL;c
ö�?V7058LDRSL<c�=bG�=bE<? ��?UH]HS:DHS7Y5 -6?UÛD?UHSG0s<PQ?VL�=ÁG>J�WX?V: j
587>H(WX?U=\Ú�G058lD[�� v ÛNG>HS:D=8RSGYLÆ70L;9�ìÁ7>Ht9NÚÅRtL v ëÏ?VCU=Fv
�X<	4�� E�-0�/4��u���-)5T 4='8KaE�-5�.-0�/4���> m ß p�à(ÔNhVpejMÔep0p v

× h ã Ù A,vNWXG>H�ÖIo;70L<9 -�vNí�705\RS[\R ß hVg0g�kYà v v ÛDG>H�ÛDRSL<c�áX5\=8R]Ö j
CwRt7>H_WX?V:;587>H_WX?U=\ÚÅG058l�[Q=@E;7>= -6?UÛ<?UHSG0s�RSLç`�RtPQ?Yv
 �c491�
c
 J�������6 4"; c	��J��XE ��4cK 
c��� T 4��3;3
��c
��u1 
 4��
&���-�� F 1��/���aQI� ;3
?> p�k>p>j*p0i æ�v

× hmkFÙ á_v^KMPQ709<7No�70L;9��Zv áX5870l0RZß hwg0g�k0à v�4�?VL<?w=MRSC½á(H j
c0G05\R]=@E;P v LNHt7058c0?V[�=bE<?/��70s;7YCwR�=\d�G>JÅá3[@[8G�CURS7e=8R]ÛN?
@ ?VPQG05\dDvZ k�c491�
c
 J��0���=6 4};��.-#" I��N-5
����u�.-��/4��u���aT 4��aK
;3
��c
��u1 
+4��eN 
��u
3-0�51�&8� � 4����/-#"P' 6Z>;ã hwp>j ã Ô>q v

× hVieÙ á_veKMPQ709<7NoY70L<9��ZvYáX5870l0R}ß hVgYg�k0à v @ :N=@:;7eH]H]d*��GYL j
L;?VCU=b?V9ºW3?F:<587>H
W3?w=MÚÁGY58l ��70L�ö�?V7058L�ADG0PQ?�í
7>= j
=b?V58L;[
ÜNd @ ?V70L<[ÂG>JÆ46áBv  k��431c
 
cJ�������6 4"; -#"�

R 4���� J T 4����.�c
c6c6 4=� $ 
(E ������$ 
3-JYk4���S96Z> m fYq0p>j
f0q0i v

× h æ ÙZÕ v?]Å7YL;7>R�o?]ZvYAN7mÚÅ709<7Noe70L<9ZA,v?]ÁG0[8ENRSýV7VÚÅ7_ß hVg0g;hmà v
-XdNL<70PZRSCV[3G>J 70LTá3:N=bG j á3[@[8GnCwRt7>=8R]ÛN?XWX?V:<587>H WX?U= j
Ú3G058l @ GD9;?UH
ÚÅR�=bEÆáX58ÜDR]=@58705\dd��GYL;L<?VCw=MR]ÛDR�=8d�7YL;9
WXG>RS[8?^RSL�=bE<? `ÅE;58?V[8E;GeHS9Èv�$ 
�-JY 4���S�> t ß p�àIÔ>g�kmj*p;h ãNv


