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c)d�e \ e U�f>U�\ e4g�hLi(j]k U i	k�c)e�l
m�dNknjponh \ e U g�dqg�d8e�jHj K l
e�g�eJ
≡ iLr�s X e \ h�o K l
e�g�e�j

t l>j�d�h KqK8U l \
u�v	w c)h+cxd8l�k>e�h K�K h�j&l�k>e X l>j&d8h K j U i�y)i8h�k(k
c)h X8z
U g ` h K�K h�j�l�kAe{�v	t h�kAdqh \ i8e�l�kBd8e \ cxd8lWk>e U i�y X8z
U g ` k
c)h#h K�K h�j�l!k>e X l>j&d8h K jO u1v�w c)h X8zBU g ` h K�K h�j&l�k>e X l>j�d�h K j U i8y)k
cxh|cxd8l�k>e�h KNK h�j�l!k>e X l>j&d�h K j} h�r X8z e�yK�U cxi(j

J y K M O�J y K QJ y K ≡ ~ r8s X e \ h�o�y�h�r X8z e�y K�U cxi(j
�YU cxi(jU y�� U i8g�e ( )��

==
− �

� ��
�� ��

��
�� �� ��L�������L�H�
��I
K8f R

≡ l K�U c)i \ h�c�iNr�s X e \
� k
r�o6os�h X l z l�k!�

} l�o>oSe \ e�i8g�e�l�i+kBd8e�iLr8s X e \ h�o.j b r U�\ e�j�i8h�k(y�hLs�l�i U k>e�y X �+kAd8eh K�K hLi8e�iNk8kBd U k(g U i X e�hLg1g�r K lBe1y X �qc)d8l!k>e K l
e�g�e�j�c)l�k>d \ e�j K e�g�k^kBh)k>d8eX8z
U g ` hLi8e�j I�X l>j&d8h K�v�` i�l
mLdNk vL\ hLh `�U iNy b r�e1e i R� k
r�o6og�h�h \ yNl!i U k>l
hLi
} l�o>o&e \ e�i8g�e4h�oYk>d8e)j]r�s�h�oYk
d�e K l
e�g1e�j K�\ h�kAe1g�k>lBi8m+e U g�dqc)d�l�k>e K lBe1g�ecxl�k>d \ e�j K e1g�k(k>h)k
d�e X8z
U g ` h�i8e�j I e1��g�e K k(kBd8e ` l!i8m R� j&h z
U k>e�yK�U cxi(j

J l K M O^J l K QJ l K ≡ ~ r�s X e \ h�o�l>j&h z
U kAe1y K�U c)i�j�YU jHj�e�yK�U cxi(j
JLKNK M O�J�K�K Q

J	K�K
≡ ~ r8s X e \ h�o K�U jHj&e1y K8U c)i(j� e�iNkAe \g�hLiNk \ h z

} l�o>o&e \ e�i8g�e4h�oYk>d8exjSr�s�h�o�kBd8e K l
e�g�e�j.yNhLs�l!i U k>l�i�mqe U g d�h�oYk
d�eg�e�iNk>e \ j b r U1\ e�j X �+kAd8eDcxdNl�kAe v c)l!k
d \ e�j K e�g�k(k>h)k
d8e X8z
U g `
� l!i8m�j U one�kB�

} l�o>o&e \ e�i8g�e4h�oYk>d8e)j]r�s�h�oYc)d8l!k>e K l
e�g�e�jpk>d U k(g U i K rNk�k
d8eh K�K hLi8e�iNkH�
j � l!i8m+l!iLk>h+g�d8e�g ` cxl�k
d \ e�j K e1g�k8kAh|kBd8e X8zBU g `�I�K8z r(j�k
d�eg U j]k z l!i8m R
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RTS1U�VGWXWHY'VZY%["U�\^] _
WP`�a1U�[
bGc!SD]dSLVGY�eGa,] _fVGY�[�gh`da�iX[�a1]�U�VHU�VZWjckY�[�bG`dlXVZY'Y�lZSD]^mGa1Y�nGU�` eoS
\'`dlHU�p,U�\�]'[�U�`dVFS�[�]�WPYdqsr�bGYtp,U�WdeZa1YkuvS�bG` gwSxbG`dgy[�bGYkVGY�eHa1]�_�VGY�[�gh`da�isSx]�a1Yk\�`dlHU"p,U�Y�l!zP{f[�bGY
U�VGlHU|nGU�ldeH] _"SIU.Vt[
bGYxWHY�VGY�[
U�\x]�_�WH`da1U�[
bHc}q

r�bGYfp,U�VG]�_xa1Y�] _"~"VdeZctzGY�a1Y�lOS�[
a1U�VHWD`�zP[�]�U�VGY�lL]dS�a1Y S�eZ_�[T` pT[�bGYv\ `dlHU�p,U�\�]'[�U
`dVDmHa1`d\'Y�S�S
\'`dVH[�] U.VsSI[
bGYxg�Y�U�WHbP[,S+]'VZltzGU
]dS1Y S<` p�[�bZYxVGY�eHa1]�_-]�a1\�bGU|[�Y�\�[�eHa1Ydqdr�bHU�S�mHa1`d\'Y�S�S<U�S<c�]�lPYxp,a1`dc
[�bGY�eHmHmGY�aT[�`�[
bGY�_�` ghY�akVGY�eHa1`dVL]'VHlJp,a1`dc�[
bGYfU�VdmHeP[�[�`�[
bGYf` eH[�mHeP[�_.]�{GY�a�q��sU�VZ]'_
_|{G��[
bGY
zGU�]dS1Y�S�] a1Y�\�`dlPU.p�U
Y'lwU�Vt[
bGY�S�]�c�Y�g�]�{�q

1
W31=0,12

W42=0,8

W52=0,56

W53=0,2

W54=0,9

W32=0,9

2

3

4

5

b3=0,31

b4=0,82

b5=0,11

W52 W31 W32 W42 W53 W54 b3 b4 b5

0,56  0,12  0,9  0,8  0,2  0,9  0,31  0,82  0,11

Real-coded string representing the
neural network on the left
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�.�%�

�P�����<�s�x�O�H���s���d�
�H�¡ �¢�£¡�o¤��'�H¥�¥	�d¦H�d�@§¨�H��¤x����¥�¥-©+�H¥1 �ª1 ��d«!¬<¦Z£¡��­�£�ª¨ ��d«
®L¯d°�±H²G¯d³�¯d´Hµ�¶�· ³�¶'°1¯H¸�¸1¯ ¹sº�°t²G·�¸�»Gº'º�¼¾½Pº�¸1µ�´P¼Zº'½J¿�¯À¸	¯d³|¹sºf´Hº'¼Zº'°,· ³�±PÁH°�±Z¯H¸	ºf¯ ±H¿�µ�Â�µ�Ã�·�¿�µ�¯d¼
±G°1¯�»G³�º�Â!¸0Ähµ�¿�²!°1º�· ³�Å�¶�¯d½Pº�½�´Hº�¼Gº�¿�µ�¶T·�³�´P¯d°,µ�¿
²PÂ!¸tÆ
Ç¡È�Æ1É�ÊHÈ	ËZÌ�²Pµ"¸0µ
¸0¿
²GºT¶�·d¸1ºÍÄh²Gº�¼�¿�°,· µ.¼Pµ.¼G´
·'°�¿"µ�Î,µ�¶�µ�·�³�¼Gº�ÁH°,· ³�¼Gº�¿�Äh¯d°�Ïs¸xÄ�²Gº�°1ºkÄ�º�µ�´H²d¿,¸Í·�¼H½�»Gµ
·d¸1º ¸�·�°1º�¶'¯d½Hº�½�»HÐ}¿"²Gº�µ�¼G½dµ ¹Gµ�½¡ÁZ· ³"¸x¯ Î
¿�²Gº�±G¯ ±HÁZ³�·�¿�µ�¯d¼sË|Ë

Ñ+º%¿�¸
∈Ò ℜ

»sºJ·J±s¯dµ�¼H¿kµ.¼Ó¿
²GºL¸1º�· °1¶�²Ô¸�±G·�¶'º�Õ Ò ℜ
Õ@¿
²H·'¿w¶'¯dÂk±Z°�µ�¸1º�¸�¿�²GºL¸1º�¿k¯dÎ!· ³�³

±G¯H¸�¸	µ »G³(ºxÄhº�µ�´P²H¿,¸�·�¼G½�»Gµ�·�¸	º�¸�¯dÎ�·�´Hµ|¹Gº�¼�¼Gº�ÁH°1· ³G·�°1¶�²Zµ�¿�º�¶�¿�ÁH°1ºdË Ì�²Gº�¼Gº�ÁZ°�·�³�¶�¯d¼PÎ,µ�´dÁH°�·�¿�µ�¯�¼�¸
µ�¸�½Hº%Î,µ�¼Zº'½h»PÐt¿�²Zº�¸�¿�°,µ�¼G´w¸1Ö�×�· Ø,Õd·dÙ�ÕoË.Ë|Ë Õ¡·�Ú Û|Ù�Ü�ÕdÄ�²Gº�°1º�· Ý

∈ ℜ
Ë�Ì�²Pµ"¸I¯ ±Zº�°1·'¿�¯d°-Äh¯d°�Ïs¸IÄhµ�¿�²�º�· ¶�²

´Pº�¼Gº�µ.¼}¿
²Gºk±H·�°1º'¼d¿,¸�µ�¼H½Hº%±Zº�¼G½Hº�¼P¿
³|Ð}¿�¯v¯�»P¿�· µ.¼}¿
²Gº�¶�¯d°�°1º�¸�±G¯d¼G½Hµ.¼G´f´Pº�¼Gºwµ�¼f¿�²Zº6¿
Ä�¯f¼Gº�Ä
¼Gº�ÁH°1·'³�¶�¯d¼PÎ,µ�´dÁZ°�·'¿
µ�¯d¼s¸<¿�²H·'¿+·�°1ºT´Pº�¼Gº�°�·'¿"º'½!·d¸�·t°1º�¸�ÁG³�¿+¯ Î+¿�²Gµ"¸@¯d±Gº�°1·�¿�¯d°�ËHÑ+º�¿8¸�Ù,ÕIË.Ë|Ë|ÕÞ¸¨ß¾»Gº
·'¼à¯d½H½D¼PÁHÂT»Gº�°�¯ Î�¼Zº%ÁH°1·�³T¶�¯d¼PÎ,µ�´¡ÁH°1·�¿�µ
¯d¼s¸�¶�²G¯H¸1º�¼ÓÎ�°1¯dÂá¿�²Gºv· ¶�¿�ÁZ·�³Í±Z¯ ±HÁG³.·'¿
µ�¯d¼D¿�¯F»Gº
¶'°1¯H¸�¸1º'½ZÕ¡¿
²Gº�¼�»HÐkâo±H°1¯d´Hº�¼Gµ|¿�¯d°�¸IÂw·'¿
°�µ�ãTµ�¸�½Hº�Î�µ
¼Gº�½t·�¸'ä

Äh²Gº�°1º�¸ Ý Öf×(· Ý Ø Õ¡· Ý Ù ÕoË.Ë|Ë Õ · Ý å Ú Û Ù Ü,Õ¡µZÖLÉ�Õ"Ë|Ë Õd¼�Ë

Ì�²Gº!¶'°1¯H¸�¸1¯ ¹sº�°t¯ ±Zº�°1·'¿�¯�°ÍÄh¯d°�Ïs¸tÄ�µ.¿�²Lº'·�¶�²L¶�¯d³�ÁGÂw¼Íæ�Ý Ö�×�·dÙ�Ý Õ · ç,Ý Õ<Ë�Ë|Ë Õ ·'ß¨Ý Ü�µ�¼FÂ�·�¿
°1µ�ãLè
¯ »P¿�·�µ�¼Zµ�¼H´é´Hº�¼Gº�¸ê¯ Ý · ¼G½ë¯ Ý|ì ¿�²H·'¿F»Gº�³�¯d¼G´X¿�¯í¿"²Gº^¿�Ä�¯î¼Gº'Äï¼Zº%ÁZ°�·�³L¶'¯d¼HÎ�µ
´¡ÁH°1·�¿�µ�¯�¼s¸
¯dÖ�×(¯ Ø Õ�¯ Ù Õ"Ë.Ë|Ë Õ|¯ Ú Û Ù ÜÞ·'¼Z½t¯ ì Öð×(¯ ì�Ø Õ�¯ ì
Ù ÕoË.Ë|Ë Õ�¯ ì.Ú Û|Ù Ü�Ë

ññ
ññ
ñ

ò

ó

ôô
ôô
ô

õ

ö
=

−

−

−

÷÷ø
÷ùù�÷ù�ø
÷÷÷
÷÷.ø

ú ú ú
ú ú úú ú úú ú úú ú ú

ú ú ú
ú ú ú

û�üûû
ü
ü

ýýý
ýýý
ýýý
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2!35476�8+9#:�4�;	<�8+4�=?>�;@>�6�A�4�;CBD8+9#EFA
3�4G9#8DH
I�H�J�>�KLEM9#8N6�359#K
9#I�H
:�>�KO:�8D9�P�PQ9�R54�8Q=�A�9SI@4�J54�8D>TA�4

AU354�J54�VWP�4�ADP*9#B�V(4�H
I�3@ADP!>�J@;YX5H
>#P+4�P*9�=@9-Z
∈[ ℜ

H�P\AU354�BN9#KUK
9�V.H
J�I�]
>@^ _`2!354.EM9#8N6�359#KU9#I@H
:�>�K�I#8N>�;@HU4�J@A!9�6�4�8N>�A�9#8+=5I#aQb c#d e"] [\f d→ℜ

=5H�PL>T6�65K$H
4�;M9#Jg4�>�:�37R54�:�A�9#8�chd =H
ikj5=ml�=n^$^ =#o�p�l�=	VYH�AU37>.PNA
8�<5:�A
<�8+H$J�I74�K
4�EG4"J@A�X!] [ a�q ℜ
;@4�BDH
J54�;(>#P�]

rstu#vwTx t�y ∈∀= z	{ |+}*~������
�@�
���+z@�$��� z	��z5����� z��������
������z�.���T�+� ���
����� �5��� �#� ���@��������� �-���!�-����T��� ���@� ��� � ���(�#� � �5�L�5�� �¡���¢� � } � | � £ � �L�����
�#�����N¤
¥¦� � ∈ ~���z!¥�zn���$� z   ��¥#�§ � �5�� �¡���� � ���*�5�$�#� z�� ��� � ��� � � � �0� �5��� � ��¡5 $� � � �#� ���?�5� � ��� � ��� � � � ¡-� z �.���� 
� � � � � ���*  � � z� �5� �-¨ �T� � � � �5� �5� ���O�5�� $¡5��� ���m� �5� � ��� � �����+��© �#� �5���+�@� � � �
ª�« ¬®­L¯�°
ª�¯

ϕ ± ℜ → ℜ
°�²5¯g¯�³#´5µ
¶#·+¸�°�¹U¶#º»¬ ¯T³#´�µ
¶#¹�°�¸�°�¹
¶�º½¼�¾!¾
¿&À�Á5º�Â¦°�¹
¶#º»°U²5¸�°�Ã#Á�¹�Ä�¯�ÅÆ°�²5¯Ã�¯Tº�¯¦°�¹
ÂÇ¸�µ$Ã@¶#·+¹�°U²5ÈÉ°U²@·+¶�Á�Ã#²Ê°U²5¯ËÅ+¯�¸�·+Â�²ÌÅÍ´�¸�Â�¯®°�¶Î°�²5¯Ç¶�´@°�¹
È7¸�µÏÅ�¶#µ$Á@°�¹U¶#º�«ÑÐ!²5¯ÈM¸�³#¹
È7Á�ÈÒÃ�¯Tº�¯&¹�Å?Ä�¯�ÀN¹Uº5¯�Ä0¸hÅ ± Ã@Ó Ô�Õ
Ö�×SÈM¸�³5¼ Ø#Ó ¿ÍÙ

ϕ
¼ÚÃ�Ó ¿­L¹�Û�¯�Ü.¹�Å�¯�Ý	°U²5¯�ÈM¹�º�¹
È0Á�ÈÒÃ@¯"º5¯�¹�Å!Ä�¯¦ÀD¹
º�¯TÄ(¸#Å ±Ã�Ó Ô�Ó Þ5×SÈß¹�º-¼ Ø#Ó ¿Nà

ϕ
¼ÚÃ�Ó ¿Ð!²5¶�Å+¯ á5¸�µ�Á�¯�Å�Ä�¯�°�¯�·+È7¹$º5¯�°
²�¯.ÂT·+¶�ÅQÅ+¶�á5¯�·O¹
º#°�¯�·�á5¸�µ!â Ó ×
ã�Ã Ó Ô�Ó Þ Ý�Ã Ó Ô�Õ
Ö+ä Ý@ÀD·+¶#È®Ü.²�¯T·+¯�°U²5¯Ä�¯�Å+¹
·+¯�Äká5¸�µ�Á�¯M¶#Ó5¹�Å.·+¸Tº�Ä@¶#ÈMµ�åS°�¸TÛ�¯�º�«mÐ!²5¯M¹çæ èYÃ@¯�º�¯éÀD¶#·�°�²�¯G¶�°�²@¯�·.Ä�¯�Å+Â�¯�º5Ä@¸�º@°�¶-ê�Ó5¹�Å¶�ª@°�¸�¹$º5¯�Ä0ÀD·+¶#ÈÒ¹�º-ÅN¹UÄ@¯�°
²5¯�Â�·+¶�ÅQÅ�¶�á5¯�·*¹$º@°�¯�·�á5¸�µ@ÁnÅ�¹$º@Ã.°U²5¯&ÀD¶#µ
µ
¶#Ü.¹�º5Ã.ÀD¶#·+È7Á�µ
¸ ±¶-ê�ÓD×SÃ@Ó Ô�Õ�Ö\àSÃ@Ó Ô�Ó Þ
Ù�¶#Ó

Ð!²5¯�¾L¾ëÀ�Á5º5Â�°U¹
¶#ºg¸�µ
µU¶�Ü(Å*°�¶MÄ#å@º�¸�ÈM¹
Â�¸�µ
µ�åMÂ�¶#º@°U·+¶#µ�°U²5¯.·N¸�º5Ã�¯.¶�ÀO°U²5¯.Â�·+¶�Å�ÅQ¶�á�¯�·O¹$º@°�¯�·�á5¸�µ°�¶ë¸�á-¶#¹
ÄëÀN¸�µ
µ
¹$º5Ãë¹�ºìµU¶#ÂT¸�µ.È7¹$º5¹�ÈM¸Ñ¸�º5Äí°�¶ëÃ@¯�°(¸í²�¹
Ã#²ìÂ�¶#º#á5¯�·NÃ�¯�º5Â�¯íÅN´5¯�¯�Ä-«Oîï²�¯Tºï°U²5¯¹$º5Ä@¹ á5¹
Ä	Á�¸�µ�Å*°�¶.ª5¯.Â�·+¶�Å�Å+¯�ÄG¸�·+¯.Ä@¹ á5¯T·QÅ+¯(¼�ÜY²5¹
Â�²M¹
È7´�µ
¹
¯�ÅO¸.²@¹UÃ#²0á5¸�µ�Á�¯.¶	À!°�²�¯.Ã@·D¸�Ä#¹
¯�º#°�¿?°U²5¯Â�·+¶�Å�Å+¶�á�¯�·O¹
º#°�¯�·�á5¸�µ�¹�ÅOÈM¸�Ä�¯.º�¸T·D·+¶�Ü.¯�·O¸�ÂTÂ�¶#·+Ä@¹$º5Ã7°�¶0°�²5¯�á5¸�µ�Á�¯�ÅOÈG¸�³5¼ Ø#Ó ¿*¸�º5ÄMÈM¹�º�¼ ØhÓ ¿+Ý@°U²	ÁnÅ¸�µUµ
¶�Ü.¹
º�ÃG°�¶M¯�³	´�µ
¶#·+¯(¹�°DÅ�¹�º#°�¯�·N¹
¶#· Å+¯�¸T·+Â"²5¹�º�ÃGÀD¶#·O°
²5¯(¶�´�°�¹
È7Á�ÈÇÈ7Á5Â�²gÀD¸#ÅN°�¯�·�«�ð�ºg°U²5¯0¶�°U²5¯�·²�¸Tº�Ä�Ýn¹$À!°�²5¯.¹$º5Ä@¹ á5¹
Ä	Á�¸�µ�Å*°�¶.ª5¯(Â�·+¶�Å�Å�¯�ÄM¸�·+¯�á-¯�·�åSÅ+¹
ÈM¹
µ�¸�·�¼�Ã#·+¸�Ä#¹$¯�º@°!Â�µ
¶�Å+¯�°D¶7ñ�¯�·+¶#¿+Ý@ÜY²5¹
Â�²ÈM¯�¸TºnÅY°U²@¸�°*°U²5¯7´�¶�´@Á�µ
¸T°U¹
¶#ºÑ¹�Å.ÂT¶#ºhá5¯T·+Ã�¹$º5Ã�Ý\°U²5¯�ºò¹ç°�¹�ÅÆ¸�Ä�á5¹�Å�¸"ª5µ
¯7°�¶S¯�³	´�¸�º�ÄC°U²5¯M¹�º#°�¯�·�á5¸�µã�ÈM¹$º-¼ Ø Ó ¿ÍÝ ÈG¸�³5¼ Ø Ó ¿ ä °�¶M¸�µ�µ
¶�ÜW°�²5¯(¯T³#´�µ
¶#·+¸T°U¹
¶#ºS¶�À
º5¯�Üó´5¶#¹Uº@°DÅ&¹$ºG°U²�¯0Ä�¶#ÈM¸�¹$º-Ý@°
²@ÁnÅ&¸"á5¶#¹
Ä�¹�º5Ã°U²5¯&´�¶�Å�Å+¹�ª5µ
¯ Â�¶#º#á5¯�·+Ã�¯�º5Â�¯&°�¶.¸ µ
¶#Â�¸�µ-¶�´@°�¹�È7Á�Èg«

ôõ ö
−

≤−−
= ÷hø$ù@ú�ûNüÆýUþ�úÿ�� ÿ������Úÿ�� �	����

�

ÿ�� ÿ���ý��ÿ�� ÿ����Úÿ�� ��
 �
����

�
���ϕ

�������������� �!#"�"%$�&�'�(*)�+-,�'.&�/0!2143�5.)6 �!7!98�,�:;&�)�+-,�'�<2=�5>'�!*&�=?<2:�'�!*)-@A,�=�B>)6=�<2+;'�+;'�C

�D �!7"E"F$�&�'�(*)-+-,�'G!2HJI�:-,25�!21>3�5LKNM�OPO*QSRUT
V�K6WNRYX[Z0\�]^X�O_VS\�Z9T	X[O_K;`aRY\�b^K;\cZ9W�X[W X�de+�/7/� �,�@A'f+;'
$c+-C�&�=?!hg�if�� �+�/j$k&�'�(*)�+-,S'l+�/nm�&�+;)�!o1�+;$�$c!U=?!2'	)F$c=?,�Hp)6 �!o,�'	!q&�/?!U1r+-'r)- �!o,�=?+-C�+N'�<2:
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