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a parental distribution

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

b parental distribution

t�2j6/!�3AÙ"6)¸� 0��3A�5 1 0���7 /��!��A��·��A � 1 : 0 5!� A �	A ��A 5;C/ 1 0 13A`�±� 2 =>1|� 2�?,/,132	465�=�q�f¥�,A 0����34y� = 0�� A�� A�0���2j¹�0 132	465�=*���34�;1|�,A9��0�� A 5 1 0��!� 2 = 1��32	?,/ 1 2�4�5!0 5!��0��3A 1��,A*��A�	 134�� =�m 1|��A 5,A �Q�,2	=>1|� 2�?�/ 132	465�2 =,	 465�=>1|� /!	 13A����@2�1|�nqGf¥��A A �j��2j��=3462��,=2�5!�,2j	�0�13A 1��,A 465,A )�/���2	5,A 4���1��,A 5,4�� ;�0��Ñ� 2 = 1��32	?,/ 1 2�4�5�=�q



���������34
	 A�A�� 2	5� =.4���1��,A�� A 5�A 132�	 0 5�� +��64��	/ 1 2�4�5�0������.46;��,/ 1 0�132	465��.4�5
� A � A 5!	 A�"�#�#$#!7%�$+&�'�'(*)�#�#�: �,+�-/.$01+$-�+ {

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

−2 0 2

−2

0

2

t�2j6/!�3A<9,),o�A�- /,A�5!	 A<4���� 2	=>1|� 2	?,/ 132	465�= m��3A�=´� A�	 132j�6A �j���A 5,A�� 0 13A`� ?1�Ù�3A�0��	2u¹�0�132	465�= 4���1|�,A����3A`	 A`� 2�5!B� 2	=>1|� 2	?,/
)132	465nq�f¥�,A�A��u�	2u��=>4�2j�,=$2	5!� 2�	 0 13A 1��,A�465,A )�/c��2	5,A�4���1|��A�5,4�� ;�0��G� 2 = 1��32	?,/ 1 2�4�5�=�m�1|�,AE0��|� 4y� = 1|�,A�� A�0���2j¹�0 132	465�=
� /,A 134 1��,A·��� A�	 A`� 2	5��� 2	=>1|� 2	?,/ 132	465�qGf¥�,A·� A �A 5,A�� 0 132	465!2 =@2	5,A ��2�1 06?���A$q

=3A � 2	0������ 4��� A�= =?� 0�13A�=�� 4�� 1|�,A 0��j64�� 2�1|�,; � A�=�	R� 2�? A���06?�4y��A465&1|�,A9{
m1"`� 0 5��C9���)§�,2�; A 5�=>2	465�0���Û,1 5,A�= =Z� /,5!	 132	465��1�1� A �|)=|���,A � A�m�t vx � N P�� »P q f¥�,A =>2	;</!�	0 132	465�=(0�� A�	 0��|� 2	A��46/,1¸�@2�1|�+	 L �N8 {�º » Ë�º » Ë 9�º » q·f¥�,AP��4$�,/�� 0�1 2�4�5 =>2j¹ AC2	=0��j� 0/��=¥	g�,4 =>A�5E1 4�?�A * L �7	�q
t,4$�Ô��0��	/,A�=�� " 1��,A ;</,1 0�1 2�4�5*= 1��3A�5� 1�� 4�5 1��,A 0 ?�)=�	 2 =3= 0(4��&Û!6/�� A9z�	 4$�|� A�=|� 465!�,= 1 4 1|�,A!; 2u� 2�5!�� 0 132	4(? AR)1¶��A A 58;C/ 1 0 13A��8065!����0�� A 5 1 0��G� 2	=>1|� 2	?,/ 132	46582	5 1|�,A�� 4$�3;7¶" O � :3B��
	�� c� S 	 d � � B����

S
	
S c�� m��'�,A��3A � �Ø" 0 5���B 2 = 1|��A

	 4y��0��32 0 5!	 A!;�0�1��32u� 4�� 1|��A¼� 2	=>1|� 2	?,/ 132	465�q�t�4�� ;</,1 0�1 2�4�5=>1|� A 5�61|� 465�A$1|�,AC;</ 1 0�132	465 4$��A�� 0 134$�'�@2�1��tj L º ��A�	R)134$� =&2	=C=>4$��A��u� /�=3A�� 06=�� A�=�	R� 2�? A�� 06?�4y��A�q�t,4$�&;</,1 0�1 2�4�5=>1|� A 5�61|��¹ A��34 5,4Ô��0��32 0�1 2�4�5 4��$1|�,A;C/ 1 0 132	465 � 2 = 1��32	?,/
)132	465 1 0�p6A�=¸��� 0�	 A�q�t�4�� ;</ 1 0�132	465 = 1��3A�5� 1�����0��	/,A�=¸� 0���6A��465�A 5,4 ; 2u��2	5�C1 0�p6A�=&��� 0�	 A 065!�!1|�,A·º ��A�	 134�� = 0�� A ;C/��µ)132j���	2�A`�Ç�@2�1�� A �
��7 T 7°�N( /Ñ»�:>:C2%q 2%q �nqG� 065!� 4�; � 0�	H1 4�� =��@2�1��
� ~ X<f aFf
mFp�������������g<mFY8^8mFf�Z�Z mWc�aFfs[]\_l<[]o�c�aFf
Z aFX<fsg<mFY8^8mFf�Z�Z

mWc�aFf g;f
m0^8f�\_f
mWc=aF[]YT\hl<[ �-[il9f�lAd��~aFX_f \-`_p�d;f m Y9� l9f�Z�o�f�\_l_c8\>aFZ�q

/ L "`���� I O "A{"! ��(|#$#Ñ� 4�� � {"!u"7( 9�#%q
f¥�,A � 2 0��� 0 ;�= =´��4y� 	 465 1 2�5�/,4�/�=´�j� � A`	R� A�06=32	5� =3A � 2	0��
��� 4�$�3A�=3=�� 0�1 A�=B�@2�1|� 2�5�	R� A�06=32	5�Ô��0�� 2	0 132	465�=�4�� 1|�,A ;</
)1 0 132	465 � 2 =>1|� 2�?,/,132	465 7 ;C/ 1 0 132	465 =>1|� A 5�61|��:Rq�f¥�,2	=��3A�=>/!��1 =
��� 46; 2	5!	 �3A�06=32�5�Ô� A���2	0 132	465�=�4��$1|�,A;C/ 1 0 132	465 � 2 = 1��32	?,/
)132	465±��� 46; 1��,A 4�� 1 2�;�0�� 2 =34 1|� 4���2j	 =´��0�� A�q � 2�1��82�5!	 �3A�06=´)2	5�!;C/ 1 0 132	465 =>1|� A 5�61|�¼�!�34$�� A�= =@?�A`	 4�; A�=*¹�A � 4E? A�	 06/�=3A4���0Ù� A�6A�5,A � 0�1 2�5� ;</ 1 0�1 2�4�5±� 2 = 1��32	?,/ 1 2�4�5�=�q;f¥�,2	=i� A�=3/���12	;��!��2	A�=@065!/���� A �@? 46/�5!�!4�� 1��,A$;</ 1 0�132	465(= 1��3A�5� 1��nq�( 51|��AC461|�,A�� =32j�,AP��0�� 2 0�132	465�= 4���1|�,A ;</ 1 0�1 2�4�5±� 2 = 1��32	?,/ 1 2�4�5=|�,46/����(?�AC06=¥� 0���6A 06='� 4�= =32�?��	A�m�?�A`	 0 /�=>A$1��,A�	 4$�|� A�	 1 =>A )
�	A�	H1 2�4�5��,A � A 5!�,=�4�5P� 2uÍ A � A 5!	 A�=�? A 1¶��A A 5�� A�=�	 A�5!�,065�1�� 2 =¶)1|� 2	?,/ 132	465�= 065!� 1|�,A =´� A A`� 4���1��,A 0$�,0��,1 0�1 2�4�5���� 4
	 A�=3= 2	=
��� 2�5�	 2j��0��j�u�Æ�	2�; 2�13A�� ?a� 1|��AE;</ 1 0�1 2�4�5 = 1��3A�5� 1��nqOÐ 5 1|��A
	 0�=>A 4���	g��065�62	5� 1 4�� 4��	4��� 4�� 1��,A¼Û,1 5,A�= =�� /,5!	H1 2�4�5 4$�
� 4 4$� 2	5,2�132 0��	2u¹�0�132	465 4���1|�,AC;</ 1 0�132	465¼�,2	=>1|� 2�?�/ 132	465nm =3; 0��u�
��0�� 2	0 132	465�=�4�� 1|��A�;</ 1 0�1 2�4�5�� 2 = 1��32	?,/ 1 2�4�5·�@2u�j�$�	A�0$� 134¸��4�5�0���0�� 1 0�132	465I��A��32	4
�,=�qIf¥�,2 =C13/�� 5�= 46/,1 1 4 ? A 0²� A�	 2	=32u��A
� 0�	 134$�i�@2�1|�²� A�=|��A`	H1$134(1��,AE0����!��2�	 06?,2u�	2�1¶�4�� 0��,0�� 1 0 132	465



x ���������
	�������������y�����g������+�+$+��`���9�����! !"�#$�%�& y�(')�%���$�*��+-,/.0���21435 6 !�879�u�:�;�*��'<,��8�*��	 ���)�=�>�
�?���:�@�A76��B@�*�;�2� /�C !DFE8E�E

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

1.2
x 10

−3

mutation strength

pr
og

re
ss

 r
at

e

N = 5

µ = 0.5N2

µ = N2

µ = 2N2

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4
x 10

−4

mutation strength

pr
og

re
ss

 r
at

e

N = 10

µ = 0.5N2

µ = N2

µ = 2N2

0 0.5 1 1.5 2 2.5
0

0.5

1

1.5

2

2.5

3
x 10

−5

mutation strength

pr
og

re
ss

 r
at

e

N = 20

µ = 0.5N2

µ = N2

µ = 2N2

t 2u�/�� AÆz�)�o�A��32 0��·�!�34$�� A�= =B� 0�13A 465 1|��AÆ�1�1� A �|) =|���,A��3A�)+��g�	4��7�� D�F  I>J : "�� D�F J�� "7*nm
�'�,A��3A��Ö� A 5�4 13A�=.1|�,A¾� 2 = 1 0 5!	 A134 4��,132	;</,;OmG��A � =>AE;C/ 1 0 132	465 = 1��3A�5� 1��nqÔt,4�� ;</,1 0�1 2�4�5=>1|� A 5�61|��¹ A��34$1��,A =3A � 2	0������ 4��� A�= =X� 0 13A@2 =�0���; 4�=>1G��� 4�� 4��|)132	465�0���134z*  I 7 ?�A`	 0 /�=>A 4�� *	�P	�
 º :Rq¾f¥��A =|��;<? 4�� =2	5!� 2�	 0�1 A =32�;C/��	0 132	465�� A�=3/���1 = qØf¥�,A¼�	2�5�A�=!0��3A =3; 4 461|�,A`�2	5�1 A ����4$�	0 132	465�=�q

0��j64$�32�1|��; =�q
r*	�	 4$��� 2	5� 134 Û�6/�� A9z 1��,A ;C/ 1 0 132	465 = 1��3A�5� 1��5	 065 ? A
	g�,4 =>A�5B��q 9�{i� 4$��	 L �N8 {�º¼»ym 465,A*� 4���	 L º¼» 065!��"�q�{i� 4$�	 L 9�º�»��@2�1|�,4�/ 1E=>/�?�= 1 0 5 132 0��j�j�Ô�3A`� /!	 2	5� 1|�,A 7�=>A��32 0�� :
��� 4�$�3A�=3=i� 0�13A�4�581|�,A��a�1� A �|) =|���,A��3A$qÙf¥�,2 =�	g��462�	 A��	A�0���=13480±���34$�� A�= =;� A�� /�	H132	465 ?1� 0�� 0�	 134$���!q x±	 4�;���0�� A��81 4/�=32�5!B�6A��|�(=>;�0��j����0��32 0�1 2�4�5�= 4�� 1��,A�� 2 = 1��32	?,/ 1 2�4�50 5!� ?1�0O� 0$	H134$�P�!q �¼	 46;���0�� A�� 1 4/�=32�5! 1|�,A 4�� 1 2�;�0���2 =>461|� 4��,2�	;</,1 0�1 2�4�5³�,2	=>1|� 2�?�/ 132	465nq
f¥�,AØ	g�,462�	 A 4�� 1|�,A ��4$�,/�� 0�1 2�4�5 =>2j¹ A * L �b	M� A �!�3A )=3A 5 1 =�0;	 4�;���0�� 0 ?��	A9��� 46?!��A�; 0�= 1��,A ;C/ 1 0 132	465!=>1|� A 5�61|��)
o�;�0��j�·� 4��,/�� 0�1 2�4�5�= 7!	 L �N8 {�º¼» :�� 0�	 2u�	2�1 0�1 AÔ�	0��|�A � =>A )
� 2	0��·���34$�� A�= =�� 0�1 A�=Ù� 4�� 1��,A 	 4�5�=>1 0 5 1(134$��4$��4$�� 4�� 1|��A
�1�1��A��´) =´�!�,A � A³w ?,/ 1(465��j�I�@2�1|��46/ 1!4$���@2�1|� �	2�131|�	A���0�� 2u)0�1 2�4�5�= 4��C1|�,A ;C/ 1 0 132	465É� 2 = 1��32	?,/ 1 2�4�5nq l 0��|�A±� 4��,/!�	0�)132	465�=¾��A�0�� 134 =>;�0��u�	A � =3A � 2	0������34$�� A�= =*� 0�1 A�=|½�m�?,/,1<0��j��4y�
� 0���6A ����0��32 0�1 2�4�5�= 4�� 1|�,A ;</ 1 0�132	465 � 2 =>1|� 2�?,/,132	465nq �'d���
�ZY/[�� =|�,4y� =&4$� 132	; 2u¹�0�1 2�4�5�=&4�5 1|�,AÙ�1�a� A �|) =´����A � AB�@2�1��
� 4��,/�� 0�1 2�4�5 =32u¹�A�= 	 L �N8 {�º¼»ym)	 L º¼» 0 5!� 	 L 9�º¼»�q
f¥�,A ;</ 1 0�1 2�4�5 =>1|� A 5�61|� 7°� 0��32 0�1 2�4�5E4�� 1|�,A$;</,1 0�1 2�4�5�� 2 =¶)1|� 2	?,/ 132	465 :&2 =P	g��4�=3A 5 0�	�	 4$��� 2	5� 1 41|��A�� 4��,/�� 0�1 2�4�5 =32u¹�A
��q 9�{�mZ" 0 5!� "�q�{ 7 =3A A 0 ? 4y�6A�:Rq¸r �6A��|�(?�0��2�5,2�132 0��	2j¹�0�1 2�4�54���1|�,A ;</,1 0�1 2�4�5Æ�,2	=>1|� 2�?�/ 132	465±�@2�1��Æ	 465!� 2�132	465Ç"���� 7�0y� 2 =
� 0�132	4Ô"�� � :·�	A�0$�,= 1 4 0¼� 2 =>132	5!	H1C0$�,0��,1 0�1 2�4�5Ô����0�=>A$qOf¥��A
� 2 0�$� 06; = =|�,4y� 1��,A 5 /�;<? A � 4��&6A�5,A � 0�1 2�4�5�= 4�5 1��,AE0 ?�)=�	 2 =3= 0�q�r =�A �1� A�	 13A`�Ñm�1|�,A�0��,0�� 1 0 132	465¾����0�=>A�� A�� /�	 A�=��@2�1��2	5!	R� A�0�=>2	5�;C/ 1 0 132	465 =>1|� A 5! 1|��q²l�/ 1 1 0�p�2�5� 1|�,AO� 2uÍ A��´)A 5 1�� 4��,/�� 0�1 2�4�5 =32j¹ A�= 2	5 134 0�	�	 46/�5�1 1|��A 0$�,0��,1 0�1 2�4�5P�!��06=3A1 0�p6A�=@0 ? 46/ 1

	 � A�� 0��
�N8 {�º¼» �u8 � K "`���

º¼» "b8 � K "`���9�º¼» "b8 � K "`���
� 2�1|��� A�=|��A`	H1 134¾� /�5!	H1 2�4�5 A���0��	/�0�1 2�4�5�= 1|�,A ; A`� 2	/,;Ò� 4��
)/�� 0�1 2�4�5(=32u¹�Ak	 L º¼»i� 0�	 2u�	2�1 0�1 A�=�1��,A¾� 06=>13A�= 1 0$�,0�� 1 0�1 2�4�5nq
f¥�,A�� A�=3/���1 =$4��.1|�,2 = =>A`	H1 2�4�5 =3/���A�=>1 1 4�	g�,4�4�=3A 	 L º�»0 5�� ;</ 1 0�1 2�4�5 = 1��3A�5� 1�� 465,A$q ¯ /,1 0�1 2�4�5 =>1|� A 5�61|� 465�A
� A�5,4 1 A�=@1��,Ato35�0�1 /�� 0�� q ;C/ 1 0 132	465=>1|� A 5�61|� 4���1|��A&2�5 1��34�)
� /!	 A��O;C/ 1 0 132	465O4�� A � 0�1 4��`q f¥��0 1!2	=�)�r ��0��32 0�1 A�� ;</
)1 0 132	465 � 2 =>1|� 2�?,/,132	465 2 =;6A�5,A � 0�1 A�� ?1�Æº � 0 5�� 46; �6A�	 134$�
� A�0��	2j¹�0�1 2�4�5�=�4���1|�,A·��0��3A�5 1 0���;C/ 1 0 132	465O� 2 = 1��32	?,/ 1 2�4�5nq
� ÝPß ����Å Á9æÒÀaÁ äX�?�!Å´� Á � ß � Á Ã å ����ê´Å Á9æ

f¥�,A·� A`	 2 =>2j�6A$06=|��A`	H1¥� 4�� ;</!�	0 132	5�&1��,A =>A��µ��) 0��,0�� 1 0 132	465 4��0�� ?,2�1|� 0���� 5,4$�3;�0��6;</,1 0�1 2�4�5�� 2 = 1��32	?,/ 1 2�4�5�=�2�5<1|�,A&	 465�	 A �,14���¯�o!�¸m�2�5 1��34
� /!	 A��(2	5 1|�,2 ='��0���A���m,2 = 1��,A&2	5a��0��32 0 5!	 A$4��
�'~ X<f�Y8mFf aF[ o�c8e mFf�Z�`_ebaFZ�����f��!f
m�������� �waFX_c�a aFX<f Z�f
mF[ c�e

g<mFY8^8mFf�Z�ZMmWc�aFf�Z�X_Y8`_e l \_Y�a l9f�o
mFf�c�Z�f�!5[baFX|[]\_o
mFf�c8Z�[]\_^/g;YTg<`�"
e c�aF[]YT\ Z�[]j�f c�mFf Y8\_e �t�8c8e][ l+�?Y�m$#%�&o�YT\<Z�[ l<f
mWc�d_e �&� Z�p c8e]e]f
m �
c8\_lkl9Y~\_Y�a X<YTe lhX<f
mFfTq



���������34
	 A�A�� 2	5� =.4���1��,A�� A 5�A 132�	 0 5�� +��64��	/ 1 2�4�5�0������.46;��,/ 1 0�132	465��.4�5
� A � A 5!	 A�"�#�#$#!7%�$+&�'�'(*)�#�#�: �,+�-/.$01+$-�+ v

0 0.5 1 1.5 2 2.5 3

x 10
4

−20

−10

0

10

lo
g

(s
te

p
 s

iz
e

; 
Q

)

a                                        N = 20     µ = 0.5N2 = 200     mutation strength = 0.25                        
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b                                        N = 20     µ = N2 = 400     mutation strength = 1.0                         
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c                                        N = 20     µ = 2N2 = 800     mutation strength = 1.5                         
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b                                        N = 40     µ = N2 = 1600     mutation strength = 1.0                        
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