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uEia~�y´{M~�ta{Mwx��fk{�É�w³iZymf8��� ® qUia~U�:yEsmr
Ê�fbt�qUn�hmwxf8v8f8�/qUn

nAq�qE{#�xf8���ÎiZ¨mf`ta~8ÍÔ²miZymfb���8j
©`w³iZ� u<~Ur.f`~U�Îta~kÍæ²MiZymf8���8j
È ta~�hmh�fbt u�ia~Uym{m~�ta{�hMtZqE{<smvbiZwxqQyM�ËiZqW¯Qfbymfbta~�iZf�o)nAsmymvTiZw�qUym�
Ì ~�ta~�r.fbiZfbtZ� É�Ê�Ë�Ì	Í ÎBÏÑÐjÊ�ÒÓÕÔ�¶�¶<�"Ö�×sÒ�×sØ�Î�ÏÑÐ1Ê�ÒOÙ�Ó�Ô�¶

Ë:Ú�Ì:ÏâÓ�¶<j ¶�ÆU��Ë�Û�Ø�ÊfÙ�Ù�Ó¦¶BÜ Ý
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Generation

Crossover in Grammatical Evolution (Symbolic Regression)

1 point
Headless

Off
1 point (No Mutation)

Headless (No Mutation)

ä,å°æ ¿�±´¿ z'v8qUr.h´~�tZw���qUy�qUn À ÁÎÖ �Ëh�fTt�n6qUtZr�~�ymv8f/qQy.iZ¨MfI���<r�Ê�qU�xw�v�tZf8¯�tZf8����wxqQy�hMtZqQÊM�xf8r wx��w��x�xsm��Ã
i�ta~�iZfk{:j È ¨mf8yÕiZ¨Mf
¨Mfk~Q{<��fb����vT¨Mw�va��f8y±vTtZqQ����q���fbt�wx�gsM��fk{ÕiZ¨mf1���<��iZf8r n6~Uwx�x�giZq�²my´{±��qQ�xs<iZw�qUym�
iZq
iZ¨mwx�ÎhMtZqQÊM�xf8rÕj ® ¨mwx�Îw��/~�����qWiZ¨Mf�vk~U��fgÍÎ¨Mf8yÕvbtZqU����q���fbt/wx�I��ÍÎw³iZva¨mfk{#q�Ï¡j
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Generation

Crossover in Grammatical Evolution (Santa Fe Trail)

1 point
Headless

Off
1 point(No Mutation)

Headless (No Mutation)

ä,å°æ ¿�Þ:¿ zÔvbqQr.h´~�tZwx��qQyÕq�n À ÁÎÖ �Îh�fbt�nAqUtZr�~UyMv8fgqUy#iZ¨mfguM~Uy�ia~
Émf�~Uy�i�i�ta~�w��:vk~�yÕÊ�fg��f8f8y:j ® ¨Mf
¯�ta~UhM¨#v8�xfk~�tZ�x�#{Mfbr.qQym��i�ta~�iZf8�ËiZ¨mfg{m~Ur�~�¯Qwxym¯
fbÏKf8vbiZ��q�n�iZ¨mf`¨mfk~U{M�xf8���ÎvT¨MwxvT��fby�vbtZqU����q���fbtI~Uym{
iZ¨Mfgvk~���fÍÎ¨Mf8y#vTtZqQ����q���fbtIwx�/��ÍÎw³iZva¨mfk{�qUÏ¡j



ç è à��´ß¡Þ����´àZÜ/Ù

�g7K;)�möK;UãaST3AH<J49<LT36ãa;QãgST7:;�J�DP9<ãgSbH0ò�7´O+ë�
1? ã�HMJK;�çPH<3AJmS
5�LbHMãbãaH�äM;�LgH<çP;�L89�SbH<L�36ã1ãTH
çKLTH�\�öG5kST3Aä<;Mì"��ó�òI;.=AH´H<^-9ES�ST7K;�;���;U5kS1ST7K;�HMçG;ULb9ESTHML`ç:=A9�O�ãgH<J49Õç:9<LbãT;WSTLb;�;.Lb;�ç:LT;Qãa;UJ	�
Sb9�Sb3_HMJ'HEó�Sb7K;0çKLbH<åMLb9<ôÕãWö:J:\�;�Lbå<HM3_J:å]5�LbHMãbãaH�äM;�LWòI; ê ;Uå<3AJ'STHRãT;�;-ô#HMLT;05�=_;Q9ELb=_OøST7:;
ô#;Q587:9EJ:3AãTô HEó�ST7:3Aã�HMçG;ULb9ESTHML`9<J:\Å3�SQ? ããT;U9<Lb587%çKLbH<çP;�LTST3A;UãUì

áâ7K;�Jâô±9Eç:çK3_J:åÔ9æãaSTLb3_JKåÂSbHÔ9EJâ3AJ:\�3Aä´3A\Kö:9E=�Dgë�
Ä9<=_òg9�O�ã±ò`H<Lb^´ãÕò�3_ST7 ST7K;]=A;�óCS
ô#HmãZS�JKH<J"�}Sb;�Lbô#3AJ:9<=}ì��g7´ö:ã�DP3_ó/H<JK;�òI;ULT;�STH%=_H´H<^+9�S�ST7:;�3AJ:\�3Aä´3A\�öG9E=�? ã�5�HMLTLb;UãTçGHMJ:\�3AJKå
ç:9EL8ãa;%STLb;�;MDËH<JK;+ò`H<öK=6\ÔãT;�;%ST7:9ES±ST7K;ÅSbLT;U;%36ã±5�HMJ:ãZSbLTöG5kST;Q\æ3AJè9)çKLb;���H<L8\�;UL�ó�9<ãT7K3AH<J�ì
ýKöKLTST7K;ULTôÕHMLT;MDÎ3�óWSb7K;]3AJ:\�3Aäm36\�ö:9<=136ã±H�ä<;UL���ãTçG;Q5�3_ñ:;U\¡DËSb7:9�S%3AãUDÎ7:9Mã05�H�\�HMJ:ã±=A;�óCS%H�äM;�LQD
ST7K;UO0ó÷H<Lbô 9b�x���|�xDGò�7K3A587Å36ã�DK;��P;Q5kSb3_äM;�=AO<DK9±ãaSb9<58^±H<óË5�H�\�H<J:ãUDK9<ãg3A=A=_ö:ãaSTL89�Sb;U\%3_J4ý�3Aå:ìKÿKì

��óZD:\�öKLb3_J:å09±5�LbHMãbãaH�äM;�L`;�ä<;UJmSUDKHMJK;WSTLb3_;Q\%STH±ô±9Eç+Sb7K;Wñ:L8ãZS7:9<=�ó�H<ó�Sb7K;�Lb;�ô±9E3AJK3AJKå
ãZSbLT3AJKå:D�Sb7K;gLT;Qãaö:=�S�JKH<S�ãTöKLbçKLb3AãT3_J:å<=AO<D�òIHMöK=6\�ö:ãTö:9<=_=AO ê ;9<J�3AJ:5�H<ôÕçK=A;�ST;`SbLT;U;<ìBéH�ò`;�äM;�LQD
ST7K;%STLb;�;%òIHMöK=A\æJKHES ê ;Å3AJ:5�HMô#ç:=_;�ST;-3AJæSb7K;+ãT9<ô#;%ô±9EJKJK;UL#9Mã�HMJK;-S89E^M;�JÂó÷LbH<ô ST7:;
ô#36\K\�=A;-H<ó9]ëWõú5�LbHMãbãaH�äM;�LW;�äM;�JmSUì��g7K;-çKLb;���H<L8\�;UL.J:9�SböKLT;±H<ógST7K;%ôÕ9<çKçK3AJKå436ã�ãTö:587
ST7:9ESÎST7K;�Lb;UãTöK=_S/36ãÎãa3AôÕ3_=69ELËSbH.ST7G9�SÎHEó�ý�3Aå:ì<ÿ.9<J:\Õý�3Aå:ìMï:ì��g7G9�SÎ36ã�D�Sb7K;�SbLT;U;�3Aã�=A;�óCSIò�3�Sb7
95¡Ñ�X�|��êI9<J:\0ãT;�äM;�L89E=��s� �K�X� ê�¡s�|�zê�¡�ó÷LTHMô ò�7:3A587%H<JK;
H<L/ôÕHMLT;�ãaö ê �}SbLT;U;UãUDM\�ö ê:ê ;Q\2�s� ����� ê
�Z��ê/ê�¡W9<LT;-LT;Uô#H�äM;U\¡ì��g7K3Aã#5�LbHMãbãTH�ä<;�L ê ;�7:9�ä´3AH<öKLQD�ò�7K36587æ36ã�9<J'3_J:7K;�Lb;�JmS�ç:LTHMçG;ULaSZOøHEó
ë�
D�òg9<ã`ñ:L8ãZS�JKH<ST365�;Q\ ê ORî §�ð�ò�7K;�Lb;�ST7K;UO±ST;ULTôÕ;U\Å3_Si�s� ����� ê�ë�����¡/¡��Bì�ê��kì


/9<587øHEóIST7K;±Lb3_ç:çK=_;#SbLT;U;UãW36ãW;���;U5kSb3_äM;�=AOR\�36ãaô±9<JMSb=_;Q\Â9EJ:\øLT;�STöKLbJK;Q\]SbH%Sb7K;0ãaSb9<58^
HEó/5�H�\�HMJ:ã3AJ4Sb7K;�3AJ:\�3Aä´3A\�öG9E=�? ãSb9E3A=�ì¡FILbHMãbãaH�äM;�L`ST7:;�JR3AJ´ä<HM=_äM;Uãg3AJ:\�3Aäm36\�ö:9<=Aã�ãTò`9<çKçK3AJKå
Sb9E3A=6ã�ãaH#ST7G9�SUD:ò�7K;�J+;�ä�9<=_ö:9EST3AJKå�ST7K;.H���ãTçKLb3_JKåGD´ST7K;.Lb3AçKçK=A;WãT3_ST;UãgHMJÅST7K;.ãTçK3_J:;.ò�3_=A= ê ;
ñ:=_=A;U\Åö:ãT3AJKå±5�H�\�H<JGã`ó÷LTHMôÄST7K;.H<ST7K;UL�ç:9ELb;�JmSQì

�g7K;�Lb;36ã/JKH�å<ö:9<Lb9<JmST;�;gSb7:9�S`ST7:;Sb9<3_=Gó÷LbH<ô ST7K;
HESb7K;�L`ç:9ELb;�JmS/ò�3A=A= ê ;1H<ó¡ST7K;Wãb9EôÕ;
=_;UJKåESb7�D/HML0;�äM;�JèST7:9ES%3_S-òg9<ã±ö:ãT;U\Ò3AJÒST7:;RãT9<ôÕ;4çK=A9M5�;]HMJèST7K;øHEST7:;�L-ãTçK3AJK;<ìÁ�g7K3Aã
ô#;Q9EJ:ã�Sb7:9�S�9+5�H´\KH<J]Sb7:9�S�Lb;�ç:LT;Qãa;UJMSb;U\Rò�7K3A587'587KHM3A5�;�SbH+ôÕ9<^<;±5�HMöK=6\øãTö:\K\�;UJK=AO ê ;
;�é�çG;Q5kSb;U\'SbHøô±9<^<;%9)587KHM3A5�;0ó÷LbH<ô 9ø5�H<ôÕçK=A;�Sb;�=AOÂ\K3¬��;�Lb;�JmSÕJKH<J	��ST;ULTôÕ3AJ:9E=�D�çGHmãTãT3 ê =_O
;�ä<;UJæò�3_ST7!9ø\�3 �P;ULT;UJMS#J´öKô ê ;�L#HEó
587:H<365�;UãUì�ý:H<LTSTöKJG9�ST;U=_OMDËë�
 ;�ä�9E=Aö:9EST;Uã#5�H�\�HMJ:ã�|�
ë��B���xê�íK��D�Sb7:9�S#3AãUDpSb7K;-;�éK9<5kS�ô#;Q9EJK3AJKå]H<ó19]5�H�\�HMJ'3Aã#\�;�ST;�LbôÕ3_J:;U\ ê OøST7KHmãa;Å5�H�\�H<JGã
ST7:9ES�3_ôÕôÕ;U\K3A9EST;�=AO)çKLT;Q5�;Q\�;±3�SQì��g7´ö:ãUD�ò`;05�9EJæãb9�O4Sb7:9�S#ë�
þ5�H�\�H<J:ã�7:9�ä<;²�|���Ñ�s�|�"¡s�1ë
�"�B�ïî����B�Ñ�"�	�ð¡/�Õî §�ð�D:9<ã/ST7K;UO±5�9EJ ê ;�ö:ãT;U\±3AJ%9<JmOÕç:9<LaSIHEó�Sb7K;
åMLb9<ôÕôÕ9<LUìMýKöKLTST7K;ULTôÕHMLT;MD
3�ó�ST7:;ôÕ;U9EJ:3_JKå.H<óPHMJK;5�H�\�HMJ±587:9EJKåM;UãUD�ST7K;
587:9EJKåM;�ñaLb3_çKç:=_;Qã�ò
ST7:LTHMöKå<7±9E=A=�Sb7K;Lb;UãaSÎHEó
ST7K;.5�H�\�HMJ:ãUì:�g7K36ã`ôÕ;U9EJGã/Sb7:9�S9�å<LbH<öKç%HEó�5�H´\KH<J:ã/ST7:9ES5�H�\�;U\%9�çG9ELTST365�öK=69ELgãaö ê �}SbLT;U;
H<J4H<J:;�ãaç:3_JK;�5�9EJ]5�H�\�;�9EJ4;UJmST3ALT;U=_O+\�3 �P;ULT;UJMS�ãaö ê �}SbLT;U;�ò�7K;�JR;�ôÕçK=AH�O<;U\ ê O+9EJKH<ST7K;UL
ãaçK3AJK;Mì��g7:;#çPH�ò`;�L�HEó/3AJmSTLb3_J:ãT365�çPH<=AO´ô#HMLTç:7K3AãTô 5�9<J];�äM;�JøLT;Q9<587 ê ;�SZò`;�;UJ]ST7:;#Lb3AçKçK=A;
STLb;�;UãUDP3_J4Sb7:9�SW3_óÎH<JK;�JKH-=AH<JKåM;�L
JK;�;Q\Kã
9<=_=�3_Sbã�5�H�\�H<JGã�DGST7K;UO49ELb;�ç:9MãTãT;U\ÅSbH0ST7:;�JK;�é´S
LT3AçKçK=A;#STLb;�;Õ9EJ:\¡D�5�H<J´ä<;ULbãT;�=AO<DG3�óg3_SWJ:H�òúLT;f�möK3_Lb;Uã
ôÕH<Lb;#5�H�\�H<J:ãUD�3�S�5U9EJøH ê S89E3AJ]ST7:;�ô
ó÷LTHMô 3�S8ã�JK;U3_åM7 ê H<ö:LT3AJKå#LT3AçKçK=A;WSTLb;�;Mì
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One−Point Crossover Site 

*

+ %

1

2

4

6 8

12 14

3

5
7 10 11 13

9

E ::== (+ E E)  |  (− E E)  |  (* E E)  |  (% E E)  |  X  |  Y(a)

(b)

(d)

8  6  4  5  9  4  5  2  0  5  2  2

(c)

ä,å°æ ¿�ó:¿ ® ¨Mf�tZw�hMhm�xf1fbÏKf8vbi`qUnpqQyMfbÃ�h�qQwxy�i`vbtZqU����q���fbtgwx�x�xsm��i�ta~�iZfk{-sM��wxym¯�~Uy0fbÐM~�r.hm�xf À ÁÂwxy´{Mw³Ã
�Ew�{Msm~U�´tZf8h<tZf8��f8y�iZfk{�~U�Î~
��i�tZwxyM¯�qUnPv8qE{MqUy#wxy�iZf8¯QfTtÎ�Q~���sMf8�7·CÊ	¼�~Uy´{�w³iZ��fkÆ�smwx�U~U�xf8y�iÎ{MfTtZw��U~�iZwxqUy
·Cvs¼I~Uym{Õh´~�tZ��f1i�tZf8fb�V·÷{�¼Tj ® ¨mf1v8qE{MqUy-wxy�iZf8¯Ufbtg�U~U�xsmfb�`wxyp·CÊ	¼ËtZf8hMtZfb��f8y�i`iZ¨mf�tZsM��f1yEsmr
Ê�fbtÎiZq
Ê�f���fb��fbvbiZfk{WnAtZqUr iZ¨Mf�¯Uta~�r.r�~�tpqQs<iZ��wxyMfk{�wxy5·÷~�¼T�UÍÎwxiZ¨
iZ¨mfÎh´~�t�i���¨m~Q{<fk{�¯Uta~8��v8qUt�tZf8��h�qUy´{<w�yM¯
iZq�iZ¨mf
�Q~��xsmf8��sM��fk{ÕiZq#hMtZqE{<smv8f1iZ¨mf1i�tZf8f8�gwxy}·Cv�¼g~Uym{2·÷{:¼T��iZ¨mf1tZf8r�~UwxymwxyM¯�wxy�iZf8¯QfTtZ�~�tZf.~�y
wxy�i�tZqQy:j´É�wx¯<j�ôW��¨Mq�ÍÎ��iZ¨Mf`tZf8��sm�³iZwxym¯.��hMwxymf`ÍÎw³iZ¨#tZwxhmhM�xf���wxiZfb�`~�y´{�ia~�wx���8j

Ripple Sites

Tail (Material obtained from mate

Spine
1

*

E

E

+ ?
?

?2

4

3

Tail (Exchanged with mate)

4  5  9  4  5  2  0  5  2  2

(c)

(a) (b)

used to complete ripples sites in (a) )

4  4  3  5  4

ä,å°æ ¿�õP¿ |��x�xsm��i�ta~�iZf8{Õ~�tZf�iZ¨mf`��hmwxymf1~Uym{�iZ¨mfItZf8��sm�³iZwxym¯WtZwxhmhM�xf���wxiZfb�D·÷~f¼/~�y´{�ia~�w��x��·CÊ	¼�·Cv�¼�h<tZqUÃ
{<smv8f8{#~U�/~�vbqQym��f8ÆEsMf8ymvbf�qUn�iZ¨MfgqQyMfbÃ�h�qQwxy�iIvTtZqQ����q���fbt/wxy±É�wx¯Mj�ö
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áø;.7:9�äM;WçKLT;Uä´3_HMö:ãa=AO-\�;UôÕH<J:ãaSTL89�Sb;U\-ST7K;�9 ê 3A=_3_SZO0HEóÎë�
? ã�HMJK;.çGHM3_JmS15�LTHmãTãTH�ä<;UL`9Mã
9EJ4H<çP;�L89�SbH<LgSb7:9�S1;�é�çK=_HM3�S8ã19<J4;�éK587:9EJ:å<;WHEó ê =AH�58^´ã3_J]9±ç:LTH�\�ö:5�ST3Aä<;.ô±9EJ:JK;�L
H<J+ST7:;
çKLTH ê =A;�ô \�H<ô±9E3AJ:ã.;�éK9EôÕ3_J:;U\¡ì�N�;UãTöK=_Sbã�ç:LT;Qãa;UJMSb;U\Â7K;ULT;09<=AãTH]ãT7KH�ò ST7K;-\K;�STLb3Aô#;UJmSb9E=
;���;U5kS8ã/H<ópãaò�3_Sb587:3_JKå�HB�Å5�LTHmãTãTH�ä<;ULËó÷H<Lgë�
'H<J±Sb7K;UãT;çKLbH ê =_;UôÕãUD<3AJ0HMJK;
5U9<ãT;5�LbHMãbãaH�äM;�L
ê ;U3_JKå±;QãTãT;�JmSb3A9<=GSbHÕST7K;.åM;�JK;ULb9EST3AH<J%HEó�9#5�H<LbLT;Q5kS�ãaHM=_öKST3AH<J�ì

í \�36ãb5�ö:ãbãa3AH<J%H<J-ST7K;WôÕ;U587:9<JK36ãaôÄH<ó�ë�
? ã`H<JK;�çGHM3_JmS5�LbHMãbãTH�ä<;�L/LT;Uä<;U9<=Aã`9EJ%3_JmSb;�L��
;UãaST3AJKåÿ�s� ����� ê�çKLTHMçG;ULaSZOøò�7K;�J'3_SU? ã�;��P;Q5kS�HMJ'ç:9EL8ãT;�SbLT;U;Uã�3Aã.;�éK9EôÕ3_J:;U\¡D�çKLTH�ä´36\�3AJKå49
çGHmãTãT3 ê =_;�;�é�çK=A9<J:9�Sb3_HMJ]9<ãgSbH0ò�7´O-Sb7K36ã1HMçG;ULb9ESTH<L1ôÕ9�O ê ;#ãaH-çKLTH<ñKSb9 ê =A;Wó÷H<L�ë�
1ìGý:öKL��
ST7K;UL�3_J´äM;UãaST3AåM9�Sb3_HMJ:ã�ò�3_=A= ê ;±Lb;��möK3ALT;Q\R3AJ'H<L8\�;�L�SbH]9<ãb5�;�LTSb9<3_JøST7:;0ö:ãT;�ó÷öK=AJK;Uãbã.H<óISb7K3Aã
�s� ���X�°ê�5�LTHmãTãTH�ä<;UL.ôÕ;U587:9<JK3AãTô+ì���S�36ã�çKLTHMçGHmãa;Q\øST7:9ES�ST7:;-^<;UORSbH4ST7:;%ãTO´ãaST;Uô�36ã�ST7:9ES
3�S1;�éK587:9EJKåM;UãgHMJ+9�äM;�L89EåM;<Dm7:9E=_ó�HEóËST7K;.åM;�JK;�ST365.ô±9�Sb;�Lb3A9<=¡HEóËST7K;.çG9ELb;�JmSbã\KöKLT3AJKå±;Q9<587
5�LbHMãbãaH�äM;�LQDGLb;�åm9EL8\�=_;QãTãWH<óISb7K;-ãT3_YU;0HEó`ST7:;03_JG\�3_ä´36\�ö:9<=AãUì��g7K36ã�36ã.ô±9<\K;0çGHmãTãT3 ê =_; ê O)9
5�H<ô ê 3AJ:9�Sb3_HMJ4HEó�ST7:;�=A3_J:;U9EL
LT;UçKLb;UãT;�JmSb9EST3AH<J+HEó�Sb7K;�3AJ:\�3Aä´3A\Kö:9E=6ã
9<J:\+Sb7K;�çKLbH<çP;�LTSZOÅHEó
3_JmSTLb3AJ:ãa365%çGHM=_O´ôÕH<LbçK7K36ãaô+DËò�7K36587ÔçP;�LbôÕ3�S8ã#9<J´O'ç:9ELTS�H<ó�9EJ!3_JG\�3_ä´36\�ö:9<=}? ã#å<;�J:H<ôÕ;0SbH
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