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eg[N�{WZcNRmY�^]htW#�yU�ex[IhSeg[kÄNWZ[NR\hZh1�(¥DnIhd^�[aU�[Iiaz2^]hdh��t�wÈ�È�É �
R�§FWZR1[Ii�Rwi.WZcNR(j2µ1�9z � YmR�WZcN^�i{�Fs{f�^���R\q�^��gqFex[I�ºWdcNR#Y�n��
WZU4Wdeg^�[mU4[Ii�f�VZ^yhZhX^bqyR1VDTNVd^y�IU4�Iex�gerWZexRwh9��^�[IR���[N^�VZY.U4�gexÌ\R\i(VZR\U��
[FnNY���R1V=h � ¶2exWdc8RwU�f=c°ex[IiNexqFevi�nIU4���
ª¬[ÚWdcNR¹��^4WdWd^yY@�xR\q�R\�M|#WdcIR¹TNVd^y�IU4�Iex�gerWts¦^�_�Y�n�WZU4Wdeg^�[Úegh
U�iIU4T�WZR\i�i�nNVZex[N�¨WZcNR�VdnI[�^�_#U¹� � | nN[Nex_�^�VZY��gs¸^yV.[N^�[N�
nN[Nex_�^�VZYm�xs�^bq�R\VmR\U�f=c��g^�f�nIh\�ÚéI^��]U4VdWtsÇ�t�wÈ�É�È � nIhdR\i�i�R��
WdR\VdYmeg[NevhtWZegf(hZf=cNR1YmRwh*i�R\f1VdRwU�hdex[I�#Ñ�Ò«^bq�R\V¡WdegY�R�U4[Ii°^bq�R\V
WdcIR��g^Ff1e/R1§FT�^�[IR1[]WdevU4�g�xsy�*�*RwhdhdR1V7U�[Ii�`ÃäU�[N[NR1V��t�wÈ�ÈN� � i�R��
VZexqyR\iaU���R\[NR1V=U4�)R�§�TNVZR\hZhdex^y[a^4_¡i�R�WZR1VZY�eg[NevhtWZegf\U4�g�xskf=c�U4[N���
eg[N�ÔY�n�W=UbWZex^y[ TIVd^y�IU4�Neg�gerWts£�]s®Ñ�Ò��65 � Ù ��7?å98 �;:;<;=?>
@BA Ñ)�DCFEG5då4è � å��$H > æ :;<�= � ¶2cNR1VZRI7 |J8 |KE�U4VZR�f1^�[IhXWZU�[]WZh\|
H@evh�WdcIR°T�^�TInN�gU4Wdeg^�[�hXegÌ1Ry|lU4[�i�5�evh�WdcNR°WZexYmRÃ���yR1[NR\VZU4�
Wdeg^�[°f�^ynN[]WdR1V � �L�ºäU�f=���X�\È�È]è � TNVd^yT�^]hXRwi{U�hdR1�x_ã�¬U�iNU�T�WZU4Wdeg^�[

hZf=cNR1YmR �FsºU�iNi�eg[N�*U2TIVd^y�IU4�Neg�gerWtsSq�R\f�Wd^yVNMÑ�ÙPOZÑ : ×\Û1Û\Û1×ÊÑRQ�S�6T�egh¡WZcNR([FnNY���R1V2^�_D^y��³tR\f�W9qbU�VdevU4�N�gR\h � _�^�V2R\Uyf=c�eg[Ii�egqFegiF�
nIU��M�¡¥9cNR(Y�n�W=UbWZex^y[8hZf=cNR\Y�RºÄ�VZhXW*Y�n�W=UbWZR\h2WZcNR(Y�nNWZUbWZex^y[
TNVZ^��IU��Neg�xexWts*Ñ�UË¶2exWdcºÑRU}erW=hXR\�r_}U4[�i�WZcNR1[mnIhdR\h)WZcNR*VZR\hdnN�xWdeg[N�
Ñ�U)WZ^.Y�n�W=UbWZRSWZcNRWV�Wdc8^��N³tR\f�W2qbU4VZevU4�N�gR��
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^ ¾ ½ Z9_ ½ Átñ=¾ ��` a�À2���)�NÁt¾ ½

b/÷Êø c Cd�\ÿ��bJ�û)ü\JÊý�E¦ýRe7A ù�fhg )
éN^yV?WdcIR7f�^y[]qyR1[NegR1[�f�R9^4_Ki�Rwhdf1VdegT�Wdeg^�[.U�[IimU4[IU��xs�hdegh\|4¶¡R2ex[��
WdVZ^�i�nIf1RSWZcNR�f�^y[If�R\T�WZh¡^�_Deg[yWZVdeg[IhdegfºU4WXWdVZeg�Nn�WdR�U�[Ii�R�§FWdVZex[N�
hdegf�WdR1[�i�R1[If1s�^4_ U��x�gR1�gR�qbU��xnNeg[N��_�^�VºU{��R\[NR��g^�f�nIh\�#ª¬[kWdcIR
�Neg[IU4VZs]��R\[If�^�i�Rwi�^�T�WZexY.U��ºhd^��gn�WZex^y[/�Êh � ^�_�UÃ�yexqyR1[�TNVZ^��N�
�gR1Y8|*U¹��R\[NRk�g^�f�nIh�egh�f1U4�g�gR\i,i�#j����à$�����������.ex_�erW=h�U4�g�gR1�gRkegh
��|Wk�#j����à$�����������mer_(exWZh.U��x�gR1�gR�egh.ÖI|l^yVh��ß'�à$�Zábâ)er_(exWZh{U��x�gR1�gR
f1U�[¹��R�R1exWdcNR\V�Ök^�V��y�hl¦cNR�WZcNR1VmU��g^�f�nIh�egh�����ex[]WZVdeg[Ihdegf�|
Öb��eg[yWZVdeg[Ihdegf�|�^yV [NR1nNWdV=U4��iNR1T�R1[IiNhl^�[mWZcNR*TNVZ^��I�xR\YÂU�[IimR1[��
f�^�i�eg[N�ºhdf=cIR1YmR�|bRy� ���x|b¶2cNR1WdcNR\V?ex[]WZVd^y[IhDU�VdRlex[�hXR\VXWZR\i��MuKR\qy�
R1[Iegf=�Ë|��\ÈyÈyÎ � �/QSnNVZex[N�SWdcIR¡VZnN[N[Iex[N�S^4_ËUS� � |4US��R\[NR �g^�f�nIh
evh*f1U��x�gR\i!i�#j���G��â(����ß�
(ex_DWZcNR(_�VZR\ê]nNR\[If�s�^4_9� © h2ex[8exWZhSU4�g�xR\�xRwh
^bq�R\V*WZcNRmT�^yTNnN�vUbWdeg^�[aWdR\[IiNhSWd^°ex[�f�VZR\U�hdR���Wd^°WdcIR��gexYmexW(^4_
��� Ö � ¶2exWdc�WdegYmR����yR1[NR\VZU4Wdeg^�[ � |�k�#j���R�1âm���Ëß�
2er_�WdcNR9_�VZR\ê]nNR\[If�s
^4_#� © h#WdR\[IiNhºWZ^8iNR\f�VZR\UyhXR8�ãWZ^°WdcNR.�gexYmexW�^4_9ÖN� Ö � |/^�V3�R�%��#
���R�1âm���Ëß�
 ex_]WZcNR1VZR evhK[I^2WdR\[Ii�R1[�f�sº^4_�eg[If�VZR\UyhXeg[N�2^�V)i�R\f1VdRwU�hX�
eg[N�I�Jl¦cNR�WZcNR1V7Um�g^�f�nIh*egh(�1��eg[If1�xeg[NR\iK|IÖb��ex[�f��gex[NRwi}|N^yV*[N^�[N�
eg[If��gex[IR\i�iNR1T�R1[IiNh)^y[(WdcNR¡TNVZ^��N�gR1Y8|bR\[If�^�i�eg[N�ShZf=cNR\Y�Ry|b��R1�
[NR1Wdevfº^�T�R1V=UbWd^yVZh9U�[Ii�eg[NexWdevU4�/f1^�[IiNerWZex^y[Ih1�
p7hdnIU��x�gsk¶2exWdc¨WdcNR.TIVd^y��VZR\hZh7^�_lWZcNR�� � |}WZcN^yhdRm��R\[NRm�x^�f�e
Wdc�UbW.U4VZRa����eg[yWZVdeg[Ihdegf���^yV�Ö4��eg[]WdVZex[Ihdevf � ¶2eg�g�9U�TNT�R\U4V�Wd^¨��R
����eg[If��gex[IR\i���^�V�Ö4��eg[If1�xeg[NR\i � |Ke�� Ry�x|/WdcNR�_�VZR\ê]nNR\[If�sk^�_S� © hºeg[
WdcIR¡U��x�gR1�gR\hD^4_NWZcNR\hdR �g^�f�eF¶2eg�x�FR1qyR1[]Wdn�U4�g�xs(f�^y[Fq�R1VZ��R
WZ^��º��^yV
Ö � �)o �S¯ pS`&Y.U4�yR\h}nIhdR ^�_�WdcNevhDf1^�[Fq�R\Vd�yR1[If1R
ex[�_�^yVdY.U4Wdeg^�[
U�h�_�R1Rwi��IUyf=��eg[�_�^yVdY.UbWZex^y[¦Wd^�f�^y[yWZVd^y�*WZcNR�Y�n�WZU4Wdeg^�[��Fs
U�ib³tnIhtWZex[I�mWdcNR(Y�n�WZU4Wdeg^�[°TNVd^y�IU4�Iex�gerWts{_�^�V2R\Uyf=c��g^�f�nIh\�
l¨R¸nIhdRPWdcNR¸_�VdRwê]nNR1[If1sÆ^�_�� © h�ex[¤WdcNR¸U��x�gR1�gR\haex[¤U��x^��
f�n�h(^bq�R\VSWZcNR.T�^�TNnN�vUbWZex^y[��ÊR\ê]nNegqbU4�gR1[]Wd�gsa¶¡R{f1U�[�nIhdRmWdcIR
_�VZR\ê]nNR1[�f�s�^�_mÖ © h�Uyh�WZcNRÃU4VZ��nIY�R\[]W � Wd^�f\U4�vf�nN�vUbWZR¨f1^�Vd�
VZR\hdT�^y[Ii�eg[N�PY�n�W=UbWdeg^�[�TNVZ^���U4�Neg�xexWts¸^�_SWZcIUbW{�g^�f�nIh\�Æ¥9cIR
_�VZR\ê]nNR1[�f�sP^4_�� © h�ex[ÅUk�g^Ff1nIh © h�U4�g�xR\�xRwh�f\U4[Ã��R��g^F^��yR\iÃUyh
WdcIR�i�R1�yVdR\R.^4_*f�^y[Fq�R1VZ��R\[If�R�WZ^�Ï1�wÐ�_�^yV�WZcIUbW��g^�f�nIh\��uKR1W
n : �6V=×o5 � �6V*Ù � Û1Û\ÛXæ � i�R1[I^4WdR�WZcNR�_�VZR\ê]nNR\[If�s�^�_7� © h#ex[�WdcIR
U4�g�gR1�gR\h(eg[Ã�g^Ff1nIhpV#^bq�R\VºWdcNR�T�^yTNnN�vUbWdeg^�[ÃU4W�WdegYmR��Ê��R1[IR1Vd�
UbWZex^y[ � 5SU4[Ii.Ñ�Ò���V=×o5 � �6V¡Ù&� Û1Û\ÛXæ � i�R1[I^4WdR�WdcNR�Y�nNWZUbWZex^y[
TNVZ^��IU��Neg�xexWts¹^4_º�x^�f1nIh�V�UbW.WZexYmRh5��¦¥9cNR\[K|¡Uyh.hXcI^b¶2[Åeg[
é)ex�ynNVZR(��|1Ñ�Ò���V=×o5 � f\U4[m��RSf1U4�vf�nI�gU4WdR\i�_�VZ^�Y n : ��VZ×;5 � U�h
_�^y�r��g^b¶*h1�

ÑGq´�6V=×o5 � Ùsr)ÒFt&uvC.èxw]y n : �6V=×;5 � C�ÖIÛ Î�y�w)��r)Ò	t�uzC�r)Ò{U Q � �t� �
¶2cNR\VdRhy Û�y�evh(U4[PU4�Ihd^��gn�WdR�_�nN[If�Wdeg^�[K|�rDÒ	t�u8U�[Ii|r)ÒFU Q U4VZR
WdcIR*Y.Ub§�exY�nNY®U�[IimYmex[IexY�nNYÂU��x�g^b¶9U4�N�gR9Y�n�W=UbWdeg^�[mTNVZ^��N�



U4�Iex�gerWZexRwh2_�^yVSU.�g^�f�nIh7VdRwhXT�R\f�Wdegq�R1�gs�|�R�� �I�g|�r Ò	t�u Ù®�båbæ?U�[Ii
r)Ò{U Q Ù«�wÖ.}G~b�
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Frequency of 1’s in the Alleles in a Locus

min

max

é)ex�ynNVZR��y� j¡U4�vf�nN�vUbWZex[N��_�nN[If�Wdeg^�[°_�^�V¡WZcNR(Y�n�W=UbWZex^y[�TNVZ^��N�
U4�Iex�gerWts{_�^�V*Um��R\[NRº�x^�f1nIh1�

¯ ^b¶�iNnNVdeg[N��WdcNR#R1qy^��gn�Wdeg^�[{^�_}WdcNR(� � |�U4_ãWdR1V2U�[NR1¶¦T�^�T��
nN�vUbWZex^y[¹cIU�h(��R1R\[¹��R\[NR1V=UbWZR\i}|)¶lRmÄ�VZhXW�f1U��gf1nN�vUbWdR n : �6V=×;5 ���cIR1[If1R�Ñ�Ò��6V=×o5 �d� _�^yV�R\Uyf=cP��R1[IR{�x^�f1nIh�^bqyR1V(WZcNR�T�^�TNnI�gU4�
Wdeg^�[/� ¥9cNR1[8¶¡Rºf\U4[°T�R\VX_�^yVdY o �7¯ p7`�^�T�R1V=UbWZex^y[Ih\�
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� f\f�^yVZi�eg[N��Wd^�WdcNRmf��vU�hZhXexÄ�f\UbWdeg^�[a^4_lUyiNU4T�W=UbWZex^y[�_�^�V�� � h
VZR1qFexR\¶lRwi�eg[�hXRwf�WZex^y[8èN|�o �7¯ p7`6��R1�g^�[N�]h9Wd^�WdcIR�f��vU�hZh9^4_
U�iIU4T�WZexqyR9UyiNU4TNWZUbWZex^y[�WZcIUbW ^�f1f1nNV=h)U4W?WdcNR9��^4WdWd^�Y����xR\q�R\��^4_
Y�nNWZUbWZex^y[K�)ª�W nIhdR\h
WZcNR7hXWZUbWZeghXWdevf1h ^4_}U4�g�xR\�xR*iNeghXWdVZex�In�Wdeg^�[{Uyh
_�R1Rwi��IUyf=�¨eg[�_�^yVdY.UbWZex^y[¹Wd^¨U�iNU�T�Wdegq�R\�xsPU�ib³tnIhtW�WdcIR�Y�n�WZU4�
Wdeg^�[aTNVd^y�IU4�Iex�gerWts°[N^y[���nI[Ner_�^yVdYm�gs�^bqyR1V*RwU�f=c��g^�f�nIh\|�cIR1[If1R
WdcIR*[IU4YmRSoFWZUbWZeghXWdevf1hX���IU�hdR\i � iIU4T�WZexqyR ¯ ^y[���p7[Nex_�^�VZY®`�n��
WZU4Wdeg^�[P�Mo �S¯ pS` � �
o �S¯ p7`²egh�Y�nIf=c�hdexYmTN�gR1V{WdcIU�[¦WdcN^]hXRkhdR1�x_ã�¬U�iNU�T�WZU4Wdeg^�[
YmR\f=cIU�[NevhXY.h¨Wdc�UbWÃU�iNiÂ^y[NR�R�§FWdV=UÇqbU��xnNR¦T�R1V¹�IerW¸U�[Ii
f�^���R\q�^y�xqyR¹WdcNRwhXR�qbU4�gnNR\h¨¶2exWdcÂR\Uyf=cëeg[Ii�egq]evi�nIU��M��l¦erWZc
o �S¯ p7`Ã|¡¶2c�UbW�¶¡R�UyiNi�WZ^ÃWdV=U�iNerWZex^y[IU4�S�NerW°·IegTÇY�n�WZU4�
Wdeg^�[ÃU�VdR.hdTIUbWZegU��x�gsa^y[N�gsa^�[IR.VdRwU4�?q�Rwf�WZ^�V�^�_9æ���i�egYmR1[Ihdeg^�[
Wdc�UbW¸VZR\f1^�V=iNh�WdcNR¦_�VZR\ê]nNR\[If�së^4_�^�[NRwh¨_�^�VÃRwU�f=cÂ�x^�f1nIh1|
U4[�iÇf�^yYmTNn�WZU4Wdeg^�[IU��x�gs¦^�[I�xs¦^y[NR¨hXWZU4WdevhtWZegf\h°T�R\V°�yR1[NR\VZU4�
Wdeg^�[¢WZcIUbW¨f1U4�vf�nI�gU4WdR\h�WdcNR¹_�VZR\ê]nNR\[If�sÆ^4_.^�[IR\h�^bqyR1V8WdcIR
T�^�TNnN�vUbWZex^y[��ÊcNR1[�f�R�WdcNRmY�n�WZU4Wdeg^�[¨TNVd^y�IU4�Iex�gerWts � _�^�V(RwU�f=c
�g^Ff1nIh\�Ç¥9cNevh{hXegYmTN�gR�R�§FWdV=UPhtW=UbWdevhXWdevf1h{UyiNi�R\iÅevh.¶lR\�x�7VdR1�
¶9U4V=i�R\i¸ex[�WdcIRkhXR\[IhXR8^�_ºf1^�YmTNn�W=UbWdeg^�[�U4�2f�^yY�TI�xR1§FexWts¸U4W
Wt¶¡^�U�hdT�R\f�W=h1�mWZcNR°[]nIY���R1V�^4_*Y�nNWZUbWZex^y[Ih�_�^�VmUkT�^�TNnI�gU4�
Wdeg^�[�U4[Ii�WZcNR7[FnNY���R\V ^4_K�IerWl·IexTITNex[I�yh?_�^yV RwU�f=c.Y�nNWZUbWZex^y[
^�T�R1V=UbWZex^y[K�aéI^�VmUkT�^�TNnN�vUbWZex^y[Ã^4_7hdegÌ1R�H UbW��yR1[NR\VZU4Wdeg^�[
5�|F^�[.WZcNRºU´q�R1V=U4�yR9WdV=U�i�exWdeg^�[�U4���NerW¡·IegT�Y�n�WZU4Wdeg^�[{Y�n�WZU4WdR\h
H > �X�zCk�t�vC(Ñ�Ò �j�M� eg[Ii�egqFegiNnIU4�vh ¶2cNeg�gRSo �7¯ p7` Y�n�WZU4WdR\h
H > �t��C�� U�� �U�� : �t��C�Ñ�Ò��6V=×o5 �d�X� eg[Ii�egqFegiNnIU4�vh1�?éI^�V RwU�f=cmY�n��WZU4Wdeg^�[P^�T�R1V=UbWZex^y[P^�[¹U4[Peg[Ii�egq]evi�nIU��M|)WZcNR{[FnNY���R1V�^4_2�NexW
·IegTNTNeg[N�yh7egh#æ > Ñ�Òë^�[8WZcNR�U´qyR1V=U4��R#¶2exWdc�WZVZUyi�erWZex^y[IU4�D�NexW
·IegT8Y�n�W=UbWdeg^�[8U4[�ih� U�� �U�� : Ñ�Ò��6V=×;5 � ¶2erWZc�o �7¯ pS`¹�

l¦cNR\[kWdcIR�T�^�TNnI�gU4Wdeg^�[kevh#VZU�[Ii�^�Ym�gs�eg[NexWdevU4�gexÌ\R\i}|ËWZcNR�_�VdR1�
ê]nNR1[�f�s�^4_ � © h?eg[.WdcIRSU4�g�gR1�gR\h eg[.R\Uyf=c.�x^�f1nIh evhlhXWZU4WdevhtWZegf\U4�g�xs
U4��^�nNW ÖN� ÎºU4[Ii�cNR\[If�R Ñ�Ò���V=×o5 � Ù�r)Ò	t�uN|]¶2cNevf=cK|yUyhdhdnNYmeg[N�
r)ÒFt&u�Ù¸Ñ�Ò�|I�yexqyR\h9^�[°WZcNR�U´q�R\VZU���RNH > �X�0C¦�t�	C8Ñ�Ò �j���
Y�nNWZUbWZex^y[Ihm_�^yV�U¹T�^�TNnN�vUbWZex^y[¦U4[Ii¦æ > Ñ�Ò3·�exTNTIex[N�]h._�^yV
R\Uyf=c�Y�n�WZU4Wdeg^�[�^�T�R1V=UbWdeg^�[�¶2erWZc.o �7¯ pS`¹���7^b¶lR\q�R1Vw|´¶2erWZc
WdcIR(TNVd^y��VZR\hZh ^�_/WZcNR�� � |K�1��eg[]WdVZex[�hXevfSU�[Ii°Öb��ex[]WdVZeg[IhXevfS�x^�f�e
WdR\[IiÆWd^¦f�^y[Fq�R1VZ��RaWd^«�¹U4[�iÆÖ�VZR\hdT�Rwf�Wdegq�R\�xsÆU4[IiÇWdcNR\exV
Y�nNWZUbWZex^y[8TNVd^y�IU4�Iex�gerWZexRwh2i�R\f1VdRwU�hdR(U�f1f1^�V=i�eg[N��WZ^.R\ê]nIU4Wdeg^�[
�t� � �?¥9cNevh?VZR\hdnN�rW=h?eg[���^4WZc.VdRwi�nIf1R\i�[FnNY���R1V ^�_�Y�n�WZU4Wdeg^�[Ih
^bq�R\V U�T�^�TInN�gU4Wdeg^�[a�ÊeM� R��g|.H > �t�KC � U�� �U�� : �X�KCmÑ�Ò��6V=×o5 �d�X�{�H > �t��C.�X��C9Ñ�Ò �j�Ê�d� U�[Ii(VZR\i�n�f�R\i�[]nIY���R1V)^4_�·IegTNTNeg[N�yhD_�^yV
R\Uyf=c�Y�n�WZU4Wdeg^�[�^yT�R\VZU4Wdeg^�[a�ÊeM� R��g|R� U�� �U�� : Ñ�Ò��6V=×o5 �{� æ > Ñ�Ò �¶2exWdcko �7¯ p7`¹� � [Ii8Uyh¡WdcNR(T�^�TNnI�gU4Wdeg^�[�f�^y[]qyR1VZ��Rwh1|]¶2erWZc
WdV=U�iNerWZex^y[IU4�
�NexWº·IexT¨Y�nNWZUbWZex^y[K|Keg[a_ÊUyf�Ww|}_�R1¶¡R1V(U4[�ik_�R\¶lR\V
^4Þ}hdTNVdeg[N�]hl�yR1[NR\VZU4WdRwi{�Fs{Y�nNWZUbWZex[I��WZcN^yhdRºf�^�[FqyR1VZ��R\i{�x^�f�e
¶2eg�x�¡hXnNVZqFexqyR�WdcNR{[IR�§FW���R\[NR1V=UbWZex^y[K��¥9cIU4W�egh\|/Y.U�[]s�Y�n��
WZU4Wdeg^�[k^yT�R\VZU4Wdeg^�[IhSU4VZR�¶9U�hXWdRwi�^�[�WZcN^yhdR�f1^�[Fq�R\Vd�yR\i°�g^Ff1eM�
`�^]htW¡^4_}WdcIR\hdR7¶9U�hXWdR\i{Y�n�W=UbWdeg^�[�h U4VZR7hZU´q�Rwim�]s{o �S¯ pS`
WdcIVd^ynN��cÔU�iIU4T�WZexqyR1�gs®i�Rwf�VZR\U�hdeg[N�¦Ñ Ò �6V=×o5 � Wd^�r ÒFU QÂ_�^yV
WdcI^yhdRºf1^�[Fq�R\Vd�yR\i��x^�f�e��

� ���7îP��î �y�����N¾ � òtî `±�

�D÷Êø � BDC�)¤L�H*�{EDCd���N�bý�� � Cd�
¥9cNR�`aUb§¸µS[NR\h(TIVd^y�N�xR\Y6hdegY�TI�xsPf�^ynN[]WZh(WZcNR{^y[NR\h�f�^�[N�
WZU�ex[IR\ikeg[aU��Nex[�U4VZs8hXWdVZeg[N��Uyh2WdcIR�ÄNWZ[NR\hZh#^4_?WZcIUbW(htWZVdeg[N���
¥9cNR(U4egYÔevh¡Wd^�^���W=U4eg[�UmhtWZVdeg[N�mf�^y[yW=U4eg[Neg[N��U��x�}^y[NR\h\|]WdcIU4W
evh1|�Wd^(Y.Ub§�egY�egÌ1R9^y[NR\h?eg[.UºhtWZVdeg[N�I� � hXWdVZex[N�(�gR1[I�4Wdcm^�_D�\ÖyÖ
�NexWZh2¶9U�h¡nIhdR\i�_�^yV2^�nNV*hXWdnIiNs��

�D÷vö � BDC���ýd��L � ��ý�L ú�� +DE)ÿ4üwJÊý�Ev�
¥9cNR¡z2^bsyU���z2^yUyiº_�nN[If�Wdeg^�[Ih¡�ÊéI^�VZVdRwhtW)U4[Ii�`kerW=f=cNR1�g�M|��wÈ�È]è �
U4VZRmi�R1qFevhXRwikWZ^°eg[Fq�RwhtWZex�]UbWdRm� ��© h(T�R1Vd_�^�VZYmU�[If�R�¶2erWZcPVdR1�
hdT�Rwf�W�Wd^Phdf=cNR\Y.U�TNVZ^Ff1R\hZhXeg[N�¨U4[Ii¹VZR\f1^�Y��Nex[�UbWdeg^�[¹eg[ÅU�[
evi�R\U��xegÌ1Rwi{_�^yVdY8� z2^bs]U4�}z2^yUyi{_�nI[If�WZex^y[Ih0� : U4[IiI� = f�^�[N�WZU�ex[ÅWZU�ex�g^�Vd��YmUyi�R°�NnNeg�gi�eg[N�P�N�g^�f=�Fh8�Mhdf=cNR\Y.U�h � ��U�hdR\iÃ^y[
Ý%/����IerW7�Iex[IU�Vds°htWZVdeg[N�]h1�2~ Uyf=c�hdf=cNR\Y.U��BU evh*��egq�R\[�U{f�^FR�_ã�
Ä�f1exR\[yWN�&U ¶2cIegf=ckevh*Rwê]nIU4�/Wd^�exWZh7^�V=i�R1V1���$�BU � �ÊU�hdf=cNR\Y.U © h
^�V=i�R\V�evh�WdcNR�[FnNY���R1VP^�_{ÄN§�R\iëT�^]hXexWdeg^�[Ih¨¶2exWdcNeg[®WdcIU4W
hZf=cNR1Y.U � �K� : f1^�[IhdevhtW=h9^4_)É.iNeghÊ³tnN[If�Wdegq�R(^�V=i�R\VX�¬É�hZf=cNR1Y.Uyh^4_)¶2cNevf=c�R\Uyf=c�cIUyh9É�Uyi´³XU�f1R1[]W¡^y[NR\h\�L� = f1^�[IhdeghXWZh¡^�_K_�^�nNV�gR1q�R\�gh�^4_*hZf=cNR1Y.U�h\���gR1qyR1�¡ÖÃ����^4WdWd^�Y��gR1qyR1� � evh(WdcIR�hZU4YmR
U�h�� : | �gR1qyR1�#��cIUyh /�^�V=i�R1Vd�Z�wÝ�hdf=cIR1Y.U�h�^4_*¶2cNevf=c¸RwU�f=cf�^yY��Neg[NRwh Wt¶¡^mU�i´³XUyf�R1[]W2hdf=cIR1Y.U�h¡eg[��gR1qyR1�}ÖN|��gR1qyR1�Kè�f�^�[N�
WZU�ex[�h¡èº^yVZiNR1Vd�¢¡]èShZf=cNR\YmUyh RwU�f=c{f�^yY��Neg[Neg[N�(Wt¶¡^�Uyi´³XU�f1R1[]W
hZf=cNR1Y.U�h�eg[Æ�gR1qyR1�m��|#U4[Ii�ÄI[IU4�g�gs¦�xR\q�R1�W¡Ú�ãWZcNRP^�T�WZexY.U4�
hZf=cNR1Y.U � f1^�Y��Iex[NRwh¡WdcNR�è�hZf=cNR1Y.Uyh9ex[°�xR\q�R\�Dè��
¥9cNR�ÄNWd[IR\hZhm^4_SU��NexW.hXWdVZeg[N� A _�^yV�� : � A � U4[�i�� = � A � eghf�^yYmTNn�WdRwik�Fs�hXnIY�Ymeg[N��WdcNRmf�^FR�Í{f1exR\[yW=hN�&Ulf1^�VZVdRwhXT�^�[�iF�
eg[N�aWZ^PR\U�f=cÅ^4_*WZcNR8��egq�R\[ÅhZf=cNR1Y.U4�£U#^�_7¶2cNevf=c A evh�U�[



eg[IhtW=U4[If1R��¤¥9cNRa^�T�WZexY.U4�#hX^y�xnNWdeg^�[Ih{_�^�V�� : U�[Ii�� = U4VZR��egq�R\[°Uyh1�L� : �X�����yÛxÛg� � ÙÇÝ%/mU4[IiI� = �X�����yÛxÛg� � Ù¤�\È]è��

�D÷�b � BDC�¤L¥�A ùN� �N�bý�� � Cd� þ°CFEDC¦�bL�ü\ý��
¥9cNR*V=U4[�i�^�YÂu}�to � ¥�TNVd^y�N�gR1Yë�yR1[NR\VZU4Wd^yV*�ÊQSRSÜy^�[N��|�§
^4Wd�
WdR\V#U�[IiaoFT�R\U�VZh\|)�\È�ÈF� � evh#U{��^]^y�xRwU4[ahZUbWZeghXÄ�U��Nex�gexWts�TNVZ^��N�
�gR1Yë�yR1[NR\VZU4Wd^yV)i�R\qFeghdR\i�Wd^ºeg[Fq�R\hXWdeg�yU4WdRlWdcNR2R1Þ�Rwf�W=h?^4_�R1TNevht�
WZUyhXevh.^y[ÅWZcNRkT�R1Vd_�^�VZY.U4[If1R°^�_�� � h\�Çª�W��yR1[NR\VZU4WdR\hmV=U4[N�
i�^yY;��^F^��gR\U4[PR1§FTIVdRwhdhdex^y[Ih#ex[Ãf1^�[b³tnI[If�WZexqyR{[N^�VZY.U4�
_�^yVdY
^4_*f1�gU�nIhXRwh�hdnN��³tR\f�W(Wd^�WZcNVZR1R{TIU�VZU�YmR�WdR\VZhp¨��Ê[FnNY���R1V�^4_
��^]^y�xRwU4[¹qbU4VZevU4�N�gR\h � |]©���[FnNY���R1V�^4_*i�evh�³tnI[If�WZexqyR�^�V�f�^�[N�
³tnN[If�Wdegq�RPf��vU4nIhdR\h � U4[Ii«ª6�ãWZcNR¨�xR\[N�4WZcÇ^4_�WdcNR¹f��vU4n�hXRwh � �
~ Uyf=cÅf1�gU�nIhXR°evh�f1VdRwUbWZR\iÃ�FsÃhdR1�gR\f�Wdeg[N�!ªë^�_N¨�q´U�VdevU4�I�xRwh
nN[Nex_�^�VZYm�xs¨V=U4[Ii�^yYm�xsPU4[IiP[IR1�yU4Wdeg[N�kRwU�f=c¹qbU4VZegU��N�gR{¶2erWZc
TNVZ^��IU��Neg�xexWts¸ÖN� Î���éN^yV.R\Uyf=cÅ�yR1[NR\VZU4WdR\i¸��^F^y�xRwU4[�R�§�TNVZR\hX�
hdex^y[K|IWZcNRmU4egY evh7Wd^{Ä�[IiaU�[aU�hZhXeg��[IY�R\[]W7^4_?WZVdn�WZckqbU4�gnNR\h
Wd^ÃWdcNR�¨6qbU�VdevU4�N�gR\h.WdcIU4W�Y.U4��Rwh�WdcNRaR1[]WdegVdRaR�§�TNVZR\hZhXeg^�[
WdVZnNRy�¨oFeg[If�R�WdcNR���^F^y�xRwU4[ÃR1§FTIVdRwhdhdex^y[Pegh�VZU�[Ii�^yY��gs¨��R1[N�
R1V=UbWZR\i}|FWZcNR1VZRºegh9[I^.��nIU�VZU�[yWZR1R7WdcIU4W7hXnIf=c8U4[8U�hZhdex�y[NYmR1[]W
R�§�evhtW=h1�S¥9cNR(ÄNWZ[NR\hZh*_�nI[If�WZex^y[�_�^�V7WdcNR�u}�to � ¥¢TNVZ^��N�gR1Y egh
U�h¡_�^y�x�g^b¶*h\�
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¹K÷Êø c Cd�\JMG�E�ýRe0ºSH}û C¦�´J$�ÃCFEËü
ª¬[Ú^�V=i�R1V°Wd^ÅWdRwhtW�o �7¯ pS`¹|*eg[ÇWZcNevh8R�§�T�R\VdegYmR1[]WkhtWZnIi�s
¶¡R�f�^�YmTIU�VdRwi{exW7¶2exWdc°WdV=U�i�exWdeg^�[�U4�}�NexW*·IegT8Y�n�W=UbWdeg^�[�U�[Ii
f�^yY��Neg[NRwikWZcNR1Y6¶2erWZc¹f�^�YmYm^�[I�xskn�hXRwi¨èb��T�^�eg[]W(U�[IiPÖN� Î
nN[Nex_�^�VZY�f�VZ^yhZhX^bqyR1V#^�T�R1V=UbWd^yVZh\��éI^�V�RwU�f=cPR�§�T�R1VZexYmR\[yW�^4_
f�^yY��Neg[Neg[N�aY�n�WZU4Wdeg^�[Ç��WdV=U�i�exWdeg^�[�U4�¡�NerW�·IegT¸Y�n�WZU4Wdeg^�[Ã^yV
o �S¯ p7` � |�f�VZ^yhZhX^bqyR1V9�Mèb��T�^�eg[]W ^�V¡ÖN� Î#nN[Nex_�^�VZYÂf1Vd^]hdhd^bq�R\V �
U4[�i{R\Uyf=c.WdRwhtW9TNVZ^��N�gR1Y8|��\ÖyÖ�eg[Ii�R1T�R1[�i�R1[]W9VdnN[�hl¶¡R1VZR7R1§F�
R\f1n�WdRwi}�?ª¬[°^�V=i�R1VlWd^mcIU´qyRSU�htWZVdevf�W*f�^yYmTIU4VZeghd^�[{WdcNR(hZU4YmR
�\ÖyÖ.i�exÞ�R\VdR\[yW#VZU�[Ii�^yY hdR1RwiNh*¶¡R1VZR�nIhdR\i8WZ^��yR1[NR\VZU4WdR(eg[Ner�
WdevU4��T�^yTNnN�vUbWdeg^�[�hË_�^�V}WZcNR*�wÖ�Ö¡VdnI[Ih}^4_�RwU�f=c#R�§�T�R\VdegYmR1[]W\�Dª¬[
U4�g��WZcNR2R�§�T�R1VZexYmR1[]W=h1|�WdcNR9ÄNWZ[NR\hZh?TNVZ^�T�^�VdWdeg^�[�UbWdR2hdR1�gR\f�Wdeg^�[
¶2exWdcPWdcIR�hXWd^�f=cIU�hXWdevfmnN[Negq�R\VZhZU4� hZU4YmTN�geg[N�¸���9U���R1Vw| �wÈ�ÉF� �
U4[�imR1�gerWZeghXW Ym^�i�R1�)�ÊQSR7Ü�^y[N�I|��\ÈF�4Î � ¶9U�h?n�hXRwi�eg[mWdcIR#� � |
WdcIR9f1Vd^]hdhd^bq�R\VKTNVZ^��IU��Neg�xexWtsº¶¡Uyh/ÄI§FRwi(WZ^SWtsFTNevf1U��Fq´U��xnIR¡ÖIÛ ÝI|
U4[�i¨WdcNR�T�^yTNnN�vUbWdeg^�[ÃhdegÌ1R{¶9U�h�hdR�W�Wd^Ã�wÖ�Ö°_�^�V�R\Uyf=c¨VZnN[K�

éN^yV
WdV=U�i�exWdeg^�[�U4�F�NexW?·IexTmY�n�WZU4Wdeg^�[�WdcNR2TNVZ^���U4�Neg�xexWts(^4_�Y�n��
WZU4Wdeg^�[.Ñ�Ò¤¶9U�h2hdR�W*WZ^k�´å4æD¶2cIex�gR�_�^yVSo �7¯ p7`3Ñ�Ò¤qbU4VZegR\i
U�iIU4T�WZexqyR1�gs°��R�Wt¶¡R1R\[|r)ÒFt&u�ÙÔ�båbæ U�[Ii|r)ÒFU Q Ù&�\Ö.}G~(_�^yV
R\Uyf=cm�x^�f�n�h U�f\f�^�V=i�eg[N�#Wd^(Rwêyn�UbWdeg^�[��X� � �?éI^�V RwU�f=c�VdnN[/|�¶¡R
VZR\f�^yVZiNR\i�WdcNR���RwhtWd��hd^4��_ÊU4V2ÄIWd[NRwhdh7R1q�R\Vds��\ÖyÖmR1qbU4�gnIUbWZex^y[Ih\�
�*R\VdRy|l^y[N�gs¹WdcN^]hXR�f=cNVZ^�Ym^]hX^yY�Rwhmf=cIU4[N�yR\i¸�]sÅf�VZ^yhZhX^bqyR1V
U4[�ikY�nNWZUbWZex^y[k^�T�R1V=UbWZex^y[IhS¶lR\VdR�R\qbU4�gnIUbWZR\iaU�[Iikf1^�nN[]WdRwi
eg[yWZ^°WdcNR.[FnNY���R\V(^4_lR\qbU4�gnIUbWZex^y[Ih1�.~lU�f=caR1§�T�R\VdegYmR1[]W(VdR1�
hdnN�rW*¶9U�h9U´qyR1V=U4��Rwi.^bq�R\Vº�\Ö�Ö�eg[Ii�R1T�R1[�i�R1[]W7VZnN[Ih\�
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¥9cNR�R1§�T�R\VdegYmR1[]WSVZR\hdnN�xWZh2^y[ki�erÞËR1VZR1[]WSWdR\hXWSTIVd^y�N�xR\Y.h*U4VZR
hdcN^b¶2[.ex[m_�VZ^�Y±é)ex�ynNVZRSè#Wd^�éDeg��nIVdR#�ºVdRwhXT�R\f�Wdegq�R1�gs��
éNVZ^�Y
WdcIR\hdRÃÄI�ynNVdRwh1|�erWPf1U4[«��RÅhdR1R\[¢WdcIU4WPo �S¯ pS` ^�nNWdT�R1Vd�
_�^�VZY.h¡WdV=U�i�exWdeg^�[�U4�}�NexW2·IegT°Y�n�WZU4Wdeg^�[°^�T�R1V=UbWZ^�V9^�[8U4�g�}WdcIR
WdRwhtW*TIVd^y�N�xR\Y.h*ê]nNerWZR�f��gR\U�Vd�gs{R�§Nf1R1T�W*^y[°VZ^bsyU��ËVd^]U�i�_�nN[If��
Wdeg^�[�h»� : U4[Iih� = �7µS[�VZ^bsyU��}Vd^]U�i�_�nN[If�WZex^y[Ih1� : U�[Iih� =�ÊhdR1R�éDeg��nIVdR|¡¸U4[Ii¦é)eg��nNVZRh/ � |*i�nNVZex[N�ÃWdcNR�R\U4VZ�gsÅhXWZU4�yR
^4_.hdR\U4V=f=cNeg[N�I|(� � ¶2exWdc¢WZVZUyi�erWZex^y[IU4�(�IerWk·�exT¢Y�nNWZUbWZex^y[
evhº��R1WXWdR\VºWdcIU�[P� � ¶2exWdc¹o �7¯ p7`¹�D�*^b¶¡R1q�R\V\|}U4_ãWdR1V(f1R1Vd�
WZU�ex[°R1qbU��xnIU4Wdeg^�[Ih\|F¶2cNR1[�WdcIR(� � cIUyh¡�NnNeg�rW2nNT8hX^yYmR#n�hXR1�
_�nN�2hZf=cNR1Y.U�hmo �S¯ p7` ^�n�WZT�R\VX_�^yVdY.h�WdV=U�i�exWdeg^�[�U4�¡�NerW�·IegT
Y�nNWZUbWZex^y[���R\f\U4nIhdRºo �7¯ pS`�R1Í{f�egR1[]Wd�gs�U´q�^yegiIh Y�nNWZUbWZex[I�
WdcI^yhdRºf1^�[Fq�R\Vd�yR\i��x^�f�e��
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Evaluations ( x 100 )

BitFlipMut + 2-Point
SANUM + 2-Point

BitFlipMut + Uniform
SANUM + Uniform

é)ex�ynNVZR8èN� � qyR1V=U4�yR���R\hXWX�¬hX^��M_ÊU�V�f1nNVdqyR\h�U4�]U4eg[IhtW�R1qbU4�gnIU4�
Wdeg^�[�h9^�[�`kUb§�µS[NR\h9TNVZ^��I�xR\Y°�

éNVZ^�Y¢U4��^bq�R R�§�T�R\VdegYmR1[]W/VZR\hdnN�xWZh\|wexW)f\U4[�U��ghd^2��RlhdR1R1[�WdcIU4W
Y�nNWZUbWZex^y[P^�T�R1V=UbWd^yV�i�^FR\h(Y.U4WXWdR\V�¶2exWdc¹VZR\hdT�Rwf�W(Wd^a� ��© h
T�R1Vd_�^�VZYmU�[If�Ry�)éI^�V¡WdcIRºhdR�W2^�_KWdRwhtWZR\i�TNVd^y�N�gR1Y.h1|No �S¯ pS`
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