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��gJÿ½E5ÿk`,ÿ�IK: ��� >�a,ÿÎ:=i � >@`JiK:=aJÿ�CKÿkaßB5i�B�IÃC6B5`Ji��þ>5CFdeBDIK:?>@`ÞIKgJBDI � >@`JiÃIÃC6G � IKi�IKg,ÿ
d �����.�+�&B5iÃÿkac`,ÿ�$ CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` >��1IKg,ÿÎHJCK>5IÃÿk:=`&i��
��ÿ�I ø B5`Ja 
 ��ÿÐIKg,ÿ C��F�+�&:?I�d �.��� B5`Ja IKg,ÿ � >5CKCKÿkiÃH�>@`Ja&:=`,E�IÃCFB5`JiF<=BDIÃÿka

C � �+�&:?I�H&CK>5IÃÿk:=`ÅiÃÿ���GJÿk` � ÿki����@GJiÃI;<=:�15ÿ�IKg,ÿ±`&BDIKG,CFB5<=6�M�.:4PGRN .16�5�E:4)HJCK> � ÿkiKi��Ä>@G,CBDCKIK:/" � :=B5<*IÃCFB5`JiK<=BDIK:=>@` dàBDH&i±IKg,ÿ d �.��� iÃÿ��RG,ÿk` � ÿßIÃ>�IKg,ÿ � >5CKCFÿkiÃH�>@`JaJ:=`,E
HJCF>5IÃÿk:=`éiÃÿ���GJÿk` � ÿ�GJiK:=`,EÞB � >RaJÿ��+�Ä>R>�1 � $½gJ: � g $}ÿ � B5<=<1B E5ÿk`Jÿ�IK: �@� >RaJÿ��0<=:�15ÿ
IÃCFB5`&i��v>5C6deBDIK:?>@`&�}:=` iFg,>5CKI B f%$ � � ��gJ:=ieIÃC6B5`Ji��þ>5CFdeBDIK:?>@` :=iÞa,ÿk`,>5IÃÿka ���
���� $�gJÿ�CKÿeIKg,ÿàiFG	�&i � CF:=HJI���a,ÿk`,>5IÃÿki�IKg,ÿà`RGJdV��ÿ�C�>���d ����� �þÿkBDIKG,CKÿkiÐIKgJBDIa,ÿ#"$`,ÿ;B � >�a,>@`&�-+?��IKg,CKÿ�ÿ
�þÿkBDIKG,CKÿki�BDCKÿ�G&iÃÿkaß<=:�15ÿh`JBDIKG,CFB5< � >�a,>@`Ji���� � <�I � ��
� B5` ��ÿàa,ÿ#"&`,ÿka�B5i � �� ���

A
	 ��� A�
 � � A�	 B5`Ja � A�
 a,ÿk`,>5IÃÿ IKg,ÿ�C���B5`JaDC �aJ:Od�ÿk`JiK:?>@`&B5<�iÃH$B � ÿe>���B5<=<!d �.���;i�B5`Ja�HJCF>5IÃÿk:=`JihCKÿkiÃH�ÿ � IK:��5ÿk<���� ��>5IÃÿàIKgJBDI
C��<��� C � � �c>5CKÿ�>3�5ÿ�C���:=`ß>@G,C.�&:=`JBDCR� � B5iÃÿ�� � � � �� & * ) : �
��B*�&<?ÿki + +}B5`Ja7+ + +�iFg,>3$ I�$*>�ÿ��,B5d�H&<?ÿki�>��!f%$ ��i�:O`
IÃCK>�aJG � ÿkaÞÿk<=iKÿ�$�g,ÿ�CKÿ

L�A�BDCFE@G,HJIKB"� �'&(&*) _F� �½>5IÃÿ IKgJBDI�B�f $ � deB�� �ÄÿÞCKÿkaJG&`JaJB5`�IV,KGJiÃI2<=:�15ÿÞIKg,ÿ
GJ`&:��5ÿ�CFiKB5<�E5ÿk`,ÿ�IK: �-� >RaJÿ���+]`Å>5IKg,ÿ�C
$*>5C6aJi���BÞG&`J:��RG,ÿ�HJCK>5IÃÿk:O` �þÿkBDIKG,CKÿ-�DB5<=G,ÿ
deB3� �Äÿ�H&CK>Ra&G � ÿka �U� iKÿ��5ÿ�CFB5<Ðd ����� � >�a,>@`Ji����½i)B CKÿkiKGJ<=I���IKg,ÿ�CKÿ ÿ��U�
:=iKI�deB5` �éÿ��RGJ:��DB5<?ÿk`�IÐd �.��� iÃÿ��RG,ÿk` � ÿki�IKg&BDI�HJCK>�aJG � ÿ�IKg,ÿÞiKB5d�ÿeH&CK>5IÃÿk:=`
iÃÿ��RG,ÿk` � ÿ��)�;<=<hIKg,ÿkiKÿ�d �.��� iÃÿ���GJÿk` � ÿki gJB3�5ÿ�IKg,ÿ iKB5deÿ E5ÿk`,ÿ�IK: � "&IK`,ÿkiKi
iK:O` � ÿ2IKg,ÿ��ÅB5<O<!deBDH IÃ> IKg,ÿàiFB5d�ÿ�HJCK>5IÃÿk:=`�iKÿ���G,ÿk` � ÿ���bR> $}ÿ � B5` ��:?ÿ�$ IKg,ÿ
iÃH$B � ÿ±>���d �����;ihE5CK>@G,H�ÿkaé:=`�IÃ>ßa&: 0Äÿ�CFÿk`
Ihÿ��RGJ:��DB5<?ÿk` � ÿ � <=B5iKiÃÿki��H@,>@<=<?>;$�:=`,E
L�A�BDCFE@G,HJIKB"� �'&(&*) _'$}ÿ*iKgJB5<O< � B5<=<@IKg&:=i � gJBDCFB � IÃÿ�CF:=iKIK: � S,M�.?4PGHNW.?6�5�E:4��H4$6�M�EX0?>PAR2 0
���D>+5��:.:N*2�4$AR2*L=�V+ ]�_�B5`Ja±IKg,ÿkiKÿ*E5CK>@GJH&i�>��Jÿ���G&:��sB5<=ÿk`
I1d �.���;i $½:=<=<���ÿ � B5<=<?ÿka
IKg,ÿ���+�] � <OB5iKiÃÿki�� ��ÿ�I � � ��ÿ�IKg,ÿ
��+�] � <OB5iKi �þ>5C}IKg,ÿ½H&CK>5IÃÿk:=`àiKÿ���G,ÿk` � ÿ 
 � +]`
>5IKg,ÿ�C.$*>5CFa&i�� � � �� ø E � ø E�� ��� 
 : � ��gJÿ � BDCFaJ:=`JB5<O:?I��e>��1IKg,ÿ�iÃÿ�I � � a,ÿ�H�ÿk`JaJi>@`)IKg,ÿÐE5ÿk`Jÿ�IK: �/� >�a,ÿ2B5`Ja IKgJÿ�HJCF>5IÃÿk:=`ciÃÿ��RG,ÿk` � ÿ 
 � ��ÿ�I I J B5`Ja I & �Äÿ�IKg,ÿ
IÃ>5IKB5<*`�GJd/��ÿ�C�>�� � >RaJ>@`JiÎIKgJBDI±deBDH IÃ>)B HJCK>5IÃÿk:=` �þÿkBDIKG,CKÿ �sB5<=GJÿ�>�� & B5`Ja
) CKÿkiÃH�ÿ � IK:��5ÿk<���� ��ÿ�I	C � � J B5`Ja C � � & ��ÿ)IKg,ÿ `RGJd/��ÿ�CÞ>�� & �0i B5`Ja ) �0i :O` 

CKÿkiKHÄÿ � IK:��5ÿk<����*@,>5C �}>R>@<?ÿkB5` iÃIÃCF:O`,E@i�� C � � J KDC � � & � C � � ��g,ÿk`ÞIKg,ÿ � BDCFa&:=`JB5<=:?I��
>���IKg,ÿV��+�] � <=B5iFi�>��1HJCK>5IÃÿk:=` 
 :=i � � � � � I A 
�� �J I A 
�� �& �
��g,ÿ�IÃCFB5`&i��v>5C6deBDIK:?>@` ���� IKgJBDI � >@` �5ÿ�CFIKi!B5`�d ����� iKÿ���G,ÿk` � ÿ*IÃ>hB�H&CK>5IÃÿk:=`iÃÿ��RG,ÿk` � ÿ�:=i aJÿ�IÃÿ�CFde:=`J:OiÃIK: � �*9½>3$}ÿ��5ÿ�C��;B iF:=`,E@<?ÿÅHJCK>5IÃÿk:=` iKÿ���G,ÿk` � ÿ � >5CFCKÿ��

iÃH�>@`Ja&iÆIÃ>;B½iÃÿ�I�>��JaJ: 0�ÿ�CKÿk`
I�d �.��� iÃÿ��RG,ÿk` � ÿki��*��g,ÿ��v>@<=<=>3$�:=`JE�iÃÿ � IK:?>@` � >@`"�
iK:Oa,ÿ�CFiÌH&CK>��&B*�&:=<O:=iÃIK: � iÃÿk<=ÿ � IK:?>@`Þ>���>@`,ÿÎd �.��� iÃÿ��RG,ÿk` � ÿ
�þCK>@d IKg,ÿhiÃÿ�I�>���B5<=<
d �����õiÃÿ��RG,ÿk` � ÿki�:O`ßIKg,ÿO��+�] � <=B5iKi�>���B�H&CK>5IÃÿk:=` iÃÿ��RG,ÿk` � ÿ�� +�I�:=`�IÃCK>�aJG � ÿki
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TIE Classes

Randomized GCT

� z��6rkwYuÆ��> ×Ä°�ªm®�´�­Yµs²�´Y¯�°�ªÌ°F¹D³Æªs¨�Ó±­Y¨]¬.­Y¨]®�¨]ª�´0³F´Y¯�°�ªÌ°F¹m´Y§m¨J´�­0³F¯�ªs¯�ªs©�Às³K´0³Æ®�¨�´��½È�Ï1³6¬s¬m¸¿Ïm¯�ªm©
³2­0³6ªDÀ.°�º�¯�Ý]¨ÃÀ Ö!×�¥�»�¥�§m¨�¨�ªk´Y¯¿­Y¨ÐÀm°6º�³6¯�ª�� ²Ã³Fª ³6¸�®�°ÞÈ5¨Î´�­0³Fªs®�¹�°F­Yº�¨ÃÀ ¯�ª ³e®�¯�º�¯�¸�³F­
º�³6ªmªs¨�­�¹�°6­�²]°�ªm®�´�­Yµs²�´Y¯�ªm©}´Y§s¨1²�°6­�­Y¨]®�¬5°6ªDÀm¯�ªm©����0»

CFB5`&a,>@de:1.�ÿka)f $ ��i½IKgJBDI�IÃCFB5`&i��v>5C6d BÞiÃIÃCF:=`,E "�IÃ> " � ���ßHJCK>��$B*�&:=<=:=iKIK: � B5<=<��
B5iKiF:?E@`J:=`,E � >RaJ>@`Ji
�vCF>@d IKg,ÿ�aJ: 0�ÿ�CKÿk`
IhH�>@iKiK:��&<?ÿ � g,>@: � ÿki�B5iFiÃ> � :OBDIÃÿka $�:?IKgéB
iK:O`,E@<?ÿ
�sB5<OG,ÿh>��1BeHJCK>5IÃÿk:=` �þÿkBDIKG,CKÿ��

>	� ) �	� #�-�
��
� ��� ��
�������� �

��ÿkaJGJ`JaJB5` � ��:=i�B5`�:Od�H�>5CKIKB5`
I � gJBDCFB � IÃÿ�CF:=iKIK: � >��&f%$ ��i�����ÿkaJGJ`&aJB5` � �.�þ>5C � ÿki
GJi;IÃ> deB*15ÿeB � gJ>@: � ÿ@�vCF>@d�a&: 0Äÿ�CFÿk`
I;H�>@iKiK:��&<=ÿ � >RaJ>@`Ji
$�gJ:=<=ÿ � >@`JiÃIÃCFG � IK:=`,E
IKg,ÿ�d ����� iÃÿ��RG,ÿk` � ÿ �þCK>@d BhE@:��5ÿk`eB5dà:=`,>ÎB � :=a�iÃÿ��RG,ÿk` � ÿ�:=`2BhHJCF>5IÃÿk:=`&�:_�ÿ
� B5` deB*15ÿÐIKgJ:=i�a,ÿ � :=iK:=>@` H&CK>��&B*�&:=<O:=iÃIK: � � @J>5C�ÿ��,B5d�H&<?ÿ��,B5` d �����õiÃÿ��RG,ÿk` � ÿ
� B5` ��ÿ E5ÿk`Jÿ�CFBDIÃÿka �vCF>@d BÅE@:��5ÿk` HJCF>5IÃÿk:=`#iÃÿ���GJÿk` � ÿ,�U�¦B5iFiK:?E@`J:=`JE � >RaJ>@`Ji
$�:=IKgcB � ÿ�CKIKB5:=`)HJCK>��&B*�&:O<=:?I�� aJ:OiÃIÃCF:��&GJIK:?>@`&�	��B5`JaJ>@de:1.�ÿka�f%$ ��i;a,>àÿ��,B � IK<��
IKgJBDI��
� CFB5`Ja,>@de:/.�ÿkaÞf%$ � :=i}B2f $ �%$½g,ÿ�CKÿ�IKgJÿ � >�a,>@`Ji}BDCKÿhB5iKiÃ> � :=BDIÃÿka $�:?IKg

B � ÿ�CKIKB5:O` HJCK>��$B*�&:=<=:?I���aJ:=iKIÃCF:��&G,IK:=>@`&�1fh:��5ÿk` B5` B5de:=`J> B � :=a iÃÿ��RG,ÿk` � ÿ $}ÿ
E5ÿk`,ÿ�C6BDIÃÿ�IKg,ÿ � >5CKCKÿkiKHÄ>@`&aJ:=`,Eed ����� iKÿ���G,ÿk` � ÿki��U� iK:=deH&<�� �þ>@<=<?>;$�:=`,EàIKgJ:=i
HJCF>��&B*�&:=<=:=I��eaJ:=iKIÃCF:��&G,IK:=>@`àB5iKiK:=E@`,ÿkaß>3�5ÿ�C;IKg,ÿ � >�a,>@`Ji��*+]`ßIKg,ÿ �þ>@<=<?>3$½:=`,E2aJ:=i��
� GJiFiK:?>@` $*ÿ½iKgJB5<=< � >@`JiK:Oa,ÿ�CÌiKG � g�CFB5`Ja,>@dà:1.�ÿkaef%$ ��iC$½g,ÿ�CKÿ�ÿkB � g � >Ra,>@`àgJB5i
GJ`&:��v>5C6d H&CK>��&B*�&:=<O:?I��e>���> ��� G,CKCKÿk` � ÿ��
�}ÿ��þ>5CKÿed�>;�R:=`JE �þG,CFIKg,ÿ�CÎB5g,ÿkB5a <?ÿ�I�GJihIKB*15ÿÞB5`éÿ���B5deH&<?ÿ��2$}>@`JiF:=a,ÿ�ChIKg,ÿ

HJCF>5IÃÿk:=` iÃÿ��RG,ÿk` � ÿ )#& IKg&BDI�`,ÿ�ÿkaJi�IÃ> �ÄÿÎIÃC6B5`Ji��þ>5CFd�ÿkaßIÃ>àIKgJÿ�d �.���(iKH&B � ÿ
GJiF:=`,E � >�a,ÿ�� L=��B*�&<?ÿ5+ +Ã_F�8_�ÿ;gJB3�5ÿ��þ>@G,C � >Ra,>@`&i*B5iKiK> � :=BDIÃÿka,$�:?IKg B5` ) B5`Ja
$}ÿ � g,>R>@iÃÿ�>@`,ÿ�B5d�>@`,E;IKg,ÿkd $�:?IKg±GJ`J:��þ>5CFd H&CK>��&B*�&:=<O:?I���� ��ÿ�I!GJi�iFB��V$}ÿ}H&: � 1
&(&(& �,b�:=de:=<OBDCF<���� $*ÿ � g,>R>@iÃÿ½B5`,>5IKgJÿ�C � >�a,>@` �þ>5CÌIKg,ÿ�<OB5iÃI2�&:?I & :=`�IKg,ÿ�H&CK>5IÃÿk:=`
iÃÿ��RG,ÿk` � ÿ )#& B5`&aÐ<?ÿ�I�IKgJBDI � >�a,>@`V�Äÿ )#&*) � ��g,ÿ�CKÿkiFGJ<?IK:=`,E�IÃC6B5`Ji��þ>5CFd�ÿkaÐiKIÃCF:=`,E
:=i�IKgJÿ�CKÿ��v>5CFÿ &(&(&*)#&*) � �õCFB5`&a,>@de:1.�ÿkacf%$ � $*>5C 1Ri�:O`ßIKgJ:=i ��B5iKgJ:?>@` :=` >5CFa,ÿ�C
IÃ>eH&CK>Ra&G � ÿ�BàGJ`&:���GJÿ C � �+�&:?I�CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@`c>��!B5`WC � �+�&:?I�H&CK>5IÃÿk:=`&�P_�ÿ � B5`
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� >@`JiKIÃCFG � I1B;`Jÿ�$ CFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` L � � _Æ>��$IKg,ÿ�d�ÿkdV��ÿ�CFi�>��JIKgJÿ}IÃC6B5:=`J:=`,E½aJBDIKB
iÃÿ�IO� �U� BDHJH&<��R:=`JE IKgJ:=i�IÃC6B5`Ji��þ>5CFdeBDIK:?>@`&�8��g,ÿ ÿk`
IK:?CFÿ a,>@deB5:O` L � _Î>���IKg,ÿ
IKBDCKE5ÿ�I ��GJ` � IK:?>@` � B5`ÞB5<=iÃ>/��ÿ � >@` �5ÿ�CFIÃÿka IÃ> � � :=`eB�iK:=de:=<OBDCÌdeB5`J`,ÿ�C�� @1:?E@G,CKÿ
>	� ) iFg,>3$�i�IKgJ:=i � >@`JiÃIÃC6G � IK:?>@`éHJCK> � ÿkiKiÎE5C6BDH&gJ: � B5<=<���� ��g,ÿ-�v>@<=<=>3$�:=`JEßiKÿ � IK:?>@`
ÿ���H&<?>5CKÿki½IKg,ÿ±CKÿ�HJCKÿkiKÿk`
IKBDIK:?>@`&B5<�HJCF>5HÄÿ�CFIK:?ÿki�>���iFG � gÅIÃCFB5`JiR�v>5CFdàBDIK:?>@`Ji;GJiK:=`,E
d±GJ<?IK: �+�DBDCF:=BDIÃÿ @,>@GJCF:?ÿ�C�B5`JB5<��RiK:Oi��

>	� � � � � ���=��� �K��� � � ��� ��� � �,-`(3#,(��"� -J#�-�
 ������� �

��ÿ � B5<=<JIKgJBDI}>@G,C*ÿkBDCF<=:?ÿ�C}aJ:=i � GJiFiK:?>@`2>@`,�þGJ` � IK:?>@`e:=`Ja&G � IK:?>@`eB5`JaàIKg,ÿ � >@`��5ÿ��
�RGJB5a,CFBDIK: � �þ>5CFd±GJ<=BDIK:?>@`±>��&IKgJÿ �éb+] L�:=`ebRÿ � IK:=>@`G<@_�deB5a,ÿ}I�$}>ÐB5iKiKGJdeHJIK:?>@`Ji
CKÿ�E@BDC6aJ:=`,EßIKg,ÿeCFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` � L ) _h>5CKIKg,>@`,>5CFdàB5<=:?I��Å>���IKg,ÿ@�&B5iK:Oi�iÃÿ�I�>;�5ÿ�C
IKg,ÿ � >@d�H&<?ÿ�IÃÿ±a,>@deB5:=` � B5`Ja¦L � _�>5CKIKg,>@`,>5CFdàB5<=:?I��ß>;�5ÿ�C½IKg,ÿ�IÃCFB5:=`J:O`,E�aJBDIKB
iÃÿ�I��
�;i2$}ÿ�`,>5IÃÿkaàÿkBDCF<=:?ÿ�C3�
:?IÌ:=i!CFÿk<=BDIK:��5ÿk<���iÃIÃCFB5:=E@g
I2�þ>5CR$�BDCFaeIÃ> � >@d�ÿ½G,H $�:?IKg

BÎCFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`@$�gJÿ�CKÿ�IKg,ÿ)�&B5iF:=iC�5ÿ � IÃ>5CFi}BDCKÿ�>5CKIKgJ>@`,>5CFdeB5<�>;�5ÿ�C*IKg,ÿ � >@d-�
H&<=ÿ�IÃÿ�a,>@deB5:O`&� ��gJÿ�CKÿ±BDCFÿ±iÃÿ��5ÿ�C6B5<�H�>@iKiF:��&:=<=:=IK:?ÿki��-+�`)IKgJ:=i½H&BDH�ÿ�C�$*ÿ2GJiÃÿ±IKg,ÿ
aJ:Oi � CKÿ�IÃÿ @J>@G,CF:?ÿ�C2CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@`¦IKg&BDI±iKBDIK:Oi�"Jÿki±IKgJ:=i�HJCK>5H�ÿ�CKI���� �c>5CKÿ�>3�5ÿ�C3�
:?I}:=i��þGJ` � IK:?>@`JB5<=<�� � >@d�H&<=ÿ�IÃÿ?I�:O`e>5IKg,ÿ�C $}>5CFaJi}B5` �ÞaJ:=i � CKÿ�IÃÿ��þG&` � IK:?>@` � B5`,��ÿ
CKÿ�H&CKÿkiÃÿk`�IÃÿka GJiK:=`JER@J>@G,CF:?ÿ�C)�$B5iK:=i��
��g,ÿ @,>@G,C6:?ÿ�CV�&B5iF:=iÐiÃÿ�I�>3�5ÿ�C�B5` CT�+�&:?I�a,>@deB5:=` � >@`
IKB5:=`&i � A >5CKIKgJ>5E5>@`JB5<

@,>@GJCF:?ÿ�C ��GJ` � IK:?>@`&i�� ]�B � g @,>@G,C6:?ÿ�C �&B5iK:Oi@�þG&` � IK:?>@` :=ieaJÿ#"&`,ÿka B5i YZV L#"�_	�
L�
 ) _ $ ��� V ( �P_ gJÿ�CKÿ ��B5`&a "�BDCKÿ �&:=`&BDCR� iÃIÃC6:=`,E@i�>��1<?ÿk`,E5IKg	C*� +�`ß>5IKgJÿ�C.$}>5CFaJi
�>�	� $'&)( *
� $413( *656565�� $ A ( � " � @ $'&)( * @ $213( *656565 @ $ A ( B5`Ja � *+" �  & * ) : A I " 5 ��aJÿk`,>5IÃÿki
IKg,ÿÎ:=`&`,ÿ�C�HJCK>�aJG � I}>���" B5`Ja � � Y\V L#"�_ � B5` ÿk:?IKg,ÿ�C ��ÿhÿ���GJB5<�IÃ> ) >5C)� ) �\��g,ÿ
iÃIÃC6:=`,E ��:=i � B5<=<?ÿka�B T+.?MR6�5�6�5�E?4(� ��g,ÿ E:M�082DM;>���BÞH&BDCKIK:?IK:=>@` �e:=ihIKg,ÿ�`�G&dV��ÿ�C
>�� ) �0i�:O` � �0� �þG&` � IK:?>@` ���
� A �  & * ) : �ÌIKgJBDI�deBDH$i±B5` CT�0aJ:=deÿk`JiK:?>@`JB5<
iÃH$B � ÿ >�� �&:O`JBDCR��iÃIÃCF:=`JE@i�IÃ>�B & >5C ) � � B5` ��ÿ $�C6:?IÃIÃÿk`¦G&iK:=`,E IKgJÿ @,>@G,C6:?ÿ�C
�&B5iF:=i �þG&` � IK:?>@`Ji � L#"�_ � T VBX V Y\V L#"�_F�\$½g,ÿ�CKÿ�X V :=i�IKg,ÿ @,>@G,C6:?ÿ�CA$}>Rÿ�! � :?ÿk`�I
� >5CKCFÿkiÃH�>@`JaJ:=`,E±IÃ>eIKg,ÿÐH&BDCKIK:?IK:?>@` �1IBX V � &1�� T � � L#"�_ Y\V L#"�_F�_�ÿ � B5`àCFÿ�HJCKÿkiÃÿk`�IÌIKg,ÿ)��GJ` � IK:=>@` � L#"�_1GJiK:O`,EÎIKg,ÿ @,>@GJCF:?ÿ�C �$B5iÃÿki�:=`eÿk:?IKg,ÿ�C
IKg,ÿÞd �.���
>5C±IKg,ÿÞHJCK>5IÃÿk:=` iÃH&B � ÿ��0��g,ÿ H&BDCKIK:?IK:?>@`&iÐa,ÿ#"&`Jÿka�:=`¦IKg,ÿkiÃÿÞI�$}>
iÃH$B � ÿki�BDCKÿ�CKÿk<=BDIÃÿka'��b�:=` � ÿ2>@`,ÿ@�þÿkBDIKG,CKÿe:=`éIKgJÿ�HJCK>5IÃÿk:=`�iÃÿ��RG,ÿk` � ÿedàBDH&ihIÃ>
�)d �.��� �þÿkBDIKG,CKÿki���H&BDCKIK:=IK:?>@`JiàaJÿ#"&`,ÿka :=` IKgJÿÅd ����� B5`Ja IKg,ÿ)H&CK>5IÃÿk:=`
iÃH$B � ÿki � B5` ��ÿàB5iKiÃ> � :=BDIÃÿka $�:?IKg ÿkB � g >5IKg,ÿ�C�� +?� �ÞB5`Ja � �C�ÄÿàH&BDCKIK:?IK:?>@`&i�:=`
IKg,ÿ�d �.���(B5`Ja IKg,ÿÎHJCK>5IÃÿk:=` iKH&B � ÿki�CKÿkiKHÄÿ � IK:��5ÿk<�� IKgJÿk` � �Æ:=i�IKg,ÿ M 2��/2 A\6�5�E?4
>�� �Þ:=`¦IKg,ÿÞHJCK>5IÃÿk:=` iÃH&B � ÿ $�g,ÿk` � � $�� ( � ) :���B5`Ja¦>@`J<�� :�� �ÞIKB*15ÿki�B �DB5<=G,ÿ
>�� ) BDI IKgJÿ <?> � BDIK:=>@`�L�i6_ � >5CKCKÿkiÃH�>@`Ja&:=`,E�IÃ> BDI <=ÿkB5iÃIß>@`,ÿé>���IKg,ÿ�d �����
�þÿkBDIKG,CKÿki}B5iKiÃ> � :=BDIÃÿka $�:?IKg � � $�� ( ����g,ÿ½>5CFa,ÿ�C}>��!� � :Oi � B5<=<?ÿkaàIKg,ÿ .��RGDE:N >P6�2 E:M�032�M
>���H&BDCKIK:?IK:=>@` ���

@J>5C)ÿ��,B5d�H&<?ÿ��½IKg,ÿ CKÿ��&ÿ � IK:?>@`�>��2IKg,ÿ¦H&BDCKIK:?IK:=>@` ��� )#&*)#&(&(& GJiF:=`,E B
E5ÿk`,ÿ�IK: ��� >�a,ÿ)>�� � >�a,>@` iK:1.�ÿ)IKg,CKÿ�ÿé:=i � � � )#& � ��g,ÿ)<?ÿ��vI IKg,CKÿ�ÿ �&:?IKià>�� �
BDCKÿ�B5iKiÃ> � :=BDIÃÿka $�:=IKgßIKg,ÿÐ<?ÿ��þIKd�>@iÃI)�$:?I�>�� � �=�$b�:=` � ÿÎI�$*> >���IKgJ>@iÃÿ�IKg,CKÿ�ÿV�&:?IKi

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P �



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ ) E

BDCKÿÞiÃÿ�IÐIÃ> ) � � � $ J ( � ) �19�>;$*ÿ��5ÿ�C3�1`J>@`,ÿà>���IKg,ÿ CF:?E@g�IKd�>@iÃI�IKg,CKÿ�ÿ �$:?IKiÐ:=` �
IKB*15ÿki�IKg,ÿ �sB5<OG,ÿ ) �@bR>�IKgJÿ � >5CKCKÿkiKHÄ>@`&aJ:=`,E � � $.&)( � & � �½>5IÃÿ�IKgJBDI�IKg,ÿ�CKÿ��&ÿ � IK:?>@`
>�� )#&(&(&(&(& :=i}B5<=iÃ> )#& iK:=` � ÿ � � $ J ( � ) B5i}<?>@`,E�B5i}BDI�<?ÿkB5iÃI�>@`Jÿ�>���IKg,ÿ;<?ÿ��þIKd�>@iÃI
IKg,CFÿ�ÿ��$:?IKi*:Oi}iKÿ�I}IÃ> ) �&b�:Ode:=<=BDCF<���IKg,ÿhCKÿ��&ÿ � IK:?>@`ß>�� )#&(&*)()#& G&`Ja,ÿ�C�B�E5ÿk`Jÿ�IK: �
� >�a,ÿÎ>�� � >RaJ>@` iK:1.�ÿÎIKg,CFÿ�ÿÐ:=i )() �

>	� <U� �^��� �K� � � � -`#������X� � ��� � #�-�
��
� ��� ��
 � ����� �
��gJÿ d �.���)�+�þÿkBDIKG,CKÿki � >5CKCKÿkiÃH�>@`Ja&:=`,E IÃ> IKg,ÿ H�>@iK:?IK:=>@`Ji $�:?IKg ) �0i):=` IKg,ÿ
H&BDCFIK:?IK:?>@` �édeB�� �Äÿk<=>@`,E¦IÃ>#IKg,ÿ L ) _ iKB5d�ÿ�d ����� � >Ra,>@`'�ÎL � _Þa&: 0Äÿ�CFÿk`
I
� >�a,>@`Ji���B5`Ja L <@_;B � >@d/�&:=`JBDIK:?>@`Å>����Ä>5IKg'��+]`Å>5IKg,ÿ�C $*>5C6aJi;IKg,ÿ��c>5CF:=E@:=`JBDIÃÿ
�þCK>@d IKg,ÿàL ) _*IKg,ÿ�iFB5d�ÿÎHJCK>5IÃÿk:=` �þÿkBDIKG,CKÿàL�iF:=` � ÿÎ>@`,ÿ �þÿkBDIKG,CKÿ�:=`ÞIKg,ÿÎH&CK>5IÃÿk:=`
iÃÿ��RG,ÿk` � ÿßdeBDH&i�IÃ> � �þÿkBDIKG,CKÿki2:=`�IKg,ÿÞd �.��� iÃÿ��RG,ÿk` � ÿm_Ð>5C L � _Ða&: 0Äÿ�CFÿk`
I
HJCF>5IÃÿk:=` �vÿkBDIKGJCKÿki�>5C�L <@_�B � >@dV�$:=`JBDIK:?>@` >��8��>5IKg CKÿkiÃH�ÿ � IK:��5ÿk<����
��ÿ�I�� ��ÿ±BàH&BDCFIK:?IK:?>@`c:O` IKg,ÿ2d �.��� iÃH$B � ÿ/$�:=IKg)B*�&iK>@<=G,IÃÿÐ>5C6a,ÿ�C�� B5`Ja� � ��ÿ½:?IKi}CKÿ��Jÿ � IK:=>@`Þ:O`àIKg,ÿ;HJCK>5IÃÿk:O` iÃH$B � ÿ��"��g,ÿ½H&CK>5IÃÿk:=`ÞiÃH&B � ÿÎ:=i}a,ÿ#"&`,ÿka,���

B5` CT�+�&:?I�iÃIÃC6:=`,E@i�B5`JaßIKgJÿ � >RaJ>@` iK:1.�ÿ�:=i��;�
��ÿ�I	� $'&)( *
� $213( *656565�� $
�+( ��ÿ�IKg,ÿ�<?> � BDIK:?>@`2>��&IKg,ÿ��5"	��ÿka-�&:?IKi!:=`±IKg,ÿ�H&BDCFIK:?IK:?>@`� � I�� � ��ÿÐIKgJÿ��}>R>@<?ÿkB5`�iÃIÃCF:O`,E $�:=IKg)B5<=< .�ÿ�CK>@ihÿ�� � ÿ�HJIhIKg,ÿ��O�$:?IKihB5iKiÃ> � :=BDIÃÿka

$�:=IKgéIKg,ÿà<?> � BDIK:?>@`�� $�� ( $�gJ: � g�BDCKÿ B5<=<!iKÿ�IÐIÃ> ) � �½>3$ <?ÿ�IÐG&i�a,ÿ#"&`,ÿeBciKG	�	�
H&BDCFIK:?IK:?>@` :=`cIKg,ÿ2d �.��� iÃH&B � ÿ � � B5ihB �8CT�+�&:?I�H&BDCKIK:?IK:?>@`cE5ÿk`,ÿ�CFBDIÃÿka �U� IKg,ÿ
�&:=I��+$�:=iÃÿ
����
 >5H�ÿ�CFBDIK:?>@` ��ÿ�I�$*ÿ�ÿk`��ÐB5`Ja�� � �

b�> $*ÿ � B5`cCFÿ�HJCKÿkiÃÿk`�I � �$BeH$BDCKIK:?IK:?>@` :O` IKg,ÿÐd �.��� iÃH&B � ÿ��$G&iK:=`,EàB � >@< �
<?ÿ � IK:=>@`e>���H&BDCKIK:?IK:=>@`Ji  � J * � & *656565 � � :�$½g,ÿ�CKÿ � J CKÿ�HJCKÿkiKÿk`
IKi�IKg,ÿ½`RGJ<=<�H&BDCFIK:?IK:?>@`
$�:=IKgÞB5<O< & �0iDI,ÿ��5ÿ�CR� � ���� J CKÿ�HJCKÿkiKÿk`
IKi�B�iFG	�	�YH&BDCKIK:=IK:?>@`Þ>���IKg,ÿ ) � � >@`�IÃCF:��$G,IK:=`,EH�>@iK:?IK:=>@`Ji1>��!�½IKgJBDI � >@`�IKB5:=`Ji*>@`J<��2IKg,>@iÃÿ��vÿkBDIKGJCKÿki�IKg&BDI ��ÿk<?>@`,E�IÃ>±IKg,ÿ;iKB5d�ÿ
HJCF>5IÃÿk:=` �þÿkBDIKG,CKÿ����½>5IÃÿ IKgJBDIcIKg,ÿ�CKÿ��Jÿ � IK:?>@`�>��eB5` � � ���� J :O` IKg,ÿ�H&CK>5IÃÿk:=`
iÃH$B � ÿ gJB5i >@`J<�� >@`,ÿ ) �.��g,ÿ `�G&<=<;H&BDCKIK:?IK:?>@` B5<�$}B3�Ri � >@`
IÃCF:��&G,IÃÿ B �DB5<=G,ÿ
>�� ) B5`Ja :=Ià:=i�:=`�IÃCK>�aJG � ÿka#>@`J<�� �þ>5CeIKB*1R:O`,E � BDCKÿ >��hIKg,ÿ � B5iÃÿ�$�gJÿ�CKÿ IKg,ÿ
H&BDCFIK:?IK:?>@` �é:Oi B iÃÿ��RG,ÿk` � ÿÅ>��ÐB5<=< & �0i���@,>5Cßÿ���B5d�H$<?ÿ�� � >@`&iK:=a,ÿ�CßB�I�$*>*�+�$:?I
HJCF>5IÃÿk:=`eiÃH&B � ÿ;IKgJBDI}:=i�B5iKiK> � :=BDIÃÿka $�:=IKgeBÐiK:����+�&:=I�d �.��� iÃH&B � ÿ��U��g,ÿ½H&BDCKIK: �
IK:?>@` )()#&(&(&*) :=`#IKgJÿcd �.����iÃH&B � ÿ � B5`%�Äÿ CFÿ�HJCKÿkiÃÿk`�IÃÿka :=` IÃÿ�C6dei�>��hIKg,ÿ
iKG(�	�YH&BDCKIK:?IK:=>@`Ji &(&(&(&(&(& � )()#&(&(&(& ��B5`Ja &(&(&(&(&*) �O��>5IÃÿ IKgJBDI Y &+& J+J+J & L ø _ �
Y J+J+J+J+J+J L ø _ Y &+& J+J+J+J L ø _ Y J+J+J+J+J & L ø _F�ÆbR>@$*ÿ � B5` $�CF:?IÃÿ��

Y\V L ø _H� �
� � J � & � � � � �

Y\V�� L ø _�� L : _

�½>3$ `,>5IÃÿ;IKgJBDI�IKgJÿ.�DB5<=G,ÿ�>�� Y\V L ø _C$�:O<=<"��ÿ 
 ) $½g,ÿk`àB5` >Ra&ae`�G&dV��ÿ�C�>��
Y\V � L ø _��0i�IKB*15ÿÐB-�sB5<OG,ÿÎ>���
 ) �(��g,ÿ
�sB5<OG,ÿÎ>�� Y\V � L ø _}aJÿ�HÄÿk`&aJi}>@` IKg,ÿ � >�a,>@`
�&:=IKi � >5CKCKÿkiÃH�>@`JaJ:O`,E IÃ>cIKg,ÿeH&BDCKIK:=IK:?>@`�� � �H+�I � B5` ÿk:?IKgJÿ�C�IKB*15ÿ B �DB5<=G,ÿ�>�� )>5C�
 ) � +�` � B5iÃÿà>��}BßCFB5`&a,>@de:1.�ÿka�f%$ � �ÆIKgJ:=ih:=iÎB H&CK>��&B*�&:=<O:=iÃIK: � ÿ��5ÿk`�I�� +]`
>5IKg,ÿ�C $}>5CFaJi�� Y\V�� L ø _ � B5` ÿk:?IKgJÿ�C/��ÿ ) >5C 
 ) $�:?IKg�B � ÿ�CKIKB5:=`¦HJCK>��$B*�&:=<=:?I��

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P 




)9: �����������	��

����������
�

������

������

�������� !�

aJ:OiÃIÃCF:��&GJIK:?>@`&� ��gJ:=i�aJ:=iÃIÃCF:��&G,IK:?>@` � B5` ��ÿ � >@d�H&GJIÃÿka �þCK>@dMIKgJÿ � >�a,ÿ��+��>�>�1 �
$}>@`&iK:=a,ÿ�CÎBDHJH&<��R:=`JE B � >�a,ÿ�IÃ>cB5`��)H&CK>5IÃÿk:=`�iÃÿ��RG,ÿk` � ÿ 
 :=`�BßCFB5`JaJ>@de:1.�ÿka
��B5iKgJ:?>@` $�:?IKg�G&`J:��þ>5CFd HJCK>��&B*�$:=<=:?I��)B5iKiK:=E@`,ÿka IÃ>ÅIKg,ÿ � >�a,>@`Ji�� ��ÿ�I � � � � ��ÿIKg,ÿÐHJCK>��&B*�&:O<=:?I��àIKgJBDI Y\V�� L ø _ $�:=<=< ��ÿ�
 ) B*�þIÃÿ�C ø :=i � >@`&iÃIÃCFG � IÃÿka���� BDHJH&<�� �
:=`JE IKg,ÿÞCFB5`Ja,>@de:/.�ÿka f%$ � �þCK>@d iK>@d�ÿ 
 �1b,G	�&i � CF:=HJI��H* ø CKÿ�HJCKÿkiÃÿk`�IKi±IKg,ÿ
a,ÿ�H�ÿk`JaJÿk` � �e>��1IKgJ:=i�HJCF>��&B*�&:=<=:=I��e>@` ��>5IKg � � B5`Ja ø ���g,ÿÎHJCK>��&B*�$:=<=:?I��eIKgJBDI�B5` >�aJa `RGJd/�Äÿ�C�>�� � � �0i�IKB*15ÿ�B-�DB5<=G,ÿÎ>�� 
 ) :=i��

� � & �
�
�
� � &

� ���� � �� � �DL ) 
 � � � � _ � � � L���d�>�a � _
� ) 
 L ) 
 � � � � � _ �

�
L M5_

�½>5IÃÿ�IKg&BDI � � � � :=i�BàHJCK>5H�ÿ�CKI�� >��!IKgJÿ � >�a,ÿ��+��>�>�1 ��@,>5Chÿ��,B5d�H&<?ÿ�:=` � >�a,ÿ/�L=��B*�&<?ÿ + +Ã_F� � � � � � & � Ec>5C � � � � � & � M'E �v>5C2B5` ��� B5`Ja ø � ]���G&BDIK:?>@`KMc:=i
IÃCFGJÿÎ>@`J<�� $½g,ÿk` � � � � :=i � >@`&iÃIKB5`
I;B � CK>@iKi�ÿ��5ÿ�CR� � � ���g,ÿ*H&CK>��&B*�&:=<O:?I��hIKgJBDIÌB5`±ÿ��5ÿk`e`RGJd/�Äÿ�C�>���� � �0i1IKB*15ÿ�B��DB5<=G,ÿ�>�� 
 ) :Oi ) 
� � & � @,>5C &
	 � � � � 	 ) � & ��$}ÿ � B5`V$�CF:?IÃÿ!<=:=d ����
 � � & � <=:=d ����
 & � $.& � 1�� � � � (��1
� & � EU�	+�`Ð>5IKg,ÿ�C $}>5CFaJi����v>5C�gJ:?E@g,ÿ�C�>5CFa,ÿ�C�H$BDCKIK:?IK:?>@`Ji*LY$�:?IKgÐg&:?E@g
�sB5<OG,ÿki�>�� �@_F�
Y\V L ø _�:=i}ÿk:?IKg,ÿ�C}E5>@:=`,E±IÃ>-��ÿ ) >5C � ) $�:=IKgàHJCF>��&B*�&:=<=:=I�� & � EU�	��gJ:=i*GJ`J:��þ>5CFde:?I��
>���IKg,ÿàa&:=iÃIÃCF:��$G,IK:?>@`Å>�� ) B5`Ja � ) BDHJHJCK>@B � g,ÿki�ÿ��RGJB5<=:=I���BDI�B5`�ÿ��RH�>@`,ÿk`�IK:=B5<
CFBDIÃÿV$�:?IKgßCKÿkiÃH�ÿ � I�IÃ> �U�

_�ÿ � B5`Þa,ÿ�CF:��5ÿ½IKg,ÿ � >@GJ`�IÃÿ�CKH&BDCFI*>��`]���GJBDIK:=>@` M $�g,ÿk` � � � � IKB*15ÿki�aJ: 0�ÿ�C��ÿk`�I
�sB5<=GJÿki�����ÿ�IÎGJi � >@`JiK:=a,ÿ�C;IKg,ÿ � B5iÃÿ@$�gJÿ�CKÿ � � � � � B5`ÅIKB*15ÿeI�$*> a&: 0Äÿ�CFÿk`
I�DB5<=G,ÿkißL�B5i�:=` � >Ra,ÿ �Î_F� ��ÿ�I � � � � �� �� & *�� 1 : ��@,>5CeB5`���BDCR�$:?IÃCFBDCR� d �����
iÃIÃC6:=`,E ø <?ÿ�I � & �ÄÿÐIKg,ÿÐ`RGJdV��ÿ�C½>��1iFG	�	�YH&BDCKIK:=IK:?>@`Ji�L � � �0i�_ $�g,ÿ�CFÿ � � � � ��� & �
��gJÿ�CKÿ��v>5CFÿ�� �þ>5C�IKg,ÿ�CFÿkiÃIÎ>��*IKgJÿ � 
 � & iKG	�	�YH$BDCKIK:?IK:?>@`Ji � � � � ��� 1 �'��>;$�:=`
>5CFaJÿ�C�IÃ> � >@d�H&GJIÃÿ IKg,ÿßHJCF>��&B*�&:=<=:=I��ÅIKgJBDI�B5`¦>�aJa `�G&dV��ÿ�C±>�� � � �0i±IKB*15ÿ B�DB5<=G,ÿ½>�� 
 ) $*ÿh`,ÿ�ÿkaÞIÃ> � >@GJ`
I}IKg,ÿh`�G&dV��ÿ�C}>���aJ: 0�ÿ�CKÿk`�I $�B���i $*ÿ � B5`ÞH&: � 1
iÃ>@deÿ�� & B5`Ja�� 
�� & iKG	�	�YH$BDCKIK:?IK:?>@`Ji'�vCK>@d � & B5`&a � 
 � & � g,>@: � ÿki�CFÿkiÃH�ÿ � IK:��5ÿk<����
bR>@$}ÿ � B5` $�CF:?IÃÿ��

� � & �
�
�
� � &

�
�
� � � J

� � �� ��� � � � � �� � � ��� � � �& � � � � �1 L ) 
�� & _ � � � � � �
� L ) 
�� 1 _ � � � � � � �
� � L���d�>�a � _

��gJÿ2��ÿkgJB���:?>5C�>��,IKg,ÿ*B*��>3�5ÿ�ÿ��RGJBDIK:?>@`±:=i�iF:=de:=<=BDC�IÃ>½IKgJBDI�>��,] �RGJBDIK:?>@` M�� � � &
BDHJH&CK>@B � g,ÿki & � E �5ÿ�C � �RGJ: � 1R<���� @JG,CFIKg,ÿ�C�B5`JB5<���iK:=i½>�� � � & �v>5C�d�>5CFÿ±E5ÿk`Jÿ�CFB5<
i � ÿk`&BDCF:?>@i � B5` ��ÿ �þ>@GJ`Ja#ÿk<=iKÿ�$�g,ÿ�CKÿ�L�A�BDCFE@G,HJIKB"� �'&(&*) _F��b�:=` � ÿßIKg,ÿ)B*�Ä>;�5ÿ
B5`JB5<���IK: � B5<�ÿ���HJCKÿkiFiK:?>@` :=i�`,>5I�:=` � <?>@iKÿka �v>5C6d $}ÿ � g,>R>@iÃÿ�IÃ>,$*>5C 1,$�:=IKg IKg,ÿ
ÿ���HJCKÿkiKiF:?>@` �v>5C � >@`JiÃIKB5`�I � � � � L�]���GJBDIK:=>@`FM5_�:=`ßCKÿkiKI�>���IKg&:=i�H&BDH�ÿ�C��
��ÿ�I�L�� V L ø _Ã_ � � ��ÿ}IKg,ÿ � >@<=GJde` �5ÿ � IÃ>5C�$�g,ÿ�CKÿ�IKg,ÿ"! �YIKgeCK>3$ :Oi�IKgJÿ �sB5<=GJÿ}>��

Y\V L ø $�� ( _)$�g,ÿ�CKÿ ø $�� ( :=i�IKg,ÿ�!+�YIKg)d�ÿkd/��ÿ�C½>�� ���J� � ��� >5CFa&:=`,EàIÃ>Þ>@G,C;B5`JB5<���iK:=i

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P �



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ ) M

ÿ��5ÿ�CR��ÿk`�IÃCR��>���IKgJ:Oi � >@<=GJdà` �5ÿ � IÃ>5C-$�:=<=<C��ÿeÿk:=IKg,ÿ�C ) >5C 
 ) $�:?IKg B5<Od�>@iÃI
ÿ��RGJB5<�HJCK>��$B*�&:=<=:?I��e:=`ÞE5ÿk`,ÿ�CFB5<&$½g,ÿk`ßIKg,ÿh>5CFa,ÿ�C�>���IKg,ÿÎCKÿ��Jÿ � IK:=>@` >�� ��:=i�`,>5I
�5ÿ�CR� � <?>@iÃÿ�IÃ> .�ÿ�CK>	��b�> :�� ��B5`Ja ÷ BDCFÿ�I�$}> iKG � géH$BDCKIK:?IK:?>@`Ji;IKg,ÿ�ÿk`�IÃCF:?ÿkih>��
��>5IKg � >@<OGJde`ÐdàBDIÃCF: � ÿki�L�� V L ø _Ã_ � � B5`Ja L����sL ø _Ã_ � � BDCKÿ}E5>@:=`,E�IÃ>���ÿ*GJ`&:��v>5C6de<��aJ:OiÃIÃCF:��&GJIÃÿka&�8��g,ÿ�CKÿ��þ>5CKÿ���IKg,ÿcÿ��RH�ÿ � IÃÿka :=`J`,ÿ�CeH&CK>Ra&G � I@��ÿ�I�$}ÿ�ÿk` B5`�� I�$}>
iKG � g �&B5iF:=i �5ÿ � IÃ>5CFi��

� �?L�� V L ø _/*�� � L ø _Ã_ � � ��� & � L � _

$�gJÿ�CKÿ�� a,ÿk`J>5IÃÿki�IKgJÿ ÿ���H�ÿ � IKBDIK:?>@`&� ]2�5ÿk` �þ>5C±H$BDCKIK:?IK:?>@`JiV$�:?IKg¦CKÿk<=BDIK:��5ÿk<��
iKdàB5<=< �DB5<=G,ÿkih>�� �U��IKg,ÿ L�� V L ø _/*����5L ø _Ã_ � � :=ih<=:�15ÿk<�� IÃ> ��ÿ@��GJ:=IÃÿ±iKdàB5<=< � >@d-�H&BDCFÿka#IÃ> � � � � � ��>;$ CKÿ � B5<O<�IKgJBDI @,>@G,C6:?ÿ�C �&B5iK:Oi-�þGJ` � IK:?>@`Ji2BDCKÿ � <?>@iKÿka GJ`"�
a,ÿ�C�:=`&`,ÿ�C2HJCK>�aJG � I�� +�`#>5IKg,ÿ�C $*>5CFa&i���L�� V L ø _/*����5L ø _Ã_ � � � L�� �$L ø _Ã_ � � �I@J>5C
�}>R>@<?ÿkB5` iÃIÃCF:O`,E@i S � ��� ÷ �&$�g,ÿ�CKÿ�� aJÿk`,>5IÃÿkiO�&:=I��+$�:=iÃÿR354
��>5HÄÿ�C6BDIK:?>@`&�
��gJÿ�CKÿ��v>5CFÿ/] �RGJBDIK:?>@` � B5<=iK>�:=d�H&<=:=ÿki�IKg&BDI�� � T � � � � Y �ÄL ø _�� 
 � & B5i!IKgJÿ�B*�	�
iÃ>@<OG,IÃÿ�>5CFa,ÿ�C;L �5_!>��ÆIKg,ÿ�H&BDCFIK:?IK:?>@` ø :=` � CKÿkB5iÃÿki�� ��gJ:=i � B5` B5<=iÃ>O��ÿ.�RGJB5`�IK:1"Jÿka
GJiF:=`,E;] �RGJBDIK:?>@`FM��

� � Y �ÄL ø _�� � L�
 ) _ � � & K ) �OL ) 
 � � & _
� L ) 
 � � � � � _ � L 8 _

@,>5C & 	 � � � � 	 ) � & � $*ÿ � B5` $�CF:?IÃÿ±<=:=d ����
 � � Y ��L ø _��%� & � ��g,ÿ/�þ>@<=<?>;$�:=`,E
iÃÿ � IK:=>@` iKg,>3$½i2IKgJBDI�IKgJ:=i±CKÿkiKG&<?I±:Od�H&<=:?ÿkiÐCKÿkaJG � IK:=>@`¦>��hgJ:?E@gJÿ�C±>5C6a,ÿ�C�`,>@`"�
<=:O`,ÿkBDC�a,ÿ�H�ÿk`Ja,ÿk` � �ÞB5d�>@`,EeIKg,ÿV�vÿkBDIKG,CFÿki��
��g,ÿàCKÿkiFGJ<?IKi�HJCKÿkiÃÿk`�IÃÿka#:=` IKgJ:Oi�iÃÿ � IK:=>@` iFg,>3$�i±IKgJBDI $}ÿ � B5` � >@`JiKIÃCFG � I

BàCKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`Å>��ÌIKg,ÿ±E@:��5ÿk`)IÃCFB5:=`J:O`,EàaJBDIKBÞiÃÿ�I�$�g,ÿ�CKÿ±IKg,ÿ�g&:?E@g,ÿ�C;>5CFa,ÿ�C
@,>@GJCF:?ÿ�C
�&B5iK:=i��5ÿ � IÃ>5CFiÐBDHJHJCK>@B � g,ÿkiÎ>5CKIKg,>@`J>5CFdeB5<=:?I���� ��gJ:=ihB5<=d�>@iÃIÎiKBDIK:Oi�"Jÿki
IKg,ÿ � >@`JaJ:?IK:?>@`&i�:=a,ÿk`�IK:1"Jÿka :=` b�ÿ � IK:?>@` <�iF:=` � ÿ IKg,ÿ @J>@G,CF:?ÿ�C,�&B5iK:=i@�5ÿ � IÃ>5C6i
BDCKÿhB5<�$�B���i�>5CKIKg,>@`,>5C6deB5<&>;�5ÿ�C�IKg,ÿ;ÿk`
IK:=CKÿ;aJ>@deB5:=`&�"��gJ:=i�ÿkiKiÃÿk`�IK:=B5<=<��edeÿkB5`Ji
IKgJBDI,$*ÿ � B5` � >@`JiKIÃCFG � I B�CKÿ�HJCKÿkiKÿk`
IKBDIK:?>@` GJiK:=`JE�IKg,ÿ CFB5`JaJ>@de:1.�ÿka f $ ��i
$�gJÿ�CKÿ�IKg,ÿÐdeÿkB5`"�0iR�RGJBDCKÿ��Yÿ�CKCK>5ChiKG,C �þB � ÿ±deB�� ��ÿÐB ��� G,C6BDIÃÿk<�� BDHJHJCK>3��:OdeBDIÃÿka
�U� B � >@`��5ÿ�� �RGJB5a,C6BDIK: � ��GJ` � IK:?>@`%$�g,ÿ�CKÿ)E5CFB5aJ:?ÿk`�I aJÿki � ÿk`
I <?ÿkB5a&iàIÃ> IKg,ÿ
E@<?>��$B5<�de:=`&:=deB"�2��gJ:Oie:=iàB5` :=`�IÃÿ�CKÿkiÃIK:=`JE HJCK>5H�ÿ�CKI�� $�gJ: � g :=ià<O:�15ÿk<��#IÃ> ��ÿ
GJiKÿ��þGJ< �þ>5C `J>@`"�0<=:=`,ÿkBDCàCKÿ�E5CKÿkiKiK:=>@`&� � G,CR�5ÿF"JIÃIK:=`,E	� � <=B5iKiK:1"&ÿ�Cà<?ÿkBDCF`J:O`,E	�ÌB5`Ja
>5IKg,ÿ�C�HJCKÿkaJ: � IK:��5ÿ�d�>RaJÿk<=:=`,E2BDHJH&<=: � BDIK:?>@`Ji��

9½>3$}ÿ��5ÿ�C���CFB5`Ja,>@de:/.�ÿka�f%$ ��iÎdeB3�)>'0�ÿ�C�B5a&aJ:?IK:?>@`JB5<�:=`�IÃÿ�CKÿkiÃIK:=`JE HJCK>5H	�
ÿ�CKIK:=ÿkieIKgJBDIÞBDCKÿ �5ÿ�IÞIÃ> ��ÿ ��GJ<=<��¦ÿ��RH&<=>5CKÿka&��+�I BDHJH�ÿkBDCFi�IKg&BDIàCFB5`JaJ>@de:1.�ÿka
f%$ ��i±E5ÿk`,ÿ�CFBDIÃÿ BÅCKÿ�HJCKÿkiKÿk`
IKBDIK:?>@` $�gJÿ�CKÿ IKgJÿßdàBDE@`J:?IKGJa,ÿki±>��½IKg,ÿÞg&:?E@g,ÿ�C
>5CFaJÿ�C � >Rÿ�! � :?ÿk`�IKi�BDCKÿhÿ��RH�>@`,ÿk`�IK:=B5<=<��eiKdeB5<=<?ÿ�C*IKgJB5`ßIKg,ÿhdeBDE@`J:?IKG&a,ÿki�>���IKg,ÿ
<?>;$ >5C6a,ÿ�C � >Rÿ�! � :?ÿk`�IKi�� ��gJ:OieHJCK>5H�ÿ�CKI�� deB�� ��ÿ)GJiÃÿ���GJ<.�v>5C � >@`JiÃIÃCFG � IK:=`,E
B¦d�>5CKÿcÿ�! � :?ÿk`
IÞCKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` >���IKgJÿcIKBDCKE5ÿ�I ��GJ` � IK:?>@`&����g,ÿ��þ>@<=<?>;$�:=`,E
iÃÿ � IK:=>@` aJ:=i � G&iKiÃÿki�IKgJ:=i�:OiKiKG,ÿ��

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P+]



) � �����������	��

����������
�

������

������

�������� !�

>	��>	��� � � �@!�( � � � # -�
 � � � � ��
 � ����� � � -'( � � �=��� �K��� �
� ��� � ���"!$���@-`(��

��g&:=i�iÃÿ � IK:?>@`¦ÿ���H&<?>5CKÿki±iÃ>@d�ÿÞ>���IKg,ÿÞHJCK>5H�ÿ�CKIK:?ÿkiÎ>���IKg,ÿ @,>@GJCF:?ÿ�C2iÃH�ÿ � IÃCFGJd
>��ÎIKg,ÿé`,ÿ�$�CKÿ�HJCKÿkiKÿk`
IKBDIK:?>@` >���IKg,ÿÅIKBDCKE5ÿ�I ��GJ` � IK:?>@` � >@`JiÃIÃCFG � IÃÿka �U� IKg,ÿ
CFB5`&a,>@de:1.�ÿkacf%$ � �0i��

$�>@`JiK:=a,ÿ�C!IKgJÿ�IKBDCKE5ÿ�I �þGJ` � IK:?>@` � ��� �  & * ) : �	��gJÿ�a,>@deB5:=` � � >@`
IKB5:O`Ji
� A�
 a&: 0Äÿ�CFÿk`
I0C � �+�&:?I�iKIÃCF:=`,E@i�� 4Î`eIKg,ÿ½>5IKg,ÿ�C*gJB5`&a&�@IKg,ÿ�IÃC6B5`Ji��þ>5CFd�ÿkaàaJ>@deB5:=`� � � >@`
IKB5:=`&i � A 
 aJ: 0�ÿ�CKÿk`
I �/C � �+�&:?I!iÃIÃCF:O`,E@i�����ÿ�IÌGJi�a,ÿ#"&`,ÿ�IKg,ÿ � >5CKCFÿkiÃH�>@`JaJ:=`,EH&BDCFIK:=B5<(��GJ` � IK:?>@` � � ��� � �  & * ) : � +]` >5CFa,ÿ�C}IÃ>±GJ`&a,ÿ�CFiÃIKB5`JaàIKg,ÿ;HJCK>5H�ÿ�CKIK:?ÿki
>��1IKgJ:=i�H$BDCKIK:=B5<&��GJ` � IK:?>@` $*ÿÐ`Jÿ�ÿka IÃ>eÿ���IÃÿk`Ja IKgJÿÐa,>@deB5:=` IÃ>eIKg,ÿ � >@deH&<?ÿ�IÃÿ
iÃÿ�Ic>�� � � A 
 a&: 0Äÿ�CFÿk`
I �/C � �+�&:?I iÃIÃCF:O`,E@i�� ��ÿ�I)GJi a,> IKgJBDI):=` IKg,ÿ �þ>@<=<?>;$�:=`,E
deB5`&`,ÿ�C��

� � L ø _�� � � L ø _ :�� ø � � �
� & P ������� X !	�
�

@,>@<O<?>3$�:O`,E ] �RGJBDIK:?>@`FM $}ÿ � B5` $�CF:?IÃÿ��

� � X �V��	� )
� � A�
 � � � � � � L ø _ YZV L ø _��

� )
� � A�
 ���� 
 � $ � ( � & � � � � �

� � Y\V L ø _��

� L ) 
 � � � � � _ � � � 
 $ � ( � & �
� � A 


� L ) 
 � � � � � _ � X J
� $ � � &)( A 
 L )#& _

_ g,ÿ�CKÿ � � 
 $ � ( � & �m:=i1IKg,ÿ�`RGJd/�Äÿ�C1>��Äd�ÿkdV��ÿ�CFi1>�� � �þ>5CC$�gJ: � g � L#"�_L� ) B5`Ja
X J :=iÐIKg,ÿ � >Rÿ�! � :?ÿk`�IV�þ>5CÐIKgJÿà>5CFa,ÿ�CR� .�ÿ�CK>cH&BDCFIK:?IK:?>@` :=` IKg,ÿà>5CF:=E@:=`JB5<!GJ`,ÿ��U�
H&B5`&a,ÿkaÎHJCK>5IÃÿk:O`ÐiÃH&B � ÿ�� ��gJ:=i�CKÿkiKGJ<?I�iKg,>3$½i�IKgJBDI�IKg,ÿ�ÿ���H�ÿ � IÃÿka�deBDE@`&:?IKGJa,ÿÌ>��
IKg,ÿ%@J>@G,CF:?ÿ�C � >Rÿ�! � :?ÿk`�IKi�:=`ßIKg,ÿ�`Jÿ�$ CKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` aJÿ � B���i�ÿ���HÄ>@`Jÿk`
IK:=B5<O<��
$�:=IKg�CKÿkiKHÄÿ � I�IÃ> �U�1IKg,ÿ B*�&iÃ>@<OG,IÃÿß>5CFa,ÿ�C�>���IKgJÿ � >5CKCKÿkiÃH�>@`JaJ:O`,EcH&BDCFIK:?IK:?>@`&�
+�IeÿkiKiÃÿk`�IK:=B5<=<��#deÿkB5`JieIKgJBDI IKg,ÿ):O`JaJ:���:=aJGJB5<*gJ:?E@g,ÿ�Cà>5CFa,ÿ�C � >Rÿ�! � :?ÿk`�IKißBDCKÿ
ÿ���H�>@`,ÿk`
IK:OB5<=<��Ð<?ÿkiFiÌiK:?E@`J:/" � B5`
I � >@d�H$BDCKÿkaeIÃ>�IKgJÿ�<?>3$ >5CFa,ÿ�CÌ>@`,ÿki��
9�>;$*ÿ��5ÿ�C3�
IKg,ÿÌ`Jÿ�$�<?>@`,E5ÿ�C�CFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`�B5<=iK>�:=`
IÃCF>RaJG � ÿki�d�>5CKÿÌ`RGJd/�Äÿ�CÆ>��RH&BDCKIK:=IK:?>@`Ji
B5`JaéIKgJÿ�CKÿ��v>5CFÿeH�>5IÃÿk`
IK:=B5<O<��cd�>5CKÿ `�GJd/��ÿ�CÎ>�� @J>@G,CF:?ÿ�C � >Rÿ�! � :?ÿk`�IKi�� ��gJ:=ih:=i
��ÿ � B5GJiÃÿhIKg,ÿ�`Jÿ�$ CKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` gJB5i � A�
� � L � � 
 ) _ � `�GJd/��ÿ�C�>���H&BDCKIK:=IK:?>@`Ji
>���B*�&iÃ>@<=G,IÃÿ;>5CFa,ÿ�C��U�,:=`JiKIÃÿkB5a >���IKg,ÿ � A 
� � `RGJd/��ÿ�C}>���H&BDCKIK:?IK:=>@`Ji}>���>5CFa,ÿ�C �
:=`ÅIKg,ÿ2>5CF:=E@:=`JB5<�CKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`&��b�>ÞIKgJÿ�>3�5ÿ�CFB5<=<1ÿ���H�ÿ � IÃÿka � >@`�IÃCF:��&G,IK:=>@`)>��
B5<=<�IKgJÿ � >�ÿ�! � :=ÿk`
IKi�>��1B*�$iÃ>@<=G,IÃÿÎ>5CFaJÿ�C �±IÃ>eIKg,ÿ�ÿk`,ÿ�CFE�� >��1IKg,ÿÐiKHÄÿ � IÃC6GJd �

� � � �
V�� � $ V � ( � �

X 1V

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P�Z



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ )98

� �
V�� � $ V � ( � �

L ) 
 � � � � � _ 1
� X 1J
� 1 $ � � &)( A 


� L ) 
 � � � � � _ 1
� X 1J
� 1 $ � � &)( A 


� A 
� � L � � 
 ) _ �
� L ) 
 � � � � � _ 1
� X 1J

� 1 $ � � &)( A 
 L � � C � _
� L )() _

��ÿ�I�� ��ÿ�B � >@`&iÃIKB5`
I�iKG � gàIKg&BDI�� 	 ) �"��g,ÿ�>;�5ÿ�CFB5<=< � >@`
IÃCF:��&G,IK:?>@`�>�� � � $�:=<=<
a,ÿ � B3��ÿ��RH�>@`,ÿk`�IK:=B5<=<���$�:?IKgéCFÿkiÃH�ÿ � I�IÃ>):=` � CKÿkB5iK:=`,E��ß>@`J<��Å:��}IKg,ÿ �þ>@<=<?>;$�:=`,E
� >@`Ja&:?IK:?>@` :=i�IÃCFGJÿ �

L ) 
 � � � � � _ 1
� L � � C � _ � ��� �
� � � � � )

�

 )
�

� �
� � C �

L )9� _

bR>�:�� $}ÿ � B5` � >@`JiÃIÃCFG � I*B � >RaJÿ��Ä>R>�12IKgJBDI�iKBDIK:Oi�"JÿkiÌIKgJÿ�B*��>3�5ÿ � >@`&aJ:?IK:?>@`-�þ>5C
iÃ>@deÿ�� 	 ) �ÆIKg,ÿ � >@`
IÃC6:��&G,IK:?>@`é>��}IKg,ÿG@,>@GJCF:?ÿ�C � >Rÿ�! � :?ÿk`�IKiO$�:?IKgéB*�&iK>@<=G,IÃÿ
>5CFaJÿ�C �ßIÃ>ÅIKg,ÿ iÃH�ÿ � IÃCFG&dMÿk`,ÿ�CKE�� $½:=<=<!a,ÿ � B3��BDI�B5`¦ÿ��RH�>@`,ÿk`�IK:=B5<�CFBDIÃÿ��2+]`
>5IKg,ÿ�C $*>5CFa&i��DIKg,ÿ�`,ÿ�$ CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@`@$�:=<=<���ÿ � >@d�ÿ�<?ÿkiFi BÃ`,>@`"�0<=:=`JÿkBDC D iK:=` � ÿ
$}ÿ)$�:=<O< ��ÿ�B*�&<?ÿ�IÃ>Ð`,ÿ�E@<?ÿ � IÌIKgJÿ�gJ:?E@g,ÿ�C!>5C6a,ÿ�C � >Rÿ�! � :?ÿk`�IKi2�U�±ÿ���H&<?>@:=IK:=`,EhIKg,ÿ
ÿ���H�>@`,ÿk`
IK:OB5<;aJÿ � B�� HJCK>5H�ÿ�CKI�� >�� � � ��9�>;$*ÿ��5ÿ�C��½:?I :=iß`,>5I � <?ÿkBDC $½g,ÿ�IKg,ÿ�C
$}ÿ � B5` � >@`JiÃIÃC6G � I}B � >�a,ÿ���>�>�1�IKgJBDI�iKBDIK:=i "Jÿki�IKg&:=i�H&CK>5H�ÿ�CKI���� �}GJI*IKgJ:Oi*:=i*B5`
:=`�IÃÿ�CKÿkiÃIK:O`,E�H�>@iKiK:��&:=<=:?I������½<=iK>;`,>5IÃÿ}IKgJBDI ] �RGJBDIK:?>@` )9� deB*15ÿki!GJiÃÿ*>��JIKg,ÿ�iK:=d-�
H&<O:1"Jÿka ÿ���HJCKÿkiKiF:?>@`c>�� � � & ��bR>ÞIKg,ÿ2ÿ��RHJCFÿkiKiK:?>@`):=i;>@`J<�� B5`éBDHJHJCK>3��:OdeBDIK:?>@`&�
��gJÿ;ÿ��,B � I½`&BDIKG,CKÿÎ>��1IKgJ:=i�ÿ���HJCKÿkiKiF:?>@` :=i �5ÿ�I�IÃ> �ÄÿÎÿ���H&<?>5CFÿka&�
��g,ÿ �v>@<=<=>3$�:=`JE iÃÿ � IK:=>@`JißHJCKÿkiÃÿk`�I B#iÃÿ�I >��±ÿ��RH�ÿ�CF:=deÿk`
IKB5<;CKÿkiKG&<?IKiÞIKgJBDI

a,ÿkde>@`JiÃIÃCFBDIÃÿ�IKgJÿ�H�ÿ�CR�v>5C6deB5` � ÿ�>��ÄIKg,ÿ�E5CFB5aJ:=ÿk`
I�aJÿki � ÿk`
I��+�$B5iÃÿka 6�ÿ�C � ÿ�HJIÃCF>@`
<?ÿkBDC6`J:=`,E2B5<?E5>5CF:?IKg&d �v>5C½B � <=B5iKi�>��1`,>@`J<O:=`,ÿkBDC � <=B5iKiK:/" � BDIK:?>@` HJCF>��&<?ÿkdei��

��ó 1����	�>��øsü � 
�÷mømùÄö Q$ö�ú ÷
��� ��� ��
�û�ö�ü5÷sývùÄö
��gJÿÅÿ���H�ÿ�CF:=d�ÿk`�IKi HJCFÿkiÃÿk`
IÃÿka�:=` IKgJ:=i iÃÿ � IK:=>@` � >@`JiK:Oa,ÿ�CFißIKg,ÿ 6�ÿ�C � ÿ�HJIÃCF>@`
L=��>@iÃÿk` �$<=BDIÃI�� )98(:-) _�$½gJ: � g):=i)$½:=a,ÿk<�� 1�`,>3$�`)IÃ> �Äÿ±B <O:=`,ÿkBDC � <OB5iKiK:1"Jÿ�C;B5`Ja
IKg,ÿ `,>@`"�0<=:=`JÿkBDC%354
� HJCK>��&<?ÿkd � ��g,ÿ 6�ÿ�C � ÿ�H&IÃCK>@` � B5`J`J>5I±<?ÿkBDC6`�IKg,ÿ 354 �
HJCF>��&<?ÿkd L��c:O`Ji�1U�ÞB5`Ja 6�BDH�ÿ�CKI�� )98(:�� _�iK:=` � ÿh:=I�:=i�Be<=:=`JÿkBDC � <=B5iKiK:1"&ÿ�C��,9�>;$ �
ÿ��5ÿ�C�� $*ÿcBDH&H&<���IKgJÿ 6�ÿ�C � ÿ�HJIÃCK>@` >@` B�CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` >��hIKg,ÿW354
� � >@`"�
iÃIÃC6G � IÃÿka �U�ÅC6B5`Ja,>@de:1.�ÿka�f $ � �0i�B5`Ja IÃÿkiÃI�:?IKi�HÄÿ�C �v>5CFdàB5` � ÿ��'��g,ÿ�CKÿkiFGJ<?IKi
iKgJ>3$ IKgJBDI2IKg,ÿ 6�ÿ�C � ÿ�HJIÃCK>@` B ��� G,CFBDIÃÿk<��¦<?ÿkBDCF`&iÐIKg,ÿ ��GJ` � IK:?>@`Ji±:=`¦IKg,ÿ `,ÿ�$
CKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@` � >@`JiÃIÃC6G � IÃÿkaO�U�Ðf%$ ��i�����gJ:=i�CKÿkiKG&<?IKi�g,>;$*ÿ��5ÿ�C1a,>�`,>5I�`Jÿ � ÿki��
iKBDC6:=<��ÐiKB3�±B5`��RIKgJ:=`,E � >@` � CFÿ�IÃÿ�B*��>@G,I!IKg,ÿ�>3�5ÿ�C6B5<=<,HJCK>5H�ÿ�CKIK:=ÿki�>��ÄCFB5`JaJ>@de:1.�ÿka
f%$ ��i��L+�I�:=iéB5<=iÃ> `,>5I � <?ÿkBDC $�gJÿ�IKg,ÿ�C�iKG � g8H�ÿ�CR�þ>5CFdeB5` � ÿ :=iÅGJ`J:#��G,ÿ¦IÃ>
CFB5`&a,>@de:1.�ÿka(f $ � �0i��/_�ÿ#`,ÿ�ÿka�IÃ> ÿ���H&<?>5CKÿ IKgJÿkiÃÿ�:=iKiFG,ÿki ��G,CKIKg,ÿ�C ��ÿ��þ>5CKÿ

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H�P �



�'& �����������	��

����������
�

������

������

�������� !�

deB*1�:=`,E B5`�� � >@` � CKÿ�IÃÿ � <=B5:=d � ��g,ÿeÿ���H�ÿ�CF:=d�ÿk`�IKiÐBDCFÿàHJCF:OdeBDCF:=<��cHJCKÿkiÃÿk`�IÃÿka
IÃ>±E@B5:=`ÞiÃ>@d�ÿh:=`JiK:?E@g�IKi�:O`
IÃ>�IKg,ÿ���ÿkgJB3�R:=>5C*>��ÆCFB5`&a,>@de:1.�ÿka f%$ � �0i�� @1:?CFiÃI}<?ÿ�I
GJi �RGJ: � 1R<��àCKÿ���:?ÿ�$ IKg,ÿ 6�ÿ�C � ÿ�HJIÃCK>@` B5`Jac:?IKi�<?ÿkBDCF`&:=`,E�d�ÿ � g&B5`J:=iKd �

EU� ) ����� ��!����@(��K� - � � �K��� � � �+)������

x1 x2 xn

f(x)

w1 w2 wn

theta

� z��6rkwYu!�3> Ë ä ¨�­Y²]¨]¬.´�­Y°�ª
»

� 6�ÿ�C � ÿ�HJIÃCK>@` L=��>@iÃÿk`��&<=BDIÃI�� )98(:-) _�:=iÎB5` BDCKIK:/" � :=B5<1d�>�a,ÿk<1>��}B `JÿkG,CK>@`
IKgJBDI � >@d�H&G,IÃÿki�Bà<=:=`,ÿkBDC ��GJ` � IK:?>@`ß>��!BeiKÿ�I�>���:O`,H&G,I �DBDCF:=B*�&<?ÿki�� +]` :?IKi�d�>@iÃI
� >@dede>@` :=d�H$<?ÿkd�ÿk`�IKBDIK:?>@`Ji���B 6�ÿ�C � ÿ�HJIÃCK>@` � >@d�H&G,IÃÿki B �}>R>@<?ÿkB5` >@GJIÃH&G,I
�DB5<=G,ÿ���� "&<?IÃÿ�CF:=`JE�IKg,ÿh>@G,IÃH&G,I}>���IKg,ÿÎ<=:O`,ÿkBDC ��GJ` � IK:?>@` IKg,CK>@GJE@gÞB±IKg,CFÿkiKg,>@<=a
<?>5E@: � $�gJ: � g "&CKÿki L�B �sB5<OG,ÿà>�� ) _�>@`J<�� $�gJÿk`�IKg,ÿ >@G,IÃH&G,I±:=i�E5CKÿkBDIÃÿ�C2IKgJB5`
B � ÿ�CKIKB5:O`�IKg,CKÿkiKgJ>@<=a �sB5<=GJÿ��'��g,ÿ�>@G,IÃH&GJI;>��}IKg,ÿ 6�ÿ�C � ÿ�H&IÃCK>@` :=iA.�ÿ�CK>�$�g,ÿk`
IKg,ÿÅIKg,CKÿkiFg,>@<=a <=>5E@: � aJ>�ÿkiß`,>5I7"JCKÿ���@1:?E@G,CKÿ � iFg,>3$�iÞIKg,ÿ�iÃIÃC6G � IKG,CKÿ)>���B
iK:O`,E@<?ÿ `,>�a,ÿJ6�ÿ�C � ÿ�HJIÃCF>@`&����g,ÿ�:=`,H$G,I �vÿkBDIKGJCKÿ �5ÿ � IÃ>5C�:=icCKÿ�HJCKÿkiKÿk`
IÃÿka ���
" � � @ & * @ 1 * � � � @�A 
 � � � � A�
 B5`Ja � X & *+X 1 * � � �3X A 
 � � � � A�
 BDCFÿeIKg,ÿ $}ÿk:?E@g�IKi
B5iKiK> � :=BDIÃÿka $�:?IKg±IKg,ÿ�:=`,H$G,I�<O:=`	1�i � >@`&`,ÿ � IÃÿkaeIÃ>ÎIKg,ÿ�`J>Ra,ÿ�� ��g,ÿ � >@`JiÃIKB5`�I�:=`"�
H&GJI�IKg,CFÿkiKg,>@<=a2:=i1a,ÿ#"&`Jÿka-����� � � � �59½>3$}ÿ��5ÿ�C���:=`±>@G,C � GJCKCKÿk`�I�ÿ���H�ÿ�CF:=d�ÿk`�IKi
B5<=<�IKgJÿ�:=`,H&G,I �þÿkBDIKG,CKÿki�BDCFÿ �}>�>@<?ÿkB5`'�
��g,ÿ �þG&` � IK:?>@` � >@d�H&GJIÃÿka ���ßBG6�ÿ�C � ÿ�HJIÃCF>@` � B5` ��ÿ $�CF:=IÃIÃÿk` B5i �þ>@<=<?>3$½i

� L @ _H��� ) +?��� � "�	
�
& 4hIKg,ÿ�CR$�:=iKÿ � L ) <@_

$�gJÿ�CKÿ�� � "�a,ÿk`J>5IÃÿki�IKg,ÿ�:=`&`,ÿ�C�HJCK>�aJG � I�a,ÿ#"&`Jÿka ����� � " � T A�
� � & X � @ � �6�ÿ�C � ÿ�H&IÃCK>@` � <=B5iFiK:1"JÿkiÆIKgJÿ*:=`,H$G,IKiÆ:=`�IÃ>�I�$}> � BDIÃÿ�E5>5CF:=ÿki�:+�¿ÿ����3�þ>5C�IKg,>@iÃÿ $�:?IKg� L#"�_<� ) B5`Ja �v>5ChIKg,ÿ±>5IKg,ÿ�CFi�$�:?IKg � L#"�_ � & �&��g,ÿ±a,ÿ � :=iK:?>@` ��>@GJ`JaJBDC �Þ>��
IKg,ÿ��þG&` � IK:?>@`àaJÿ#"&`,ÿka �U��IKg,ÿ;ÿ���G&BDIK:?>@`
� � " 
�� � & �R:Oi*B5` .��'4�2}iKG(�&iÃH&B � ÿ
>�� � ��� �

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H=NTS



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ �-)

6�ÿ�C � ÿ�H&IÃCK>@` <?ÿkBDCF`&iÎB � <=B5iKiK:/"Jÿ�C
���é<?ÿkBDCF`J:O`,E IKgJÿàiÃÿ�IÎ>�� $*ÿk:?E@g�IKi � B5`Ja�	��fh:��5ÿk`�BßIÃCFB5:=`J:=`JE aJBDIKB iÃÿ�I�:=Ih<=ÿkBDCF`JihIKg,ÿ@$}ÿk:?E@g�IKi
���ÅE5CFB5aJ:?ÿk`�IÎa,ÿki � ÿk`�I
:=` IKgJÿ de:=`"�0iR�RGJBDCKÿ��Yÿ�CFCK>5C iKG,CR��B � ÿ�� @,>5C � >@` �5ÿ�� ��GJ` � IK:=>@`Ji iKG � g E5CFB5aJ:?ÿk`�I
a,ÿki � ÿk`
I}:=iÌE@GJBDC6B5`
IÃÿ�ÿkaÞIÃ> "$`Ja�IKg,ÿ½ÿ�CKCK>5C�de:=`J:=dàB"� ��g,ÿ�<?ÿkBDC6`J:=`,E�B5<?E5>5C6:?IKgJd
�þ>5C 6�ÿ�C � ÿ�HJIÃCK>@`&i�:=i�iÃ>@deÿ�IK:=d�ÿki � B5<=<=ÿka _ :=aJCK>3$ �09½>'0�>5C�a,ÿk<?IKBà<?ÿkBDCF`J:=`JE±<=B3$
L"_ :=a,CK>;$�B5`Ja 9½>'08� )98(:'& _F� ��gJÿ�B5<?E5>5CF:?IKgJd :=i�a,ÿki � CF:��Äÿkaß:=`ßIKgJÿO�v>@<O<?>3$�:O`,E	�

) �2+�`J:=IK:=B5<=:1.�ÿ IKgJÿ $}ÿk:?E@g�IKi L �ß_)B5`Ja(IKg,ÿ#IKg,CKÿkiKgJ>@<=a �DB5<=G,ÿ L ��_cIÃ> iÃ>@d�ÿ
BDCR�&:?IÃCFBDC � �DB5<=G,ÿki��

� ��O�HÆaJBDIÃÿ � B5`Ja��eB ��� >5CFa&:=`,E�IÃ>eIKg,ÿV�v>@<=<=>3$�:=`JE±C6GJ<?ÿ
X � � � � & � X � � � K��}L � L#"�_�
 � L#"�_Ã_ @ �
� � � & � � � 
 �}L � L#"�_�
 � L#"�_Ã_

$�g,ÿ�CKÿ X � � � � & B5`Ja X � � � BDCKÿ;IKg,ÿ ! �YIKg $*ÿk:=E@g
IKi�BDI�IKg,ÿ�L �BK ) _��YIKg B5`&a ���YIKg
:?IÃÿ�CFBDIK:?>@`ÞCKÿkiÃH�ÿ � IK:��5ÿk<��$I ��:=i�B±iKdeB5<=< � >@`JiÃIKB5`�I��*+�I�:=i}GJiKGJB5<O<�� � B5<=<?ÿkaÞIKg,ÿ
<?ÿkBDCF`J:=`JE±C6BDIÃÿ�� � L#"�_�:=i�IKg,ÿÐIKBDCKE5ÿ�I.��GJ` � IK:?>@` �DB5<=G,ÿ��

<U��$}>@`
IK:O`�G,ÿ�GJ`�IK:=<;IKg,ÿ � >@`��5ÿ�CKE5ÿk` � ÿ � >@`&aJ:?IK:?>@` :=i iKBDIK:Oi�"Jÿka&� �½<O<½ÿ���H�ÿ�C��
:=d�ÿk`�IKi CKÿ�H�>5CKIÃÿkaõ:=` IKgJ:Oi H&BDH�ÿ�C�$}ÿ�CKÿ iÃIÃ>5HJH�ÿka $�gJÿk` ÿk:?IKg,ÿ�C)>���IKg,ÿ
�v>@<=<=>3$�:=`JE � >@`&aJ:?IK:?>@`Ji $�B5i�iFBDIK:=i�"Jÿka

B
_ X � � � � & � X � � � *�� ! � ) * � � � �S*��
�Ä_hIKg,ÿ�IÃ>5IKB5<$`�G&dV��ÿ�C1>��Ä:=IÃÿ�CFBDIK:?>@`JiÌ:Oi!d�>5CKÿ�IKgJB5`eBhH&CKÿka,ÿ#"&`,ÿka2IKgJCKÿkiKg"�

>@<=a'�

4ÎG,C�ÿ���H�ÿ�CF:=d�ÿk`�IKi � >@`JiK:=a,ÿ�C±G,H IÃ> "\�vIKg a,ÿ � :=deB5<*H&<=B � ÿki±>�� X � � � � & B5`JaX � � � �Äÿ��þ>5CKÿ � >@` � <OGJaJ:=`,E¦IKgJBDIWX � � � � & � X � � � � ��g,ÿ � g,>@iÃÿk` �DB5<=G,ÿ �þ>5C IKg,ÿdeB �,:=d±GJd
`RGJdV��ÿ�C�>��1:?IÃÿ�CFBDIK:?>@`&i�:=i )#& * &(&(& �
+�I�gJB5i ��ÿ�ÿk`ßiKg,>;$�`ßÿk<=iÃÿ�$�gJÿ�CKÿeL=��>@iÃÿk`��&<=BDIÃI�� )98(:-) _�IKgJBDI�IKgJ:=i�B5<?E5>5C6:?IKgJd

:=i½E@GJBDCFB5`�IÃÿ�ÿkaéIÃ> � >@` �5ÿ�CFE5ÿ�IÃ>ÞIKgJÿ�E@<?>��$B5<�ÿ�CKCF>5Chdà:=`J:=deB $�g,ÿk`)IKg,ÿ�IKBDCFE5ÿ�I
��GJ` � IK:?>@` :Oi�<=:=`,ÿkBDC��

EU� � � � � ���	� � � �K��
�� ���

�;` 354
�(:=i�B �}>�>@<=ÿkB5` ��GJ` � IK:?>@`&�-+�IKi�a,>@dàB5:=` :=i�BeiÃÿ�I�>�� �}>R>@<?ÿkB5`ciÃIÃC6:=`,E@i��
��B*�&<?ÿ +
� iKg,>3$½i�IKg,ÿ IÃCFGJIKg"�YIKB*�&<?ÿ >��ÎB�I�$*>*�+�$:?IG354
� HJCK>��&<=ÿkd � 4hG,C�ÿ��U�
H�ÿ�CF:=deÿk`
IKi½B5<=iÃ> � >@`&iK:=a,ÿ�ChBàE5ÿk`Jÿ�CFB5<=:1.�ÿka �5ÿ�CFiK:?>@`)>��ÌIKg,ÿ 354
�8HJCK>��$<?ÿkd �þ>5C
� �+�&:=IKi��	�½` `	�+�&:?I�354
�(HJCK>��&<?ÿkd
:Oi�a,ÿ#"&`,ÿka B5i.�v>@<=<=>3$�i �

� L#"�_H��� ) :��<" � >@`
IKB5:=`&i�>�aJa `�G&dV��ÿ�C�>�� ) �0i
& >5IKgJÿ�CR$�:=iÃÿ �

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H=N;P



�(� �����������	��

����������
�

������

������

�������� !�

2 4 6 8 10

Order of XOR problem

0.44

0.46

0.48

0.50

m
is

c
la

s
s

if
ic

a
ti

o
n

 r
a

ti
o

2 4 6 8 10
Order of XOR problem

0.000

0.005

0.010

0.015

V
a
ri

a
n

c
e
 o

f 
m

is
c
la

s
s
if

ic
a
ti

o
n

 r
a
ti

o

� z��6rkwYu���> ä ¨�­�¹�°6­Yº�³Fªs²]¨àÕ��,­�­Y°6­;­0³K´Y¨�¶.®]»�¬m­Y°�Èm¸�¨]º ®�¯�Ý�¨KØ�°F¹�´Y§m¨ ä ¨�­Y²]¨]¬.´�­Y°�ª °�ª ç�è�É
¬m­Y°6Ès¸�¨]º�®]»·Ê�°6´Y¨Æ´Y§D³K´$´Y§m¨�¨�­�­Y°6­Ä­0³K´Y¨�®�´0³K­�´Y®$¹Á­Y°�º¦Û�� ��¹�°6­$´þÓ�°ÌÈm¯�´$ç�è�Éß³FªDÀ�Â�µs¯�²0Ñ.¸¿Ï}©�°�¨]®
µs¬Ð´Y°Î³6¬m¬m­Y°Ã«.¯�º�³K´Y¨]¸¿Ï�Û�� �½¹�°F­}¸�³F­Y©6¨�­�¬.­Y°�Èm¸�¨�º�®]»�Ë�ª±¨�­�­Y°F­*­0³K´Y¨�°6¹�Û�� �;¯�®�¨ÃÂ�µs¯�¶�³F¸�¨]ª�´!´Y°
­0³6ªsÀm°�º ©�µs¨�®�®�¯�ªm©m»

�õ<=:=`JÿkBDC � <OB5iKiK:1"Jÿ�C�<O:�15ÿ�B�iK:=`,E@<=ÿA6�ÿ�C � ÿ�H&IÃCK>@` � B5`J`,>5I½<?ÿkBDCF` Be`,>@`	�0<=:=`,ÿkBDC
��GJ` � IK:?>@`'�'��g,ÿ 354
� ��GJ` � IK:?>@`�:=i�`,>@`"�0<=:O`,ÿkBDC�B5`Ja IKgJÿ�CKÿ��v>5CFÿàBciK:O`,E@<?ÿ 6�ÿ�C��
� ÿ�HJIÃCF>@` � B5`J`,>5I�<?ÿkBDCF` :?I�:=`ß:?IKi � B5`,>@`J: � B5<�CKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` $�gJÿ�CKÿhIKg,ÿÎ:=`,H&G,I
�þÿkBDIKG,CKÿkiÅ>��eIKg,ÿN6�ÿ�C � ÿ�HJIÃCK>@` :Oi)`,>5IKg&:=`,E �&GJI)IKg,ÿ �}>�>@<=ÿkB5` �DBDCF:=B*�$<?ÿkic>��
IKg,ÿJ354
� �þGJ` � IK:?>@`&�54hG,Ccÿ��RH�ÿ�CF:=deÿk`
IKi BDH&H&<�� IKg,ÿ 6�ÿ�C � ÿ�HJIÃCF>@`�IÃ> <?ÿkBDCF`
IKg,ÿ 354
� :=` B#CKÿ�HJCKÿkiKÿk`
IKBDIK:?>@` � >@`&iÃIÃCFG � IÃÿka �U� IKgJÿ�CFB5`Ja,>@de:/.�ÿka f $ � �
i��C
hG,CF:O`,E)IKgJÿ <?ÿkBDCF`J:=`JEÅiÃIKBDE5ÿ�$*ÿ HJCFÿkiÃÿk`
I�IKgJÿßaJ>@deB5:=` d�ÿkd/��ÿ�CFi2IÃ>�IKg,ÿ
6�ÿ�C � ÿ�HJIÃCF>@`&� 4h` � ÿÐIKg,ÿ±<?ÿkBDCF`J:=`JEe:=i�>3�5ÿ�CÎIKgJÿ�IÃCFB5:=`,ÿkaF6�ÿ�C � ÿ�HJIÃCK>@`Å:=i�IÃÿkiKIÃÿka
>@` IKg,ÿ)aJ>@deB5:=` deÿkdV��ÿ�CFi�� +�` >5CFa,ÿ�CÞIÃ> deÿkB5iKG,CKÿ)IKg,ÿ)H�ÿ�CR�þ>5CFdeB5` � ÿ >��ÐB
6�ÿ�C � ÿ�HJIÃCF>@` $}ÿ;aJÿ#"&`,ÿ�de:Oi�� � <=B5iKiK:/" � BDIK:?>@`�CFBDIK:=>�B5i}IKg,ÿ�C6BDIK:?>Ð>��ÆIKg,ÿ;`�G&dV��ÿ�C
>��Ìde:Oi�� � <=B5iKiK:/" � BDIK:?>@`cB5`&acIKg,ÿ±`�G&dV��ÿ�C;>��!ÿk`
IÃCF:=ÿki;:O` IKg,ÿ�IÃÿkiÃIK:=`,EßaJBDIKBÞiÃÿ�I��
@,>5C�B5<=<�IKg,ÿ�ÿ��RH�ÿ�CF:Od�ÿk`
IKi;CKÿ�H�>5CKIÃÿka�gJÿ�CKÿ��ÆIKg,ÿ�IÃCFB5:=`&:=`,E a&BDIKB iÃÿ�I�:=`éa,CFB3$�`
�þCK>@d IKg,ÿßÿk`
IK:=CKÿ a,>@deB5:=`#GJiK:O`,E)GJ`&:��v>5C6d aJ:OiÃIÃCF:��&GJIK:?>@`&� ��gJÿ IÃÿkiÃIK:O`,E�aJBDIKB
iÃÿ�I�:Oi � >@d�HJCF:OiÃÿkaß>���IKgJÿ�ÿk`
IK:=CKÿ�a,>@deB5:=`'�
@1:?E@GJCKÿ <ßHJCFÿkiÃÿk`
IKi�IKg,ÿàdà:=i�� � <=B5iKiF:1" � BDIK:?>@`�C6BDIK:?> �þ>5CÐIKg,ÿÞaJ: 0�ÿ�CKÿk`
I�iF:1.�ÿki

L�`RGJd/�Äÿ�C�>���:O`,H&G,I0�DBDCF:=B*�&<?ÿki�_�>��ÄIKgJÿ 354
� HJCK>��&<=ÿkd :=`e:?IKi � B5`,>@`J: � B5<,CFÿ�HJCKÿ��
iÃÿk`�IKBDIK:?>@` L�: �¿ÿ�� $�:=IKg,>@G,I B5`�� C6B5`Ja,>@de:1.�ÿka f%$ � �+�&B5iÃÿka IÃCFB5`JiR�v>5CFdàBDIK:?>@`$_F�
��gJÿ "JE@G,CKÿ BDI)IKg,ÿ�<?ÿ��þI iKg,>;$�i IKg,ÿ¦B��5ÿ�CFBDE5ÿ#de:=i�� � <OB5iKiK:1" � BDIK:=>@` CFBDIK:?> �þ>5C
)#& * &(&(& C6GJ`Ji��U��g,ÿL"JE@G,CKÿhBDI�IKg,ÿhCF:?E@g�I}iFg,>3$�i}IKg,ÿ � >5CKCFÿkiÃH�>@`JaJ:=`,E/�sBDC6:=B5` � ÿ��
�;ißIKg,ÿ "JE@G,CFÿéiFg,>3$�ißIKgJÿ B*�&iÃ>@<=G,IÃÿ �DBDCF:=B5` � ÿ�:=i �RGJ:?IÃÿ�<?>;$O��@,>5CciKdàB5<=<?ÿ�C
HJCF>��&<?ÿkdei}IKg,ÿ �DBDCF:=B5` � ÿ�:Oi�CKÿk<=BDIK:��5ÿk<��ÞgJ:?E@g,ÿ�C3�"��g,ÿkiÃÿA"JE@G,CKÿki�iKg,>3$ IKg&BDI�IKg,ÿ
6�ÿ�C � ÿ�HJIÃCF>@` :=ißdeB*1R:O`,E B*��>@G,IWE &	� ÿ�CKCF>5C �v>5C d�>@iÃI >���IKg,ÿéHJCK>��&<=ÿkdeià>��
aJ:10Äÿ�CKÿk`�I�iK:/.�ÿki�� ��gJ:OiÌ:=d�H&<O:?ÿki1IKgJBDI�IKgJÿ � <=B5iKiF:1"Jÿ�C�:=i*`,>V��ÿ�IÃIÃÿ�C*IKgJB5`àC6B5`Ja,>@d
E@G,ÿkiFiK:=`,E�iK:O` � ÿ �þ>5C�gJB5<��R>��,IKgJÿ�d�ÿkd/�Äÿ�C6i�>��,IKg,ÿ 354
� �YIÃCFGJIKg"�YIKB*�&<?ÿ � L#"�_%� ) �

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H=N�N



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ � <

¥�³FÈs¸�¨ Ô � »�¥�§m¨ ç�è�É
¬m­Y°6Ès¸�¨]ºh»

� � ��� � Õ � ��� ��� Ø
Û Û Û
Ü Û Ü
Û Ü Ü
Ü Ü Û

+]` >5IKg,ÿ�C $}>5CFaJi��!B ��� >5CFaJ:O`,EéIÃ>�>@G,C�ÿ��RH�ÿ � IKBDIK:?>@`#IKgJÿW6�ÿ�C � ÿ�HJIÃCK>@` ��B5:=<=i±IÃ>
� >5CKCFÿ � IK<��Þ<=ÿkBDCF` IKg,ÿ 354
� ��GJ` � IK:?>@` :=` :=IKi�E@:��5ÿk` CKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@`&�

EU� <U��� �P#��
-
�"-�� �	� � � �"( � # � � �K!����,( ��� -�#�-�
 � #�-�
��
� ��� ��

������� �

��g&:=ieiÃÿ � IK:?>@` HJCFÿkiÃÿk`
IKi IKg,ÿÅCKÿkiKGJ<=IKie>���>@G,CÞÿ���HÄÿ�C6:=d�ÿk`�IKi $�gJÿ�CKÿcIKg,ÿ 6�ÿ�C��
� ÿ�HJIÃCF>@`):=i;BDHJH&<O:?ÿka IÃ>ß<?ÿkBDCF`)IKg,ÿ 354 � �þGJ` � IK:?>@`c:=`)BàCFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` � >@`"�
iÃIÃC6G � IÃÿka �U� IKg,ÿÐCFB5`Ja,>@de:/.�ÿkacf%$ � �0i��

EU��>	���	� � � �K�����,-�(8#���
��@(�� �

��gJÿ;ÿ���H�ÿ�CF:=d�ÿk`�IKB5<ÆHJCF> � ÿkiKi�:=i � >@d�HJCF:OiÃÿkaß>��1IKg,ÿ �v>@<O<?>3$�:O`,E�iÃIÃÿ�H&i
) �!fh:��5ÿk`ÞIKg,ÿL354
� HJCK>��&<=ÿkd�:=`àIKg,ÿ � B5`J>@`J: � B5<ÄCKÿ�HJCKÿkiKÿk`
IKBDIK:?>@`'� � >@`JiKIÃCFG � I
Bc`,ÿ�$ ÿk`&<=BDCKE5ÿka CFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`�G&iK:=`,EßCFB5`JaJ>@de:1.�ÿka¦f%$ � �0i�� ��B*�&<?ÿ �
iKg,>3$½i�IKg,ÿ�f%$ � �0i�GJiÃÿka �þ>5C�IKg,ÿÎÿ���H�ÿ�CF:=d�ÿk`�IKi�CKÿ�H�>5CKIÃÿka g,ÿ�CKÿ��P_�ÿ � >@`"�
iK:=a,ÿ�C�IKg,CFÿ�ÿ�aJ: 0�ÿ�CKÿk`
I � >�a,ÿ��+��>�>�1�i $�:=IKg aJ: 0�ÿ�CKÿk`
I � >�a,>@` iK:/.�ÿki���$}>�a,>@`Ji
BDCKÿÐB5iKiK:=E@`,ÿka $�:?IKg G&`J:��þ>5CFd HJCK>��&B*�&:O<=:?I����

� � ��ÿkBDCF`2BhiK:=`,E@<=ÿ 6�ÿ�C � ÿ�HJIÃCK>@`�:O`�IKgJ:=i1`,ÿ�$ CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@`�GJiK:=`,E½IKg,ÿ�a,ÿk<?IKB
<?ÿkBDCF`J:=`JE2<OB�$O�

<U�8��ÿkiÃI�IKg,ÿ�IÃCFB5:=`Jÿka 6�ÿ�C � ÿ�HJIÃCK>@`&�
��gJÿeIÃCFB5:=`J:O`,E iÃÿ�I�:Oi � >@`JiÃIÃCFG � IÃÿka �U� GJ`J:��þ>5CFde<��ciÃÿk<?ÿ � IK:=`JE)d�ÿkd/��ÿ�CFi �þCK>@d
IKg,ÿ�aJ>@deB5:=` � � �P_�ÿ�GJiÃÿkaßIKgJÿ�ÿk`
IK:=CKÿ�a,>@deB5:=` L � � _ �þ>5C�IÃÿkiÃIK:=`JE	�
�;<=<DIKg,ÿ!ÿ���H�ÿ�CF:=d�ÿk`�IKi � >@`JiK:Oa,ÿ�C � >�a,ÿC��>�>�1�i&$�:?IKghÿ��RGJB5<5`RGJd/�Äÿ�CÆ>�� � >�a,>@`Ji

�þ>5C
�Ä>5IKg ) B5`Ja & � 4hG,ChB5`JB5<���iK:=iha,>Rÿkih`,>5IhCKÿ���G&:?CKÿÐIKg&BDI���+�Ih:=i ,ÃG&iÃI½>@`Jÿ±>��
IKg,ÿ;ÿ���HÄÿ�C6:=d�ÿk`�IKB5< � g,>@: � ÿki}IKgJBDI $*ÿhdeB5a,ÿ��+_�ÿhH&<=B5`àIÃ>2CKÿ�H�>5CKI*CFÿkiKGJ<?IKi $�:?IKg
GJ`Jÿ���GJB5< � >�a,>@`ca&:=iÃIÃCF:��$G,IK:?>@`Ji*:=`ßIKg,ÿO��G,IKG,CKÿ��

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H=NTX



� > �����������	��

����������
�

������

������

�������� !�

¥R³6Ès¸�¨ � »�¥�§m­Y¨]¨±²]°kÀm¨2È5°�°6Ñk®�À.¨�ÍDªm¨ÃÀ È�Ï)ÚkÒ �.Ò�³6ªsÀ �6ÇOÈm¯�´
²�°kÀm°�ªm®]»
% %�$&'+$�%
$ %	%('+$	$

% %�$)%�'*$�%($	'+$	$&$	'#%	%&%
$ %	%($	'*$	$)%�'+$�%&%�'#%�$&$

% %	%&%	%�'*$&$	$	$&'#%	%	%($	';$	$&$�%�'#%&%�$	$&'*$	$�%&%�'#%�$)%	%(';$)%�$&$
$ %	%($�%�'*$&$�%�$&'*$�%	%&%�'6%�$&$	$	'#%($�%�$&'*$�%�$)%�'*$�%&%�$&'6%($	$)%

EU� EU���	� � � �K�����,-�(8#�� � � � ���X(��

@1:?E@G,CFÿ > HJCKÿkiÃÿk`�IKiÞIKg,ÿÅB3�5ÿ�CFBDE5ÿ�de:Oi�� � <=B5iKiK:/" � BDIK:?>@` ÿ�CFCK>5Cß>���IKg,ÿ 6�ÿ�C � ÿ�H	�
IÃCK>@`ÅIÃCFB5:O`,ÿkaÅ>3�5ÿ�CÐBÞCKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` � >@`&iÃIÃCFG � IÃÿka �U�cIKg,ÿ � >�a,ÿ��+��>�>�1�$�:?IKg
� >�a,>@`JiÞ>��ÐiK:/.�ÿÅI�$*>�� 6FEHT�� N*2���6��;��IKg,CKÿ�ÿ���6FEHT	�;MR5W<:736�� ��B5`Ja �v>@G,C
� � E?6�6FE:9�� �
��gJÿÐB��5ÿ�CFBDE5ÿ�ÿ�CFCK>5C;:Oi � >@d�H$G,IÃÿkac>;�5ÿ�C )#& * &(&(& :=`Ja,ÿ�H�ÿk`JaJÿk`
I�iÃÿkiFiK:?>@`Ji�� ��g,ÿ
<?ÿ��þIKd�>@iÃI�"&E@G,CKÿ�BDI�IKg,ÿÐIÃ>5HciKg,>;$�i�IKgJBDI½B2IKg,CKÿ�ÿ��+�&:?I�354 ��HJCF>��&<?ÿkd � B5` ��ÿ
<?ÿkBDC6`,ÿka#B5<=d�>@iÃI2H�ÿ�CR�þÿ � IK<��¦GJiF:=`,EÅIKg,ÿ � >Ra,ÿ��+��>R>�1¦>��;iK:1.�ÿßI�$}>	� ��gJÿÞÿ�CFCK>5C��
CFBDIK:=>cE5CK>;$�i�GJH�IÃ> & � EcB5i/$*ÿß:=` � CFÿkB5iÃÿàIKg,ÿ HJCK>��&<=ÿkd iK:1.�ÿ��8��>5IÃÿÞIKgJBDI±IKg,ÿ
:=` � CKÿkB5iÃÿà:=`�ÿ�CKCK>5C2:=iÐ<=>5E@:=iÃIK: � GJ`J<=:�15ÿ�IKgJÿ ��B5iÃI�E5CF>3$�IKg¦>��&iÃÿ�CR�5ÿka#:=` @1:?E@G,CKÿ
<U�2��gJÿ E5CFBDH&g BDIeIKg,ÿ IÃ>5H(�YCF:?E@g�I � >5CF`,ÿ�CàiFg,>3$�i�B�iK:=de:=<OBDC�ÿ�CKCF>5C �sBDC6:=BDIK:?>@`
�þ>5CÎIKg,ÿ � >�a,ÿ��+��>�>�1Å>��}iF:1.�ÿ�IKg,CKÿ�ÿ?IÆ>@`J<��cIKg,ÿ@��>@GJ`Ja&BDCR� >�� �Ä>5IÃIÃ>@d 1R`,ÿ�ÿ�>��
IKg,ÿÎE5C6BDH&g :=i�aJ:10Äÿ�CKÿk`�I��*+�I�iKg,>3$½i�IKgJBDI�IKg,ÿ � >Ra,ÿ��+��>R>�1,$½:?IKg � >RaJ>@`Ji�>��1iK:1.�ÿ
IKg,CFÿ�ÿ :=i � BDH&B*�&<?ÿc>��;<?ÿkBDC6`J:=`,E�G,H IÃ> �þ>@G,C��+�$:?IR354
� H&CK>��&<?ÿkd B ��� G,C6BDIÃÿk<����
b�:Ode:=<=BDCF<����RIKgJÿ 6�ÿ�C � ÿ�HJIÃCF>@` � B5`Å<=ÿkBDCF`)GJH)IÃ> "(�5ÿ��+�&:=I 354
�8HJCF>��&<?ÿkd�GJiK:=`,E
IKg,ÿ � >�a,ÿ��+��>R>�1 $�:=IKg � >Ra,>@`&i�>��ÎiK:1.�ÿ �þ>@G,CcLþIKg,ÿW"JE@GJCKÿ BDIeIKg,ÿ ��>5IÃIÃ>@d >��
@1:?E@G,CFÿ >�_F�*@1:?E@G,CKÿ E�H&<?>5IKi*IKg,ÿ � gJB5`,E5ÿÎ:=` IKg,ÿ � >5CKCKÿkiÃH�>@`Ja&:=`,EO�DBDCF:=B5` � ÿki �þ>5C
IKg,ÿ IKg,CKÿ�ÿ � >Ra,ÿ��+��>R>�1Ri�� +]`�B*�&iÃ>@<OG,IÃÿàIÃÿ�CFdài�IKg,ÿ �sBDC6:=B5` � ÿà:=i/��G&:?IÃÿ <?>;$O� +]`
>5IKg,ÿ�C�$*>5C6aJi�IKg,ÿ�ÿ��RH�ÿ � IÃÿka��Äÿkg&B���:?>5C�H&<=>5IÃIÃÿkac:=`W@1:?E@GJCKÿ%>à:=i�CKÿk<=:=B*�$<?ÿ��(��g,ÿ
� gJB5`,E5ÿ :=` IKg,ÿ �sBDC6:=B5` � ÿki-$�:?IKg¦CKÿkiÃH�ÿ � I2IÃ> :=` � CFÿkB5iK:=`,E)HJCK>��&<?ÿkd iK:1.�ÿß>@`J<��
CKÿ��5ÿkB5<Oi�B�iÃH&:�15ÿ BDCK>@GJ`&a¦IKgJÿÞH&CK>��&<?ÿkd iK:1.�ÿ $�gJÿ�CKÿßIKg,ÿW6�ÿ�C � ÿ�HJIÃCK>@` iKIKBDCKIKi
��B5:=<=:=`JE	�"��g,ÿ�B5`JB5<���iK:=i�HJCFÿkiÃÿk`
IÃÿka):=` IKgJ:Oi�H&BDH�ÿ�C�aJ:=a `,>5I½B5aJa,CKÿkiKi�IKg,ÿ�ÿ�0�ÿ � I
>�� � >�a,>@`#iK:1.�ÿß>@` IKg,ÿßH�ÿ�CR�þ>5CFdeB5` � ÿ >���IKg,ÿcf%$ � �0i�� _�ÿ H$<=B5`�IÃ>�B5aJaJCKÿkiKi
IKgJ:Oi�:=`ß>@G,C)��G,IKG,CKÿ
$}>5CR1 �

DTE�G(HJI�KTL"MON;PRQTS�NTQ�NTS�S�N�M/NUWYX�Z"M�[(H=N �



� ��� 

������
����������
	�� 

�!������� � ���!�������V��� ��� �!�
���-� �����1���
��� � ��

�� �� ����� 
 �!������ � E

2 4 6 8 10
Order of XOR problem

0.0

0.1

0.2

0.3

0.4

0.5

m
is

c
la

s
s
if

ic
a
ti

o
n

 r
a
ti

o

2 4 6 8 10
Order of XOR problem

0.0

0.1

0.2

0.3

0.4

0.5

m
is

c
la

s
s
if

ic
a
ti

o
n

 r
a
ti

o

2 4 6 8 10
Order of XOR problem

0.0

0.1

0.2

0.3

0.4

0.5

m
is

c
la

s
s
if

ic
a
ti

o
n

 r
a
ti

o

� z��6rkwYu���> Ë�¶·¨�­0³6©6¨�º�¯�®�Çv²�¸Á³F®�®�¯¿ÍD²Ã³K´Y¯�°6ªà­0³K´Y¯�°Î¶.®]»R¬m­Y°6Ès¸�¨]º ®�¯�Ý]¨�Õ?ªkµmº}È5¨�­Ì°F¹�¯�ªm¬sµ.´*¶6³F­Y¯¿Ç
³6Èm¸�¨�®0Ø1¹�°6­*²]°kÀm¨�ÇvÈ5°�°6Ñk®ÌÓ�¯¿´Y§�²]°kÀ.°�ª2®�¯�Ý]¨�Õ�´Y°6¬�Ò�¸�¨�¹�´�Ø�´þÓÄ°mÒ�Õ�´Y°6¬�Ò
­Y¯�©�§�´�Ø�´Y§m­Y¨]¨�Ò$Õ?È5°6´�´Y°6º�Ø
¹�°6µm­Ã»s¥�§s¨1­Y¨]¬5°F­�´Y¨ÃÀ½­Y¨]®�µm¸�´�¯�®�³6ª;³K¶�¨�­0³6©6¨�°F¹�ÜÃÛ � Û�Û6Û�¯�ªsÀm¨]¬5¨�ªDÀm¨�ªk´Ä­Yµsªs®]»

�Æó�� " 
L��øDý 5D��öÄ÷ � � ýv÷
����� 
 
�û�ö�ü5÷mýþù$ö��
��gJÿ 
��L@�L�aJ:Oi�,ÃG&` � IK:��5ÿe`,>5CFdàB5<C�v>5C6d _;:=i�B �*>R>@<?ÿkB5` �þGJ` � IK:?>@` $�g,>@iKÿàa,>*�
deB5:O` :=i � >@d�HJC6:=iÃÿka >��ÐB#iÃÿ�Iß>����}>R>@<?ÿkB5` iÃIÃCF:=`JE@i�� ��ÿ�I � ��ÿÅB �}>R>@<?ÿkB5`
�þ>5CFd±GJ<=B"� � <=:=IÃÿ�CFB5<1:=i;ÿk:?IKg,ÿ�C�B �DBDCF:=B*�&<?ÿ±>5C�IKg,ÿ�`,ÿ�E@BDIK:=>@`�>��}B �DBDCF:=B*�&<=ÿ�� �
� <=B5G&iÃÿ;:Oi}aJÿ#"&`,ÿkaßB5i � >@`T,KGJ` � IK:?>@`ß>���<=:?IÃÿ�CFB5<=i��
ÿ��¿E	�
	�� @ &���
 @ 1�� @�� �(��g,ÿ
�þ>5CFd±GJ<=B :=iÐiKB5:=a IÃ> ��ÿà:=`�IKgJÿ aJ:=i�,ÃGJ` � IK:��5ÿe`,>5CFdeB5< �v>5C6d L=

�5@Ì_�:���:?I�:OiÐB
aJ:Oi�,ÃG&` � IK:?>@` >�� � <OB5GJiÃÿki�	 &�� 	 1�� � � � � 	 � �
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� L#"�_%�
����� �� � & 	 � �v>5C�B5`cÿ��5ÿk`c:=`�IÃÿ�E5ÿ�C ��� � B5`Ja�	 � � @ 1 � � &�� @ 1 �
@ &�� @ 1 �v>5C�`\� � �
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GJiÃI�<=:�15ÿÞIKg,ÿ 354
� ÿ��RH�ÿ�CF:=deÿk`
I��!g,ÿ�CKÿ $}ÿ iÃIKGJa	�¦IKg,ÿßCKÿk<=BDIK:��5ÿ H�ÿ�CR�þ>5C��
deB5` � ÿ�>��!IKg,ÿ 6�ÿ�C � ÿ�H&IÃCK>@`�$½:?IKg B5`Ja�$�:?IKg,>@G,I�IKgJÿÐIKg,ÿ±BDHJH&<=: � BDIK:=>@` >��1CFB5`"�
a,>@dà:1.�ÿka f%$ � �0i��&
hG,CF:O`,EàIKg,ÿ�<?ÿkBDC6`J:=`,EßiÃIKBDE5ÿ@$}ÿ±H&CKÿkiÃÿk`�IhB5<O<�IKgJÿ2aJ>@deB5:=`
d�ÿkd/��ÿ�CFi IÃ> IKg,ÿ 6�ÿ�C � ÿ�HJIÃCF>@`&�A4h` � ÿ IKg,ÿ¦<=ÿkBDCF`J:=`,E :=ic>3�5ÿ�C��½IKg,ÿ�IÃC6B5:=`,ÿka
6�ÿ�C � ÿ�HJIÃCF>@`¦:=iÐIÃÿkiÃIÃÿka >@`¦B5<O<ÌIKg,ÿÞa,>@deB5:=`¦d�ÿkdV��ÿ�CFi��26�ÿ�CR�þ>5CFdeB5` � ÿÞ>���IKg,ÿ
6�ÿ�C � ÿ�HJIÃCF>@` :Oi�d�ÿkB5iFG,CKÿka :=`¦B $�B��¦iF:=de:=<=BDCÐIÃ>ÅIKg&BDI�>���IKgJÿ 354
� ÿ���H�ÿ�CF: �
d�ÿk`�IKi��
@1:?E@GJCKÿ : H&<?>5IKi�IKgJÿ�B��5ÿ�C6BDE5ÿcLþ>3�5ÿ�C ) � &(&(& CFGJ`Ji6_�de:=i�� � <=B5iFiK:1" � BDIK:?>@` CFBDIK:?>

�þ>5C�IKg,ÿ�aJ: 0�ÿ�CKÿk`�I�iK:1.�ÿki�L�`RGJdV��ÿ�C�>���:=`,H&G,I �DBDCF:=B*�&<?ÿki�_Ì>���IKg,ÿO

�5@#H&CK>��&<?ÿkd
:=`Å:?IKi � B5`,>@`&: � B5<�CKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` L�:+�¿ÿ���� $½:?IKg,>@G,I�f%$ �½_F�'��gJ:=i5"JE@G,CKÿ2iKg,>;$�i
IKgJBDI56�ÿ�C � ÿ�HJIÃCK>@` H�ÿ�CR�þ>5CFdei�`,>5I½iÃ>@$*ÿk<O<�B5i�IKg,ÿ�H&CK>��&<?ÿkd
iK:/.�ÿ�:=` � CKÿkB5iÃÿki��
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>���iF:1.�ÿhI�$}> �FN*2���6��½B5`JaÞIKg,CKÿ�ÿ �FMR5W<:736�� �(��g,ÿhB��5ÿ�CFBDE5ÿ�ÿ�CFCK>5C�:=i � >@d�H&G,IÃÿkaß>;�5ÿ�C
) � &(&(& :=`&a,ÿ�H�ÿk`Ja,ÿk`�I*iÃÿkiKiF:?>@`Ji��"��g,ÿh<?ÿ��þI�de>@iÃI�"JE@G,CKÿhiKg,>;$�i�IKgJBDI : �&:?I 
��L@
� B5` ��ÿ�<?ÿkBDCF`Jÿka�B5<=d�>@iÃIhH�ÿ�CR�þÿ � IK<��)GJiF:=`,EßIKg,ÿ � >�a,ÿ-�Ä>R>�1Å>��}iK:/.�ÿ±I�$*>	�8��g,ÿ
ÿ�CKCF>5C�CFBDIK:?>;E5CK>;$�i�B5i8$}ÿ*:=` � CKÿkB5iÃÿ�IKgJÿ*HJCF>��&<?ÿkd iK:/.�ÿ�� ��gJÿÌE5CFBDH&g±BDI�IKgJÿ�CF:?E@g�I
iKgJ>3$�i±iK:=de:O<=BDC�ÿ�CKCK>5C �DBDCF:=BDIK:?>@` �v>5C � >RaJÿ��+�Ä>R>�1 >���iK:/.�ÿ IKg,CFÿ�ÿ��2+�I�:=`&aJ: � BDIÃÿki
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@1:?E@GJCKÿ � H&<?>5IKi�IKgJÿ � gJB5`JE5ÿÐ:=` IKg,ÿ � >5CFCKÿkiÃH�>@`JaJ:=`JE �DBDCF:=B5` � ÿ �v>5C)��>5IKg >��
IKg,ÿ � >RaJÿ��+�Ä>R>�1 � +]`cB*�&iÃ>@<OG,IÃÿ�IÃÿ�CFdei��DBDCF:=B5` � ÿ±:=i.�RGJ:?IÃÿÐ<=>3$8:=`JaJ: � BDIK:O`,E2IKgJBDI
IKg,ÿ�CKÿkiKGJ<?IKi*BDCKÿ��RGJ:?IÃÿ½iÃIKB*�&<?ÿ�� ��g,ÿ.�þ>@<=<?>;$�:=`,E�iÃÿ � IK:=>@` � >@` � <=G&a,ÿkiÌIKgJ:OiÌH&BDH�ÿ�C��

� ó � ý#�kü
û��
�.ýþùÄö�� 
�û�÷sû�ø���� ù$ø	S�� Q&ö�ú ��ù$ö�ü(0�û �mývùÄö �

��g&:=i�H&BDH�ÿ�C�:=i�B�H&BDCFI�>��JB�iKÿ�CF:?ÿki�>��,ÿ�0�>5CKIKi ���ÎIKgJÿ*B5G,IKg,>5C�B5`JaÐg&:=i � >@<=<=ÿkBDE@G,ÿki
:=`±GJ`JaJÿ�CFiÃIKB5`JaJ:O`,E�IKg,ÿ}CK>@<?ÿ}>��&E5ÿk`,ÿ�ÿ���HJCKÿkiKiF:?>@`Ð>@` � >@deH&G,IKBDIK:?>@`JB5<RE5CK>@G&`JaJi��
��gJÿ >��&iÃÿ�CR�DBDIK:?>@`JiÞdeB5a,ÿÅ:=` IKg&:=ieH&BDH�ÿ�CÞBDCKÿcH&BDCFIK: � GJ<=BDCF<��¦CKÿk<OBDIÃÿka IÃ> IKg,ÿ
CKÿkiFGJ<?IKi*HJCKÿkiÃÿk`�IÃÿkaÞÿk<=iÃÿ�$�g,ÿ�CFÿ±L�A�BDCKE@GJHJIKB"� �'&(&*) _F�\��gJBDI}H&BDH�ÿ�C}iFg,>3$}ÿkaÞIKgJBDI
IKg,ÿ�ÿ���H�>@`,ÿk`�IK:=B5<=<��c<=>@`,EßCKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`�>���iÃ>@d�ÿ@��GJ` � IK:=>@`JihGJiK:=`,E @,>@G,C6:?ÿ�C
�&B5iKÿki � B5` ��ÿ2IÃCFB5`Ji��þ>5CFd�ÿka IÃ>cB CKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` GJiK:=`JE f $ ��i��&$�gJÿ�CKÿ�IKg,ÿ
<?>;$�>5CFaJÿ�C � >Rÿ�! � :?ÿk`�IKihBDCKÿÐÿ���H�>@`,ÿk`
IK:OB5<=<��ßd�>5CKÿ�iF:?E@`J:1" � B5`�I�IKgJB5`)IKg,ÿ±gJ:?E@g
>5CFaJÿ�C;>@`Jÿki��&��gJ:=i½deB*15ÿkiÎIKg,ÿ2ÿ���HÄ>@`Jÿk`
IK:=B5<O<�� <?>@`,EÞCKÿ�HJCKÿkiKÿk`
IKBDIK:?>@`éiKG&:?IKB*�&<?ÿ
�þ>5C�BDHJHJCF>��,:=deBDIK:?>@`Ji�G&iK:=`,E2>@`J<��ßB�H�>@<���`,>@de:=B5<�`RGJd/�Äÿ�C�>��!<?>;$ >5CFa,ÿ�C � >�ÿ��J�
" � :=ÿk`
IKi��J9½>3$}ÿ��5ÿ�C��ÄIKgJBDI�H&BDH�ÿ�C � >@`JiF:=a,ÿ�CKÿkaß>@`J<��àIKg,ÿÐaJÿ�IÃÿ�CFde:=`J:OiÃIK: � f%$ ��i��
��gJ:=i H$BDHÄÿ�C�:=`�IÃCK>�aJG � ÿkiÅB5`Jaõÿ��RH$<?>5CKÿkiÅIKg,ÿ CFB5`Ja,>@de:/.�ÿka8f%$ ��i�� ��g,ÿ

HJC6:=deBDCR� � >@`
IÃCF:��&G,IK:?>@`�>���IKg,ÿeH&BDH�ÿ�C�:Oi�IKg,ÿ,�v>@<=<=>3$�:=`JE	��+�I±iKg,>3$½iÐIKgJBDI�IKg,ÿ
CFB5`&a,>@de:1.�ÿka f%$ � �0i � B5` ��ÿßG&iÃÿka#IÃ> � >@`JiÃIÃCFG � IeBéCKÿ�HJCKÿkiÃÿk`�IKBDIK:?>@`#>��;IKg,ÿ
a,>@dàB5:=` $�g,ÿ�CKÿàIKg,ÿàgJ:?E@gJÿ�CÎ>5CFa,ÿ�C @J>@G,CF:?ÿ�CO�$B5iK:=i��+�5ÿ � IÃ>5CFi±a,ÿ#"&`Jÿka�>3�5ÿ�C±IKg,ÿ
IÃCFB5:O`J:=`,E�aJBDIKBeiKÿ�I�BDCKÿÐB5<=de>@iÃI�>5CKIKg,>@`J>5CFdeB5<ÆIÃ> ÿkB � g)>5IKg,ÿ�C��\��g&:=i�HJCK>5H�ÿ�CKI��
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Original Error Surface

After Applying Ideal GCT
After Applying
Randomized GCT
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 ¯�ÀmÀm¸�¨KØJ¥�§s¨�®�µm­�¹�³6²]¨�¬m­Y°kÀ.µs²]¨ÃÀ
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deB*15ÿki�IKg,ÿÐd�ÿkB5`	�0iR��G&BDCKÿ��Yÿ�CKCK>5ChiKG,CR��B � ÿ�BDHJHJCF>��,:=deBDIÃÿk<�� � >@`��5ÿ�����GJB5aJCFBDIK: � �
B5<=<=>3$�:=`JE±ÿ�CFCK>5C�de:=`&:=de:1.kBDIK:?>@`ÞGJiK:O`,E2E5CFB5aJ:?ÿk`�I�a,ÿki � ÿk`�I�B5<?E5>5CF:=IKgJdei��
��g,ÿ�B5`JB5<��RIK: � B5<Ð>��&iÃÿ�CR�DBDIK:?>@`Ji)a,ÿ�CF:��5ÿka �vCK>@d IKg,ÿ @J>@G,CF:?ÿ�CéB5`JB5<���iK:=i >��

CFB5`&a,>@de:1.�ÿka�f%$ � �0icBDCKÿ¦IÃÿkiÃIÃÿkaõGJiK:=`,E IKgJÿ $*ÿk<O< �+1R`J>3$�` <O:=`,ÿkBDC � <=B5iKiF:1"Jÿ�C
6�ÿ�C � ÿ�HJIÃCF>@`&� ��g,ÿG6�ÿ�C � ÿ�H&IÃCK>@`�<?ÿkBDC6`Ji �U�)H�ÿ�CR�þ>5CFde:=`JE E5CFB5a&:?ÿk`
I�a,ÿki � ÿk`�IÐ:=`
IKg,ÿ±d�ÿkB5`"�0iR�RGJBDCKÿ��Yÿ�CFCK>5C;iFG,CR��B � ÿ�� +�I.��B5:=<=i�IÃ>Þ<?ÿkBDCF`)IKg,ÿV$½:=a,ÿk<�� 1R`J>3$�`)`,>@`"�
<=:O`,ÿkBDC�354
� �þGJ` � IK:?>@`&����g,ÿ�ÿ��RH�ÿ�CF:=deÿk`
IKi�iFg,>3$¦IKgJBDI26�ÿ�C � ÿ�HJIÃCF>@` � B5`±:=`Ja,ÿ�ÿka
<?ÿkBDC6`#IKg,ÿ 354
� �þGJ` � IK:?>@` :=` BéCKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` � >@`JiÃIÃC6G � IÃÿka �U�¦CFB5`&a,>@d-�
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CKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@`$_}:=i�iFG	! � :?ÿk`�IK<�� <=>@`,E	�
�;<?IKg,>@GJE@ghIKg,ÿ�BDHJHJCF>@B � g�BDHJH�ÿkBDCFi ��GJ:=IÃÿ�H&CK>@de:=iK:O`,E	��iÃÿ��5ÿ�CFB5<@:=iFiKG,ÿkiÆiKg,>@G&<=a

��ÿeB5aJa,CFÿkiKiÃÿka ��ÿ��þ>5CKÿe:?I � B5` �Äÿ�>'0�ÿ�CKÿka B5iÐB ��:=B*�&<=ÿ�IÃÿ � gJ`J:#��G,ÿ �v>5C�CFÿ�HJCKÿ��
iÃÿk`�IKBDIK:?>@` � >@`&iÃIÃCFG � IK:?>@`�:=` �þG&` � IK:?>@`é:=`JaJG � IK:?>@`&��bR>@d�ÿe>��}IKg,ÿkdMBDCKÿe<O:=iÃIÃÿka
��ÿk<?>;$O�
) ��4hG,C!ÿ���HÄÿ�C6:=d�ÿk`�IKi2"&CFiÃI � >@`JiÃIÃCFG � IKi � � �þCK>@d � � ��g&:=i1`,ÿ�$ iÃÿ�I � � :=i�IKg,ÿk`
GJiÃÿka �v>5C2E5ÿk`,ÿ�C6BDIK:=`,EéIKg,ÿßIÃCFB5:=`J:O`,E)B5`Ja IKg,ÿßIÃÿkiÃIK:O`,EÅa&BDIKB"�2��g,ÿ�CKÿ��þ>5CKÿ��
ÿ��5ÿ�CR��GJ`J:��RG,ÿ�iÃIÃCF:=`JE>"):=iÌdeBDHJH�ÿka2IÃ>ÐBÐGJ`J:��RG,ÿ�iÃIÃCF:=`JE>" �Ä:=` � ��� 
;GJCF:=`,E
IKg,ÿ�IÃÿkiKIK:=`,EßH&gJB5iÃÿ $}ÿ±`,ÿ�ÿkaÅIÃ> GJiÃÿ±IKg,ÿ�iKB5d�ÿ2iÃIÃCF:O`,E " � :�� $*ÿ $}B5`�IhIÃ>
"&`Ja�>@G,I±IKg,ÿ � <=B5iKiÐ<OB*�Äÿk<�>���IKg,ÿ "C�8��gJ:=iÐ:=iÐaJ:�! � GJ<?IÎIÃ>éa,>cGJ`&<?ÿkiKiO$}ÿ
gJB��5ÿ B5` ÿ�! � :?ÿk`�I-$}B3�¦IÃ>éE5ÿk`,ÿ�C6BDIÃÿ IKg,ÿ iKB5d�ÿ " � �vCF>@d "C�C�½>5IÃÿßIKgJBDI
IKg,ÿeE5ÿk`,ÿ�IK: �@� >�a,ÿàB5<O<?>3$�iÐa,ÿ�IÃÿ�CFde:=`&:=iÃIK: � E5ÿk`,ÿ�CFBDIK:?>@` >���" �þCK>@d=" � �&G,I
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+�`Å>5IKg,ÿ�CO$}>5CFaJi�� $}ÿe`,ÿ�ÿkaéIÃ> deB*15ÿeiKG,CFÿ±IKg&BDIhB de>Ra,ÿk<�<?ÿkBDCF`Jÿka�GJiK:=`,E
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:=iÐB)H�>@iKiK:��&:O<=:?I��ÅiK:=` � ÿ IKg,ÿ <=ÿk`,E5IKg�>���IKgJÿ CKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@`¦:Oi�:=` � CKÿkB5iÃÿka
���ßBeiKdeB5<O< � >@`JiÃIKB5`�I.��B � IÃ>5C��

� � _�ÿ�IKgJ:=`(1½ÿ��5ÿk`�IKGJB5<=<��hIKg,ÿ�f%$ � �0i�deB��hCKÿ��RGJ:?CFÿ!IÃÿ � gJ`J:#��G,ÿki�IÃ>½:=`�IÃCK>�aJG � ÿ
�&:=B5iÌ:=`eIKg,ÿ � >�a,ÿ)��>R>�12:O`2>5CFa,ÿ�C�IÃ> � >@`JiÃIÃCFG � I*B�d�>5CFÿ�ÿ�! � :?ÿk`�I�a,ÿki � CF:?H	�
IK:?>@` >���IKgJÿ)aJBDIKB¦iÃÿ�IKi ��ÿk<?>@`JE@:=`,E IÃ> aJ: 0�ÿ�CKÿk`
I � <=B5iKiÃÿki����½>@`"�0GJ`J:��þ>5CFd
aJ:=iÃIÃCF:��&G,IK:?>@`Þ>�� � >�a,>@`Ji�IÃ>ÞaJ: 0�ÿ�CKÿk`�I�HJCK>5IÃÿk:=` �vÿkBDIKG,CFÿki½:=i½B5`cBDIÃIÃCFB � IK:��5ÿ
$}B3��IÃ>c:=`�IÃCK>Ra&G � ÿ@�&:=B5i�:O`éIKg,ÿ � >�a,ÿàB5`Ja $}ÿ BDCFÿ � G,CKCKÿk`�IK<��Åÿ��RH$<?>5CF:=`,E
IKgJ:=i�H�>@iKiK:��$:=<=:?I����

<U�8��g,ÿÞ>5HJIK:=deB5<=:=I�� >���IKgJÿ � >�a,ÿ :=i±B5` :=d�H�>5CKIKB5`�I±:OiKiKG,ÿ�� _�ÿ 1R`,>;$ IKgJBDI
IKg,ÿ � <?>@iÃÿ�C � � � � :=i}IÃ> & � E±IKg,ÿ ��ÿ�IÃIÃÿ�C�:?I�:=i��-+?��:?I�:=i �5ÿ�CR� � <?>@iÃÿhIÃ> & � E±IKg,ÿgJ:?E@g,ÿ�C�>5CFaJÿ�C � >�ÿ�! � :=ÿk`
IKi.$�:=<=< ��G&: � 1�<��àaJ:OiKBDHJH�ÿkBDC��+_�ÿÐB5<=iÃ>@1�`,>;$ IKgJBDI
IKg,ÿ � >RaJ>@`�iK:1.�ÿ�gJB5iÎB � CF:?IK: � B5<�CK>@<=ÿ±>@` IKg,ÿ2HÄÿ�C �v>5CFdàB5` � ÿ��K_�ÿe`,ÿ�ÿkaéIÃ>
��GJB5`�IK:��Y��IKgJBDI��-+�`ÞE5ÿk`,ÿ�C6B5< ��$}ÿÎ`,ÿ�ÿka IÃ>2B5a&a,CKÿkiKi*IKg,ÿÎ:=iKiKGJÿ�>���a,ÿkiF:?E@`J:=`,E
IKg,ÿ�>5HJIK:=dàB5<�>5C�`,ÿkBDC�>5H&IK:=deB5< � >�a,ÿ��

��gJÿ�>3�5ÿ�CFB5<=< � >@`
IÃCF:��&G,IK:?>@` >��2IKg,ÿ $}>5CR1 � B5` ��ÿ iKGJdàdeBDCF:1.�ÿka GJiF:=`,E#IKg,ÿ
� BDCKIÃ>R>@` aJ:=BDE5C6B5d H&CKÿkiÃÿk`�IÃÿkaÞ:O`7@1:?E@GJCKÿ 8 �-+�I�iKg,>3$½i*IKgJÿ;>5C6:?E@:=`JB5< �ÅbP] iKG,C��
��B � ÿ��ÆIKg,ÿ�CKÿkiKG&<?Ih>��}:=aJÿkB5<�IÃC6B5`Ji��þ>5CFdeBDIK:?>@`éE5ÿk`,ÿ�C6BDIK:=`,E H�ÿ�CR�þÿ � IK<��c>5CKIKgJ>@`,>5C��
deB5< �&B5iÃÿki��ÄB5`Ja IKgJÿ/�RGJB5iK: ���RGJB5a,CFBDIK: � iKG,CR��B � ÿÐE5ÿk`Jÿ�CFBDIÃÿka��U� IKg,ÿ�HJCK>5H�>@iÃÿka
CFB5`&a,>@de:1.�ÿkaéf%$ ��i�� � CKÿkB5iÃ>@`&B*�&<?ÿ�iKIÃ> � gJB5iÃIK: � de:=`&:=de:1.kBDIK:?>@` B5<=E5>5CF:?IKgJd�:=i
<=:�15ÿk<��)IÃ> ��ÿàB*�&<?ÿàIÃ>ÅgJB5`&aJ<?ÿeiKG � g¦B5<Od�>@iÃI/�RGJB5a,C6BDIK: � ÿ�CKCK>5C2iKG,C �þB � ÿkiV$�:?IKg
iÃ>@deÿ�CKÿk<=BDIK:��5ÿk<���iKdeB5<=<
g�GJdeH&i��3�½>5IÃÿ�IKgJBDI�IKgJÿ*aJ:=BDE5C6B5d(:=i�HJCK>;�R:=aJÿka�>@`J<��
�þ>5C
:=`�IKGJ:?IK:��5ÿ�a,ÿki � CF:?H&IK:?>@` >��ÌIKg,ÿ�CKÿkiKGJ<=IKi�HJCKÿkiKÿk`
IÃÿkaÅg,ÿ�CKÿ�� ��g,ÿÐÿ��,B � I;IÃCFB5`Ji��þ>5C��
deBDIK:=>@` >��ÌB5`cBDC �&:?IÃCFBDCR�	�éb+] iKG,CR��B � ÿÐGJ`JaJÿ�C�CFB5`Ja,>@dà:1.�ÿkaÅf%$ ��i�B5`JacIKg,ÿ
ÿ��,B � I�`JBDIKG,CFÿ�>���IKgJÿ B���G&B5iK: ���RGJB5a,CFBDIK: �#D iFG,CR��B � ÿ�BDCKÿO�5ÿ�I�IÃ> ��ÿÎÿ���H&<?>5CKÿka'�
��g,ÿ H�>@iKiK:��&:O<=:?I���>��hCKÿka&G � :=`,E ��GJ` � IK:?>@` `J>@`"�0<=:=`,ÿkBDC6:?I�� �JCF:?ÿ��(� i�15ÿ�I � gJÿka

:=`ÞIKgJ:Oi*H$BDHÄÿ�C�:Oi�$}>5CKIKg ��G,CKIKgJÿ�C}ÿ���H&<?>5C6BDIK:?>@`Ji�� ��:=`JÿkBDCF:1.kBDIK:?>@`ßIKg,CF>@G,E@g � >@`"�
iÃIÃC6G � IK:?>@`�>��Æ<?>@`,E5ÿ�C*IÃCFB5`Ji��þ>5CFdeBDIK:=>@`Ji�:=iÌÿ��RH&<=>@:?IÃÿkae:=`�>5IKgJÿ�C}deB � gJ:=`,ÿ½<?ÿkBDCF`"�
:=`JE}IÃÿ � gJ`J:��RG,ÿki��9@J>5C�ÿ��,B5d�H&<?ÿ���IKg,ÿ*iKG,HJH�>5CKI �5ÿ � IÃ>5C�dàB � gJ:=`Jÿki�LYb � �ci6_ÌL $}CF:=i��
IK:=B5`&:=`J:�B5`Ja b�g&B�$}ÿ�����B3�R<?>5C3� �'&(&(& I��ÌBDH&`J:�1 � )98(8 E@_��þ>5CFd±GJ<=BDIÃÿ2Bß<=:=`,ÿkBDC��5ÿ�C��
iK:=>@` >��ÐB¦E@:��5ÿk` `,>@`"�0<=:=`JÿkBDC ��GJ` � IK:?>@` :=`JaJG � IK:=>@` HJCK>��&<=ÿkd �U� ÿ��RH$B5`JaJ:=`,E
IKg,ÿ�`�GJd/��ÿ�C�>��0�vÿkBDIKGJCKÿki½:O` IKg,ÿ�>5CF:=E@:=`JB5<ÆCKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@`&��b � �)i � >@`JiKIÃCFG � I
BÞ<?>@`,E5ÿ�ChCKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` $½g,ÿ�CKÿ±IKg,ÿ�IKBDCFE5ÿ�I �þGJ` � IK:?>@`):Oi½<=:O`,ÿkBDC;G&iK:=`,EàG&iÃÿ�C��
HJCF>3��:=a,ÿka 15ÿ�CF`Jÿk< ��GJ` � IK:?>@`&i��9@1:=`JB5<=<��;IKg,ÿ � <=B5iKiK:1"&ÿ�C�:=i�<?ÿkBDCF`,ÿkaV����de:O`J:=de:1.k:O`,E
IKg,ÿÐÿ�CKCK>5C½G&iK:=`,E �RGJB5a,CFBDIK: � HJCK>5E5CFB5dàde:=`,EeB5<?E5>5C6:?IKgJdei�� �½<?IKgJ>@G,E@g IKg,ÿÐHJCK>*�
H�>@iÃÿkacIÃÿ � gJ`J:#��G,ÿ±iKgJBDCKÿki;iÃ>@d�ÿ�H&gJ:=<=>@iÃ>5H&gJ: � B5<ÆiF:=de:=<=BDC6:?IK:?ÿki $�:?IKgéb � �ci½IKg,ÿ
IÃÿ � gJ`J: � B5<�BDH&HJCK>@B � gJÿki�BDCKÿÐa&: 0Äÿ�CFÿk`
I��
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