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 ��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
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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
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´Y¨]®�´Y¯�ªs©�®�¨]®�®�¯�°6ªs®�¹�°61Àm¯¿ã@¨�Y¨]ª�´�¬mY°6Ès¸�¨]º ®�¯�Ý]¨]®1³FªDÀÎÀ.¯�ã@¨�Y¨]ª�´�²�°kÀm°�ªÎ®�¯�Ý]¨�®}Õ�´Y°�¬
ÒD¸�¨�¹Á´�ØÆ´vÓ�°mÒ
Õ�´Y°�¬
Ò.Y¯�©6§k´�ØÄ´Y§.Y¨]¨�Ò�Õ?È5°6´�´Y°�º�ØJ¹�°�µ.Ã»

�
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>��&<?ÿkdiK:/.�ÿ�:=` � CKÿkB5iÃÿki��

@1:?E@GJCKÿ M H&<=>5IKi)IKgJÿ#B3�5ÿ�CFBDE5ÿ de:Oi�� � <=B5iKiK:/" � BDIK:?>@`(ÿ�CKCK>5C�>�� 6�ÿ�C � ÿ�HJIÃCF>@`
IÃCFB5:O`,ÿka�>;�5ÿ�C�B�CFÿ�HJCKÿkiÃÿk`�IKBDIK:?>@` � >@`JiÃIÃCFG � IÃÿka/�U��IKg,ÿ � >�a,ÿ���>R>�1O$�:?IKg � >RaJ>@`Ji
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³6Èm¸�¨�®0Ø*¹�°6�²]°kÀ.¨�ÇOÈ5°�°�Ñk®�Ó�¯¿´Y§ß²]°kÀm°6ªÞ®�¯�Ý]¨�Õ?¸�¨�¹Á´�Ø�´vÓ�°±³6ªDÀcÕ�Y¯�©�§�´�Ø*´Y§mY¨]¨6»�¥�§m¨;Y¨]¬5°6�´Y¨]À
Y¨]®�µs¸¿´�¯�®�³6ªh³Ã¶·¨�0³6©�¨Ì°K¶·¨�!Ü � Û�Û6Û�¯�ªsÀm¨]¬5¨�ªDÀm¨�ªk´ÄYµsªs®]»

>���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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� z��6rkwYu���> � ³KY¯�³6ªs²�¨�°6¹
´Y§s¨�º�¯�®�ÇO²]¸�³6®�®�¯¿ÍD²Ã³K´Y¯�°�ª½0³K´Y¯�°}²Ã³F¸�²�µs¸�³F´Y¨ÃÀ�°K¶·¨�1Ü � Û�Û6Û*¸�¨Ã³KYªs¯�ªs©*³6ªsÀ
´Y¨]®�´Y¯�ªs©*®�¨]®�®�¯�°�ªs®�¹�°F�Àm¯¿ã@¨�Y¨]ª�´Æ¬.Y°�Ès¸�¨]º ®�¯�Ý�¨]®�³6ªDÀ½Àm¯¿ã@¨�Y¨]ª�´�²]°kÀ.°�ª½®�¯�Ý�¨]®ÌÕ?¸�¨�¹�´�ØÄ´Y§mY¨]¨�³6ªsÀ
Õ�Y¯�©�§�´�Ø$´þÓÄ°m»

@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

� z��6rkwYu���> Õ � ¨�¹�´�Ø&è�Y¯�©�¯�ªD³F¸Dº�¨Ã³6ª.ÇO®YÂkµs³FY¨�ÇO¨��Y°F&®�µm�¹?³F²]¨�»5Õ 
 ¯�ÀmÀm¸�¨KØJ¥�§s¨�®�µm�¹�³6²]¨�¬mY°kÀ.µs²]¨ÃÀ
³F¹Á´Y¨�Ì´Y§s¨�¯�Àm¨Ã³F¸&´�0³Fªs®�¹�°6Yº�³F´Y¯�°6ª2Ó�§s¨�Y¨�´Y§m¨�ÈD³F®�¨]®}³KY¨�¬5¨��¹�¨�²�´Y¸¿Ï±°F�´Y§s°�ªm°6Yº�³F¸$°K¶·¨�!´Y§m¨
¸�¨Ã³FYªm¯�ªm© Às³K´0³ß®�¨�´ �Ä»}Õ?É�¯�©�§�´�ØÎ¥�§s¨�®�µm�¹�³6²]¨e°6Èm´0³6¯�ªm¨ÃÀé³F¹Á´Y¨�±³6¬s¬m¸¿Ïm¯�ªm©Þ´Y§s¨�¬.Y°�¬5°�®�¨]À
0³6ªsÀm°�º�¯�Ý]¨]ÀhÖ!×�¥�®]»

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$¦IKgJBDI26�ÿ�C � ÿ�HJIÃCF>@` � B5`±:=`Ja,ÿ�ÿka
<?ÿkBDC6`#IKg,ÿ 354� �þGJ` � IK:?>@` :=` BéCKÿ�HJCFÿkiÃÿk`
IKBDIK:=>@` � >@`JiÃIÃC6G � IÃÿka �U�¦CFB5`&a,>@d-�
:1.�ÿka�f%$ � �0i;B5iÎ<=>@`,E B5ihIKg,ÿ � >�a,>@`é<?ÿk`,E5IKg L�: �¿ÿ���IKg,ÿ2iK:1.�ÿ±>��ÌIKg,ÿ2ÿ��RH$B5`Ja,ÿka
CKÿ�H&CKÿkiÃÿk`�IKBDIK:?>@`$_}:=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`
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