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iQfbj\jkTl^NLQm;Bg^NB9no=\B�^ono=\Bqpsr(tlulv5wxHzy5flp0{7WhB�^Q|lulu7}gH�~��Pj@fb�5BOK

���(�O�����\�l�l� <>=\B�]���]���A�fb^`��no=@fbVhVhB�p\�5B�WZKPf�n�TlVhVXB9n�LNWh{lB�B��;jkB�^`WXACB�p7LCWXp7L`B�p@m;B9m�L`T$flK`KMB9KNK�LN=\B
[UKNflR\WXVhWXLcJ�Tb��L`=\B�T5^NBOA!j\^`T�{lBO^`K�fbp@m�j\^`T0Tb��f5KNKNWhKML`flp7L`K�WXp�LN=@Bgn�Tlp7LNB��0L>Tl����[\pUm\fbACB�p7LofbV�^`BOKNBOfb^ono=�T5p
j@^NT5�l^ofbACACWXp\��Vhflp\�l[Ufb�lB9K�����pxL`=\WZKg^NBOjUT5^ML9����BCj\^`BOKNB�p7L&f�KMT5VX[;L`WXT5p�L`T�LN=\B�no=@flVXVhB�p\�5Bl��m;BO{lBOVXT5jUB9m
��WXLN= L`=\B�¡�T;Y.j\^`T7Tl��f5KNKNWhKML`flp7LO��fbpUmx[UKMWhp\��LN=\B�¢MVhT0nOfbVhVXJ.pUfbACB�VhBOK`K�£Pj\^NB9KMBOp7L`f�L`WXT5pxTl�¤L`B�^`ACKg��WXLN=
R@WXp@m\B�^oK>WXp7LN^`T;m;[@n�BOm�R7J�F¥n�¦gWhp\p@f@�\]*TlVhVhf5no�k�\dGT5^`m;T5p��\fbpUm�F¥nO§�^NWZm;Bl�
¨.©7ªs«`¬�­ ��®(�l� ]���]¤��A�fl^N�s�U¡�T;Yk�;VXT;n�flVXVhJ�p@flACB�VhBOK`K��\flVXj\=Uf�¯�n�Tlp0{5B�^oKMWhTlp��5R\Whp@m;B�^oKO�;LcJ0jUB&KNJ0KMLNBOA�K��
ACB�L`f�L`=\B�T5^NJ5�\KMJ;KMLNBOA±°�¯²KN[\R
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 � ��� B��;j��O^NWhB�p@n�B�n�T5VXVhBOn�LNWh{lBg]���]¤��ACfl^N��{0WhKNB�����{�fbVh[\B�^eV�� [;LNWhVhWhK`fbR\WhVhW L���m;BOKQm���ACTlp@KMLN^of�¯
L`B�[\^oK�fl[;LNT5A�f�LNWZY7[\BOK�B�L(m\BOK�f5KNKNWZKcLofbp7L`K�m\B¤j\^`B�[\{5BOK�m@fbp@K�VXB�n�Tlp7L`B��0LNB_m;B�VhfQ^NB9no=\B�^ono=\B*��TlpUm\fbACB�p7LofbVhB
KN[\^�VXB9KQVZfbp\�7fb�lB9K�m;B�j@^NT5�l^ofbACA�f�LNWhTlp����Gfbp@K�n�BS^`flj\jUT5^ML9�@p\T5[@KQj@^��9KMBOp5L`Tlp@KQ[\p\BSKNTlVh[;L`WXT5p���n�B�LMLNB
B��;j��O^NWhB�p@n�Bl��m���{lBOVXT5j\j ��B���V!� fbWZm;B�m;B�V�� flK`KNWhKML`flp5L&m;BCj\^`B�[\{5BOK�¡�T;Yk��B�L�^`B�jkT5K`fbp7L&KM[\^&VZf�j\^��9KMBOp7L`f�¯
L`WXT5pS¢NKNflp@K_p\T5A�K¤VhT;n�fb[\�5£em;B9K�LNB�^`ACBOK�f {lBOnQVXWhB�[\^oK�WXp7LN^`T;m;[\WXLNBGj@fb^�F¥n�¦gWhp\p@f@�5]*T5VXVZflno�s�;dGTl^om;Tlp��7B�L
F�n�§�^NWZm;B5�
" ­ �9� « ��# 
 �$� ]���]���A�fb^`�s�_¡�T;Yk�*KNflp@K�p\T5A�K�VhT0nOfb[;���*fbVhj\=@fb¯²n�Tlp0{lBO^`KNWXT5p���VhWXBO[\^oK��*KMJ;KMLN?OAPB9K�m;B
LcJ0jkBOKO�;A���L`fbLN=��OTl^`WXB5�\KMJ;KMLN?OAPB&°�¯�KM[\R
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+
u7~ZY�WZK�f.n�TlVhVXB9n�L`WX{5B�B��;jUBO^NWhACB�p7L�Whp7LNB�pUm;BOm�L`T¥flK`KMB9KNK&LN=\B�[UKc¯

flR\WhVXWXLcJ�Tl��L`=\B�T5^NBOA j\^`T�{lB�^oKgfbp@m j\^`T0Tb��flK`KMWZKML`fbp7LoK�Whp�LN=@B�n�Tlp7L`B��0L�Tb����[\p@m\flACB�p7L`flV_^NB9KMB9fb^ono=�T5p
j@^NT5�l^ofbACACWXp\��Vhflp\�l[Ufb�lB9K��P<>=\B�p\BOBOm���Tl^�n�T5ACj\[;LNBO^�flK`KMWZKML`fbpUn�BP��=\B�px��Tl^`A�fbVhW�[OWXp\��fbpUmxj@^NT�{0Whp\�
j@^NT5jUBO^ML`WXB9K_Tb��j\^NT5�l^ofbACACWXp@�&Vhflp\�l[@fl�lB9K]\ ��T5^NA�fbVsKNB�A�fbp7LNWZn�K�fbpUmCLcJ0jUBgKMJ;KMLNBOACK�^ WZK���BOVXVkB��;j\^`BOK`KMB9m
Whp�LN=\B�KML`fbLNBOAPBOp7L>Tl��L`=\B�no=@flVXVhB�p\�5B`_

F¥fbp0J�j\^`T0Tb� K�flRUT5[;LCj\^NT5�l^ofbACACWXp@�.Vhflp\�l[@fl�lB9K�fb^`B�VhTlp\�U�_KcL`^`flWX�5=5LN��Tl^`��fl^`m���fbpUm�LNB�¯
m;WhTl[@KO�U��WXLN=�ac[@KMLGfC��BO�#WXp7LNBO^NB9KcL`WXp@��n�f5KMB9K��e<>=@B�Wh^�n�T5ACj\VXB��;W LcJ�fb^`WhKNBOK���^NT5A L`=\B�A�flp;¯
fb�5B�ACB�p7L�Tl��A�fbp0J�m;B�L`fbWhVZK¤^of�L`=\B�^�LN=@flp���^`TlA!m;BOB�j�n�TlpUn�B�j\LN[@flVkm;W�a�n�[\VXLNWhBOK�b;JlB�L>KNA�fbVhV
ACWhKML`fl�lBOK¤Tl^�T�{lB�^`VhT7T5�lB9mSnOflKNBOK_nOfbp�Whp0{ flVXWZm\fbLNBQVZfb^`�lBeflACTl[\p7L`K¤Tb����Tl^`�k�*<>=\B9KMBQBTckB9n�LoK
fb^`B&fbACj\VhWed@B9m�f5K>Vhflp\�l[Ufb�lB9K>KNnOfbVhB`_*W LQRkBOn�TlACBOK>=Ufb^om�L`TP�5B�BOj�m;BTd@p\WXLNWhTlp@Kefbp@m�j\^`T7Tl� K
n�T5p@KMWZKMLNB�p7L9�@L`T�^NBO[@KNB&��T5^N�s�Uflp@m�LNT�B�p@KN[\^`B&LNWh�l=7Le^`B�VZf�L`WXT5p@KM=@WXj@KQRUB�Lc��BOB�p�LN=@B�Tl^`J�fbp@m
WXACj\VhB�ACBOp5Lof�L`WXT5p@K��fXe[;LNT5ACfbLNB9m�j\^`T0Tb��flK`KNWhKML`flp5LoK_T`ckBO^¤L`=\B�=@TljkBeTb�(KMWh�lp\W�dUnOfbp7LNVhJCBOflKM¯
WXp@��LN=@BOKNBej\^`TlR\VhB�A�KO�fgQT���B�{lBO^O�5m;BOKNj\WXLNBGA�[@no=�BOp@n�T5[\^ofb�lWhp\�gj\^`Tl�5^NB9KNK Whp�^`BOn�B�p7L¤J5BOfb^oK
fbp@m�L`=\B�f {�fbWhVhflR\WXVhWXLcJ�Tb�(KNB�{5B�^ofbVsA�f�L`[\^NBGL`T7T5VhKO�0LN=@B�Wh^Q[@KNBGWZKQKMLNWhVXV�p\TbLQn�T5ACAPT5p\j\VZfln�Bl�

<>=\B�no=@flVXVhB�p@�lB¤WXL`KNB�VX�kn�Tlp@KNWZKcLoK�Tl�\��Tl^`A�fbVhW�[OWXp@�eL`=\B>TljkB�^of�LNWhTlpUfbV0KMBOACflp7LNWZn�K(fbp@m�LN=\B�LcJ0jkB�KNJ;KcL`B�A
Tl�

F<:

�7fGLcJ7jkBOmP��[@p@n�L`WXT5p@fbVUVhflp\�l[@fl�lB���BOfbLN[\^`Whp\�&jUT5VXJ0ACTl^`j\=\WZKNA fbpUmPKN[\R;LcJ0j\Whp\�U�5fbpUmCj\^NT�{0Whp\�GLN=\B
KNTl[@p@m;p\B9KNK(Tb�@LN=\B�LcJ0jUB�KNJ;KcL`B�Aq��WXLN=P^NB9KMjkBOn�L�L`TGLN=\WZK KMBOA�fbp7LNWZn�KO�hX�K fe�5[\Whm@fbp@n�Bl� LN=@B>KML`fbLNBOAPBOp7L*Tl�
L`=\B>no=@fbVhVXBOp\�lB¤j\^NT�{0WZm;BOK�fem;B�L`flWXVhBOm�Tlp;¯²j@fbjkB�^���Tl^`A�fbVhW�[9f�LNWhTlp�Tb�

F<:

fbp@m�fej\^`T0Tb�;Tb�@LcJ7jkB>KMT5[\p@m;p\B9KNK
��^`WXLMLNBOp�WXp.T5^`m;Whp@fl^NJ�A�f�L`=\B�A�fbLNWZn�KO�¤<>=\B�no=@flVXVhB�p\�5BgW LoKMBOV � WZK>LNT�B��0j@^NB9KNK�L`=\BOKNBg��Tl^`A�fbVhW�[9f�LNWhTlp�fbpUm
j@^NT0Tb� K�Whp.f�L`=\B�T5^NBOA!j\^`T�{lBO^�Whp.KM[Uno=�fP�>f JCLN=@fbL�LN=\B&j\^`T0Tb� K�nOfbp�RUB&ACBOno=Ufbp\WZn�flVXVhJ�no=\BOno�5BOm��X m\T`[�BOp�n�T5APj@VXB�LNBQT5^_j@fb^NLNWZfbVUKMT5VX[;L`WXT5p@K*L`TgLN=\BQ]>��]¤��A�fb^`�Cno=@fbVhVXBOp\�lB>��B�^`BQm;B�{5B�VhTljkBOm��5[@KNWXp\�
f���Whm\B�{�fb^`WXB�LcJ�Tb�Qj\^`T0Tb�eflK`KNWhKML`flp5LoK�\²¡�T0Yk� �cK`fbRkB�VhVXB�i�gg�G�_��<���B�VX�c�Q���O�j^qflp@m$Tl�e^NBOj\^`BOKNB�p7L`fbLNWhTlp
L`BOno=\p@WhY7[\B9K_��T5^¤L`=\BQL`B�^`ACKO�7LcJ0jUB9K�flp@m�^`[\VXB9K¤Tl��LN=\B

F<:

Vhflp\�l[@fl�lB5�(<>=\B9KMBGKMT5VX[\LNWhTlp@K�n�fbp�RUB���Tl[\pUm

khkml�nporqrsrt
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T5p�LN=\B�]>��]¤��A�fb^`��� B�R¥KNWXLNB�����<>=\WZKQ^`B�jkTl^NLQj\^`BOKNB�p7L`K�L`=\B�KNTlVh[;LNWhTlp�L`=@f�Le��B�m;BO{lB�VhTljkBOm��¤�²LQ[@KNBOK
L`=\BS¡�T;Y�j\^`T0Tb�(f5KNKNWZKcLofbp7L%V ¡�T;Y0u7}7�\§Q¡�ub�	Y3�@f5K>��BOVXV�f5K�LN=\B�KNTb¯�n�flVXVhBOmP¢cVhT;n�flVXVhJ�p@fbACBOVXB9KNKc£G^`B�j\^`BOKNB�p\¯
Lof�L`WXT5p�WXp7LN^`T;m;[@n�BOmPR0JPF¥nO¦gWXp@p@f\�5](T5VXVZflno�s�5dGT5^`m\Tlp��7fbp@m�F¥nO§�^NWZm;Bl� V F¥]¤vlv@�7dGTl^ovb�;�7F¥F¥ul��Y3� <>=\B
n�TlACj\VhB�L`B�¡�T;Y�m\B�{lBOVXT5j\ACB�p7L�WhKef { flWXVZfbR@VXBGTlp\VhWhp\B�V ��B�^ou7}�Y²�
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]*BO^N=@flj@K>KM[@^Nj\^`WZKMWhp\�lVhJl�5LN=@BGA�flWXp�m;W�a�n�[\VXLcJ�WXp�LN=@B&]���]¤��A�fl^N��no=@flVXVhB�p@�lBGWhK�p\TlL�L`TPLN^ofbp@KNVhfbLNB�LN=\B
=@WX�5=;¯3VhB�{5B�V3��T5p;¯3jUfbjkB�^&j\^`T0Tb� K&Whp7LNT.BOY7[\Wh{�fbVhB�p7L�ACBOno=Ufbp\W [�B9mxj@^NT0Tb� KO��<>=@BOKNB�Tlp;¯²j@fbjkB�^&j@^NT0Tb� K�fb^`B
ACT7KcL`VXJ�KNJ7p7Lofln�L`WhnQWXp�p@f�L`[\^NBGfbp@m�m;T�p\TlL�Whp0{lT5VX{5B�=\WX�5=\B�^�A�f�L`=\B�A�f�L`WhnOK��_D0[Uno=�j\^`T7Tl� K�fl^NBe=@fbp@m\VXB9m
��B�VhV�R0J�A�fbp0J�B��0WZKMLNWhp\�Cj\^NT0Tl�(flK`KNWhKML`flp5LoK��

� =@fbL¤A�fb�5BOK ]���]���A�fb^`�Sm;W�a�n�[\VXL¤WZK L`=\BQp\BOBOmSLNT�n�Tl^`^NB9n�L`VXJ�=Ufbp@m;VhB
	 �

��`�T*�� �
	 �	��
��
� �	*r��� 	 �����
flp@m ��� �p "��� �j�	
�����*��r���	
 �.<>=\BCLNBO^NA�K&flp@mxLcJ7jkBOK�Tb�

F<:

n�T5p7L`fbWhp { fl^NWZfbR@VXB9K&KM[@no=$f5KG��[\p@n�L`WXT5p$j@f�¯
^ofbACB�LNB�^oK fbpUm�LcJ0jkBQ{�fb^`WhflR\VhBOKO�lflK ��B�VhV@f5K_n�T5p@KcL`^N[Un�L`K(L`=@f�L�R\WXpUmPLN=\B9KMB�{�fb^`WZfbR\VhBOKO�lKN[@no=�flK(��[\pUn�LNWhTlp
flR@KMLN^ofln�L`WXT5p@K

λx. x
Whp�LNBO^NA�K�fbpUm�[@p\WX{5B�^oKNflV�Y5[Ufbp7LNW�dUn�fbLNWhTlp

∀X. X → X
Whp�LcJ0jkBOKO�¤<�T�TlR;LofbWhp�f

KNTl[@p@m�L`=\B�T5^NJCTb��LN=\BgVZfbp\�5[@fb�5Bl�7W L>WZK>p\BOn�BOK`KNfl^NJSLNTPLN^`BOfbL�L`B�^`A�K�flp@m�LcJ0jkBOK>flK�B9Y5[UfbVs[\j�LNTCfbVhj\=@f�¯
n�Tlp0{lBO^`KNWhTlp��5LN=@fbLeWZK��\^`B�pUfbACWXp@�5K�Tb�*RUT5[\p@m�{�fb^`WZfbR\VhBOKO� °\Tl^eWXp@KML`flp@n�B5�0LN=\B�Lc��TPLcJ0jUB9K

∀X. X → Xflp@m
∀Y. Y → Y

AS[@KML�RUBCL`^NB9f�L`BOm�flK&B9Y7[@fbV3��<>=\WZK&WZK�m;W�a�n�[\VXL�LNT¥f5no=\WXBO{lBC��WXLN= LNT;m\f J � K&j\^`T7Tl�
f5KNKNWZKcLofbp7L`KO�_RkBOn�fl[@KNB�L`=\BOKNB�T	csB�^�jkT7T5^�KM[\j@jUT5^MLC��Tl^�Y7[\TlLNWhB�p7L�KMB�L`KO� D0BO{lBO^`flV�^`B�j@^NB9KMBOp5Lof�L`WXT5p@K�Tl�
R@WXp@m\B�^oK>=@f {lBGRUBOB�p�Whp7{5BOKMLNWh�5fbLNBOm�T�{lBO^¤L`=\B&VZflKMLQ�5uSJlBOfl^`K�L`TPT�{5B�^on�T5APB�LN=@WhKQm\Wea�n�[@V LcJ5�
�.­ ��������#_� ©�� � © � © �s�O�;��� ­ ��� ��T5VXVhT��!L`=\B.[@KN[@fbVQA�fbLN=\BOACfbLNWZn�flV�j\^`f5n�L`Whn�B.Tb�gWhm;BOp7LNWX��J7Whp\�$RkTl[\pUm

{�fb^`WhflR\VXB9K�R0J�pUfbACBOK�fbp@m&Y7[\TlLNWhB�p7LNWhp\��L`B�^`ACK�[\j&LNT�fbVhj\=@f�¯�n�T5p0{lB�^oKNWXT5peTb�;RkTl[\pUmgp@fbACBOKO��<>=@WhK
n�flp�RUB�Whp5L`B�^`p@fbVhW [�BOm���W L`=\WXp�LN=\B�VhTl�lWZn WXL`KNB�VX�c��VXB9flm;Whp\�eLNTep@TlACWXpUfbV7VXT5�lWZn�K(V ]_WXL`u 1 Y²�*D0[@j\jUT5^ML���Tl^
f�p@TlACWXpUfbVkVXT5�lWZnQ��WXLN=\Whp�fSj\^`T7Tl��flK`KMWZKML`fbp7L�WhK�KcL`WXVhVsWXp�W LoK�WXp;� flp@n�J5�;R\[;L>WhK�A�fb�0Whp\�SKNWh�lp\W�dUn�flp7L
j\^`Tl�l^`BOK`KOV �e<�u5~ Y3� ��BOKNj\W L`BQL`=\BOKNBem;W�a�n�[\VXLNWhBOKO�lL`=\WZK�flj\j\^`T5flno=PWZK¤f�LNLN^ofln�LNWh{lB�RkBOn�fl[@KNBQW L�WhK_LN=\B
n�VhT5KNBOKML¤L`T�[@KN[@fbVkA�f�LN=@B�A�f�L`WhnOfbV@j@^`f5n�LNWZn�B5�5VhBOf5m;Whp\��L`T�KcLof�L`B�ACB�p7L`K�fbpUm�j\^`T7Tl� K L`=@f�L>fb^`BQ{lBO^NJ
n�VhT5KNBGLNT���=@fbL>��B&fb^`B&fln�n�[@KMLNTlACB9m�L`TCKNB�BgWhp�LNB��0L`RUT0Tl�;K�flp@m�^NB9KMB9fb^ono=�j@fbjkB�^oKO�

® ©�� � ��� ��������®�� � © � f {5TlWZm�L`=\B�WZKNKN[\B&��WXLN=¥fbVhj\=@fb¯²n�Tlp0{lBO^`KNWhTlp�R0J�^`B�j@^NB9KMBOp5L`WXp@�P{�fl^NWZfbR\VhBOKQp\TbLQR0J
p@fbACB9K���R@[;L�R0J¥jUT7KMWXLNWhTlp \�Whp@m;WZn�B9Kj^G^`B�VZf�L`WX{5B�L`T�LN=\B�BOp@n�VhT5KNWXp@��R\Whp@m;BO^`K�_

v1

WhKGL`=\B�{�fb^`WhflR\VhB
RUT5[\p@m R0J�LN=\B-d@^oKcLCB�pUn�VhT5KNWXp\�xR\Whp@m;B�^9�

v2

R0J�LN=@B�KNBOn�Tlp@m��_B�Lonb� °@Tl^CWXpUKcLofbp@n�Bl� L`=\B�LNB�^`A
λx. x (λy. x y)

Whp�p\TlACWhp@fbV�p\TbLof�L`WXT5p�WhKS^`B�j\^`BOKNB�p7LNB9m�flK
λ. v1 (λ. v2 v1)

Whp m;B�§�^`[\W acp
p\TbLof�L`WXT5p��x<>=\B�KcL`^NBOp\�bL`=$Tb��L`=\WhKPfbj@j\^NT7flno=�WZK�L`=@f�LSLNB�^`A�K�=Uf {lB�[\p@WhY7[\B�^NBOj\^NB9KMBOp7L`f�L`WXT5p@K�_
Lc��TSLNBO^NA�K>fb^`B�flVXj@=@f�¯²BOY7[\Wh{�fbVhB�p7L�Whp�p\T5ACWXp@flVsp\TbLof�LNWhTlp�W �(fbp@m�Tlp\VhJCW ��LN=\BOJ�fb^`B�WZm;BOp5L`WhnOfbVsWhp
m;B�§�^`[\W acp�p\TbLof�LNWhTlp����²L�WhK_LN=\BO^NB���Tl^`B�BOflKNJ�L`T�^`B�j\^`BOKNB�p7L¤fbpUmC��T5^N�S��W L`=�WXp�f�j\^NT0Tl�sf5KNKNWhKML`flp7LV ge[\BOvl�	Y²��<>=\B�m\T���p@KMWZm;B�Tl��L`=\WhK�fbj\j\^`T5f5no=xWZKgL`=@f�L&L`=\B�ACBOflp\WXp@�.Tb��m;B�§�^N[@W acp�Whp@m;WZn�BOK�WhK
{lBO^NJ m;B�jkB�p@m\B�p7L�Tlp�L`=\B�n�Tlp7LNB��7L9�.F¥fbp0J�VhWX� LNWhp\��fbpUm�^NBOVXT;n�fbLNWhTlp TljkB�^of�L`WXT5p@K&T�{lBO^&WXpUm;Whn�BOK
A�[@KMLQRkB&WXp@n�VX[Um;BOm�Whp�L`=\B�KML`f�L`B�ACB�p7LoK>Tb�(LN=\BOTl^`B�A�K��;A�fl�7Whp\�PLN=@B�A±[@p\p@f�L`[\^ofbV�fbpUm�=@fl^`m�LNT
^NB9flm��
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 [@KNBOK(LN=@B>��[\p@n�L`WXT5p@K j\^`T�{0Whm\BOm�R0J�LN=\B>VhTl�lWZn�LNT&^`B�j;¯
^NB9KMBOp7L>R@WXp@m\B�^oK�� °\T5^�B��\fbACj\VhBl�0��Bg=@f {lB�LN=\Bg��T5VXVhT���Whp\�S^`B�j@^NB9KMBOp5Lof�L`WXT5p@K_��T5^>LN=\BGL`B�^`A

λx.x
_

D0LcJ7VhB i�B�j@^NB9KMBOp5Lof�L`WXT5p�Tl�
λx.xp@TlACWXpUfbV ��������������������� ���"!#�����"$

m\B�§�^`[\W acp �������������%���"!'&"$gg�]XGD �������������)("*,+-�/.102�3$

\ <>=\B4("*,+¥n�T5p@KcL`^N[Un�L�m;B�p@TbLNB9Kgf���[@p@n�L`WXT5pxTl�¤LN=@B�VXT5�lWZnb��R\Whp@m;Whp\�.f�VXT5�lWZn�fbV({�fb^`WhflR\VhB5�.L`=@f�L
^`flp\�lB9K�T�{lBO^�fbVhVQL`B�^`A�K�� ^ <>=\B�RkBOfl[;LcJ Tl�gLN=\WZK�flj\j\^`T5f5no= WZK�L`=@f�L�fbVhj\=@f�¯�n�T5p0{lB�^oKNWXT5p fbpUm
KM[@R@KcL`W L`[;LNWhTlp�Tb� RUT5[\p@m�p@flACBOKQfl^NB&=@flp@m;VhBOm.fl[;LNT5ACfbLNWZn�flVXVhJ�R0J�LN=\B�VhTl�5Whn&flp@m�p\BOBOm�p\TlLeRUB
A�fbp@fl�lBOm�B��;j\VhWZn�WXLNVhJl��<>=@B�m;T���p@KNWhm\BGTl�)gg�]XGD�WhK�LN=@fbLQW LeWZK�p\TlLen�T5APjUf�LNWhR\VhB&��W L`=�LN=\B�^NWZno=
VXT5�lWZn�K Tl���lB�p@B�^ofbVX¯3j\[@^NjkT5KNB>j\^NT0Tl��f5KNKNWZKcLofbp7L`K KN[@no=�flK�¡�T0YPfbpUmC�cKNflRUBOVXVhB i	gG�G�.fbpUmPLN=\BO^NB���Tl^`B
n�flp&Tlp\VhJ�RkB¤KN[\j\jkTl^NLNB9mgR7JgKNJ0KMLNBOA�K�KM[Uno=�flK�<���B�VX� � K�ACB�L`fbLN=\BOTl^`Jl�9��=\WZno=�fb^`B VXB9KNK�B��;j\^`BOK`KMWh{lB5�XQVZKMTU�0W L�VXB9flm\K¤LNTPKcLof�LNBOACB�p7L`K�Tb��L`=\B�T5^NBOACK_LN=@fbL>fl^NB�Y5[@W L`BGm;W�csB�^`B�p7L¤��^`TlA ��=@fbL���Be��^`W L`BeWhp
Tl^om;Whp@fb^`J�A�f�LN=@B�A�f�L`WhnOK��

��p Tl[\^PKMT5VX[;L`WXT5p$LNT�LN=\B�]���]¤��ACfl^N�$no=@flVXVhB�p@�lBl�*��B�[@KNB�f�^NBOj\^NB9KMBOp7L`f�L`WXT5p ��Tl^PR\WXpUm;B�^oK�L`=@f�L
WZKPf�n�T5A�R\Whp@fbLNWhTlp$Tb�eLN=\B�p\TlACWhp@fbV>fbj\j@^NT7flno=$��WXLN= m;B�§�^N[@W acp�Whp@m;WZn�B9K���<>=\WZKP^NBOj\^NB9KMBOp7L`f�L`WXT5p�WhK
�0p\T���p�flK�LN=\Be¢MVXT;nOfbVhVXJ�pUfbACB�VhBOK`K�£&fbj\j@^NT7flno=�V F.]¤v5v\�UdGT5^`vl�;�UF¥F�ub��Y²�_�²Le[@KNBOKem;B�§�^N[\W acp�WXpUm;Whn�BOK
L`TCWhm;BOp7LNWX��J�RkTl[\p@m�{�fb^`WZfbR\VhBOKO�;fbp@m�p@flAPB9K�LNTCWZm;B�p7LNWX��J���^`B�B&{�fl^NWZfbR\VhBOKO�*°\Tl^�B��\fbACj\VhBl�;��BG=Uf {lBGLN=\B
��T5VXVhT���Whp\�S^`B�j@^NB9KMBOp5Lof�L`WXT5p@KT_

D7LcJ0VhB iQB�j\^`BOKNB�p7L`fbLNWhTlp�Tb�
λx. y xp\T5APWhp@flV ���6�����,���6�����3�4798,8:�)���"!'�<;��������"!=�����1$,$

m;B�§�^`[\W acp ���6�����,���)798,8:�)���"!?>@�A���"!=&"$,$
VhT0nOfbVhVXJ�p@fbACB�VhBOK`K ���6�����,���)798,8:�)B,!�C,CED��"!F��;��3��G�H1*,+��9D��"!'&"$,$

��WX�5B�m;BP§�^`[\W acp¥Whp@m;WZn�BOKO�ULN=\BSVXT;n�flVXVhJ�p@fbACB�VhBOK`KQ^`B�j@^NB9KMBOp5Lof�L`WXT5p�=UflK�L`=\BP{lB�^`J�p@Whn�B�j\^`TljkB�^NLcJ�L`=@f�L
flVXj@=@f�¯²BOY7[\Wh{�fbVhB�p7LQLNBO^NA�KG=@f {5BSKNJ7p7Lofln�L`WhnOfbVhVXJ�BOY7[@flV*^NBOj\^NB9KMBOp7L`f�L`WXT5p@KO����Wh�lBPp\T5APWhp@flV(flj\j\^`T5flno=@BOKO�
L`=\B>VXT;nOfbVhVXJgp@flAPBOVXB9KNK(^`B�j\^`BOKNB�p7Lof�LNWhTlp�B�p@flR\VXB9K([@K�LNTG[@KMB�� flAPWhVhWhfl^(pUfbACBOK�LNTG^`B���B�^(L`Te��^`B�B�{�fb^`WhflR\VXB9K��
VhBOf5m;Whp\�PLNT�KcLof�L`B�ACB�p7L`K>Tl��L`=\B�T5^NBOA�K�LN=@fbL�fl^NB&n�VXT7KMBGLNTCT5^`m;Whp@fl^NJ�A�f�L`=\B�A�fbLNWZn�KO�X n�^`[@n�WZfbV7Whp7{�fl^NWZfbp7L�Whp�L`=\B�VXT;n�flVXVhJgp@fbACBOVXB9KNK(fbj\j@^NT7flno=&WZK�L`=@f�L*^NBOj\^`BOKNB�p7L`fbLNWhTlp@K�Tb�\L`B�^`ACK�p\BO{lB�^
n�Tlp7L`flWXp¥��^NBOBSm;BC§�^N[\W acp¥Whp@m;WZn�B9K���¡�TlpUKMB9Y5[@B�p7LNVhJl�s��=\BOp�^`BOn�[@^`KNWXp@��T�{lBO^�f�m\BS§�^N[@W acp;¯�n�VhT5KNBOm.LNB�^`A
flp@m�BOp@n�T5[\p7LNBO^NWhp\�xfxR\Whp@m;BO^�KM[@no= flK

Lambda(t)
��W L�WZKPWXp@n�Tl^`^NB9n�LSLNT�^NB9n�[\^oKNB�T�{lBO^

t
��KMWhp@n�B�L`=\WhK

L`B�^`A nOfbp¥n�Tlp7L`flWXpAG�H1*,+��9D��"!'&�f5KefC��^`B�B�m\BS§�^N[@W acp.Whp@m;B��s��<>=\B�n�T5^N^`BOn�Lefbj\j@^NT7flno=�WhKQLNT�WXp0{lBOp7L
f.��^NB9KM=�pUfbACBI� LNT KcLofbp@m$��Tl^SLN=\B���Tl^`ACflV¤j@fl^`flACB�LNBO^�Tl��LN=\B�VhflA�Rsm\f�¯�fbRUKcL`^`f5n�LNWhTlp�fbpUm$^NB9n�[\^oKNB
T�{5B�^

t[0 ← x]
�_L`=@f�L�WZK���LN=\B�L`B�^`A TlR;LofbWhp\BOm R0J KM[@R@KcL`W L`[;LNWhp\��L`=\B���^NBOB�{�fl^NWZfbR\VhB�B9!�C,C"D��1!'�����

��T5^�fbVhV_T;n�n�[\^`^NBOp@n�B9KgTb��LN=\B�RkTl[@p@m�{�fb^`WhflR\VXBJG�H1*,+��"D��"!'&�Whp
t
� \3D0B�B�KMB9n�LNWhTlp�|\� |\� 1 ��Tl^Sm;B�LofbWhVXB9m

B��;j\Vhflp@f�L`WXT5p@KO� ^ <>=\WZKgKcLcJ0VhBSTl��m;B�dUp\W L`WXT5p�WZK&KMVhWh�l=7LNVhJ�[\p\p@fbLN[\^ofbV f�L%d@^oKcL9��R\[;L&WZK�^`BOf5KMT5p@fbR@VXJ�BOf5KMJ
L`T.�lB�L�[@KMB9mxLNT@����p$j@fb^NLNWZn�[@Vhfl^O��L`=\WZK�KN[\R@KMLNWXLN[;L`WXT5p$R7J f���^NB9KM=�p@flACB�ACfbLNBO^NWZfbVhW�[OBOKGL`=\B�KMTl¯²nOfbVhVXB9m
¢N§>fb^`B�p@m\^NBO�bL�n�Tlp0{lBOp7LNWhTlp0£e��T5^�p\TlACWhp@fbVsL`B�^`A�K��
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<>=@B�^`B�A�fbWhp@m;BO^*Tb�\L`=\WhK*^`B�jkTl^NL*WhK*fGn�TlACj\VhB�L`B�KMLNBOj;¯²R7J7¯�KcL`B�jSj\^NB9KMBOp7L`f�L`WXT5p�Tb�kTl[\^¤¡�T;Y&m;BO{lB�VhTlj@APBOp7L
Whp�VhW L`B�^of�LNB�j@^NT5�l^ofbACACWXp\�&KMLcJ0VXB5� XeVXVkm;B�d@p@W L`WXT5p@K��5LN=@B�Tl^`B�A�K_flp@mCWhp5L`B�^`ACBOm;WZf�L`B�VXBOAPA�f5K¤fb^`BQKN=\T���p
Whp ¡�T;Y�KMJ0p7L`fb�s�(Whp5L`B�^oKMjkB�^oKNBOm ��W L`=�B��;j\VZfbpUf�LNWhTlpUK�� � B�TlACWXL�L`=\B�j\^`T0Tb��KNn�^NWhj;LoK&��Tl^PfbVhV¤VhB�ACA�flK
R@[;LgKN=\T�� LN=@B�A ��Tl^�LN=@BSA�fbWhp¥L`=\B�T5^NBOA�K��sKMT�LN=@fbL�L`=\BP^NB9flm;BO^�n�flp¥�lB�LGf���B�B�VhWhp\��Tl� LN=\BCKNW�[OBSfbpUm
n�TlACj\VhB��;WXLcJ�Tb�>L`=\B�j\^`T0Tb��KNn�^NWhj;LoK��.<>=\B���[@VXVQ¡�T;Yxm;BO{lBOVXT5j\ACB�p7LO�(WXpUn�Vh[@m;Whp\��K`n�^`WXj;LoK��(WZK�f {�fbWhVhflR\VhB
T5p\VhWXp\B�V ��BO^`u0}TY3�

� ¡�=@fbj\LNB�^�|�m;B�dUp\BOKGL`=\B�KMJ0p7L`fb��Tl� F<:

LcJ0jkBSB��0j@^NB9KNKNWXT5p@KGfbp@m¥LN=\B�KN[\R;LcJ0j\Whp\��^`B�VZf�L`WXT5p�RkB�¯
Lc��BOB�p.LcJ0jkBOKO��fbp@m.j@^NT�{5BOK�L`=\^`B�B��5B�J�j\^`TljkB�^NLNWhBOKQTl�_LN=@WhK�^NBOVhfbLNWhTlp _>^`B��@B��;WX{0WXLcJl�kLN^ofbp@KNWXLNWh{7WXLcJl�
fbp@m�KML`fbR@WXVhW LcJ�R7J�KM[\RUKcL`W L`[;LNWhTlp�� �²LQn�Tl^`^NB9KMjkTlp@m@K_L`TPjUfb^NL��ZX fbp@m�f���^ofb�5ACB�p7L�Tb��jUfb^NL�|`X Tl�
LN=\B&]>��]¤��A�fb^`��no=@flVXVhB�p@�lBl�

� ¡�=@fbj\LNB�^ 1 m\B�d@p\B9K_L`=\B�KNJ0p7L`f���Tl��LNB�^`A�K��5LN=@BeLcJ0jkB�KNJ0KMLNBOA��7flp@mCLN=@BGm;J0p@flACWhn�KMBOACflp7LNWZn�K_Tl�
F<:

�e�²L�j@^NT�{5BOK�L`=\BSKNTl[@p@m;p\B9KNKeTb� LN=@B�LcJ0jkBSKNJ0KMLNBOA ��W L`=¥^NB9KMjkBOn�LeL`T�LN=@BSKNB�A�fbp7LNWZn�KO��<>=@WhK
n�T5^N^`BOKNjUT5p@m\K�LNTPL`=\B&^NBOA�fbWhp@m;B�^�Tl��j@fl^MLe|`X Tb��L`=\B�no=@flVXVhB�p\�5Bl�

� ¡�=@fbj\LNB�^G��KN=\T��QKQ=@T�� B��;BOn�[\LNWhTlp@KeTb� F<:

j\^NT5�l^ofbA�KQnOfbp.RkBSjkB�^N��Tl^`ACBOmA\ ��T5^eL`BOKMLNWhp\��j\[@^M¯
jUT7KMB9Kj^��>RUTlLN= ��WXLN=\Whp ¡�T;Y flp@m LN=\^`Tl[\�5=�¢cB��7L`^`f5n�L`WXT5p0£ \ fl[;LNT5A�f�LNWZn��lBOp\B�^of�L`WXT5p ^PTb��¡�fbACV
n�T;m;Bg��T5^QfS^`B���BO^NBOp@n�B

F<:

Whp7LNB�^`j\^`B�L`B�^9�*<>=@WhK�WZK>j@fl^ML 1 Tb�(LN=\B�no=UfbVhVXBOp\�lB5�
� ¡�=@fbj\LNB�^(~>n�TlpUn�Vh[@m;BOK�LN=\WZK�^`B�jkTl^NL�R7JGfbp&Whp;��Tl^`A�fbVbf5KNKNBOK`KMACBOp5L�Tl�7L`=\B¤Y7[@flVXWXLcJQTb�;T5[\^�KMT5VX[\LNWhTlp��
fbp@m�ACTl^`B��5B�p\BO^`flVXVhJCTb��LN=\Bg[@K`fbR\WhVhW LcJ�Tl��LN=@B�¢MVhT0nOfbVhVXJ�pUfbACB�VhBOK`K�£gfbj\j\^`T5f5no=�fbpUm�Tb��LN=\B�¡�T;Y
j\^`T7Tl�(f5KNKNWhKML`flp7L���T5^�]���]¤��ACfl^N�7¯�KcLcJ0VhB�j@^NT5R\VXBOA�K��

F)G k
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<>=@WhK&no=@flj;LNBO^&n�Tl^`^`BOKNjUT5p@m\KeLNT.j@fl^ML ��X Tb��LN=\B�]>��]¤��A�fb^`��no=@flVXVhB�p@�lBl��pUfbACB�VhJ.LN=@BS��T5^NA�flV_m;B�� ¯
Whp\WXLNWhTlp�Tb��f�KM[@R;LcJ0j\WXp@��^`B�VZf�L`WXT5pxRkB�Lc��B�BOp LcJ7jkBOK�Tb�

F<:

fbp@m�LN=@B�j\^`T7Tl��Tl��R@f5KMWZnPLcJ0jUB�¯ L`=\B�T5^NB�LNWZn
j@^NT5jUBO^ML`WXB9K�Tl��L`=\WZK�^NBOVhfbLNWhTlp��

� B&KcLofb^NL�R0J�¢cWhACjUT5^ML`WXp@��£QLN=@^NBOBeACT;m;[\VhBOK���^NT5A LN=\B�¡�T;YCVXWhR\^ofb^`JSTl��KML`fbpUm\fb^om�m;BTd@p\WXLNWhTlp@K>fbpUm
L`=\B�T5^NBOA�KT_ � *r�
�! \ fl^NWXLN=@APB�LNWZnPT�{lB�^�p@f�L`[\^ofbV*p0[\A�RkB�^oKj^���� � *r�
�! \ fb^`WXLN=\ACB�L`WhnST�{lBO^�Whp7LNBO�lB�^oK�^QfbpUm'f� �r� \�TljkB�^of�L`WXT5p@K>T�{lBO^Od@p\WXLNBSVXWZKcLoKj^�� �xB�flVhKNT�WhAPjkTl^NLef�ACT;m;[\VhB ���`��*,�	��� 	 *j��*r� L`=@f�L���B�m;BO{lBOVXT5jUB9m
KNjkBOn�WZfbVhVhJl�7��=\Whno=�j\^NT�{0WZm;BOK¤flm\m;WXLNWhTlpUfbVkVXBOAPA�f5K¤fbRkTl[\L�VhWhKML�ACBOA�RkB�^oKM=\Whj��*<>=\WZK¤ACT;m;[\VhB�WZK�TlACW LNLNB9m
Whp�LN=\WZK>^`B�jkTl^NLO�;R\[;Lef {�flWXVZfbR\VhB&flK>j@fl^ML�Tl��LN=@B �xBOR�{5B�^oKMWhTlp�Tb�(LN=\WZKQm;BO{lBOVXT5j\ACB�p7L%V ��BO^`u0}�Y²�
�������������! #"%$'&(��) � *r�
�! ��������������! #"%$'&(��) � � *r�
�! �
�������������! #"%$'&(��) ')� �r� �
�������������! #"%$'&(��) ���`��*,�	��� 	 *j��*r� �
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� B>[@KNB�p@fbACBOK \ fbVZKMTgn�flVXVhBOmPf�L`TlA�K�^�L`Tg^NBOj\^NB9KMBOp7L���^`B�B>{�fb^`WhflR\VhBOK(WXpPL`B�^`ACKO�)XQp0J�Whp�d@p\WXLNB>LcJ0jkB���WXLN=
m\BOn�WZm\flR\VXB&B9Y7[@fbVhW LcJ���WXVhV�m;TU����p�j\^`B�jUfb^of�LNWhTlp���Tl^QLN=\B�KNBOn�Tlp@m�j@fl^MLQTl��L`=\B�no=@flVXVhB�p@�lBl�;��B�fbLML`f5no=�f
�0Whp@mSLNTgB�{5B�^`J�p@flAPB0_�BOW L`=\B�^�¢cLcJ0jUB�£�T5^�¢�L`B�^`A�£��lflp@m�BOp@KN[\^NB>L`=@f�L L`=\B�^`B�fb^`B>WXp�dUp\W L`B�VhJ�A�fbp0J�pUfbACBOK
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� ^`[\VhB¥��Tl^ � �	*,���
� LcJ0jkBOK���TlVhVXT��QK�LN=\Bxj@f�LNLNB�^`p L`=@f�L���B�flVX^`BOf5m;J Whp7LN^`T;m;[@n�B9m ��Tl^�LN=\B
� N �����"� j@^NB9m;WhnOf�L`Bl�sWXpx^N[@VXB � N �����p� N ��*j���
� ����p�LN=\BPTl^`Wh�lWhp@fbV3�UpUfbACB�¯²R@flKNBOm�KMjkBOn�WedUnOf�L`WXT5p��s��BPKNf J
L`=@f�L

E ` (∀x <: σ1. σ2) <: (∀x <: τ1. τ2)
WX�

E ` τ1 <: σ1

fbpUm
E, x : τ1 ` σ2 <: τ2

� <>=\B�LcJ0jUB
{�fl^NWZfbR\VhB

x
�\RkB�Whp\�

α
¯²n�Tlp0{lBO^ML`WXR@VXBgWhp�L`=\B�n�Tlp@n�VX[@KNWhTlp��;WZK \�WhACj\VhWhn�W L`VXJ�Tl^�B��0j@VXWZn�WXLNVhJ"^>no=\T5KNB�p�KMTCL`=@f�L

E, x : τ1

WZK���BOVXVX¯3��Tl^`APB9m�Whp�LN=\B�KNBOn�Tlp@m�j\^`B�ACWhKNBl�0L`=@f�LQWZKO�
x
WhKQno=@T5KNB�p�p\TbL>��^`B�BgWXp

E
�

��p$T5[\^&VXT;nOfbVhVXJ¥pUfbACB�VhBOK`Kg^NBOj\^`BOKNB�p7L`fbLNWhTlp���L`=\BCLcJ0jUB�{�fl^NWZfbR\VhBOKgRkTl[@p@m R7J � �	*,���
� Whp LN=\B�n�Tlp;¯
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N *j�r�, "�T
 �����"����� � fbpUm N *j�r�, "�T
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� WXp.KN[\R;LcJ0jkBG^`B�VZf�L`WXT5p��

X�KSACBOp5L`WXT5p\BOm fbVh^NB9flm;J5� � KM=\T5[\VZm�RkB�no=\T7KMBOp�p\TlLPWhp�L`=\B�m\TlA�fbWhp Tl� � \�TlLN=\BO^N��WZKMB�LN=\B�B��0¯
L`B�p@m\BOmPB�p0{0WX^`Tlp@APBOp7L \ � � � � ^O_ _ � ��Tl[\VZmSRUBQWhVhV ¯3��Tl^`ACBOmp^*flp@mPp\TbL ��^`B�B�Whp ��� fbp@m � � �5TbLN=@B�^`��WhKNB>LN=\B
��^`BOKN=\BOp\WXp@�5K N *j�r�, "�T
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m\TlA�fbWhp�Tb� � nOfbp\p\TlL�RkBe��^`B�BeWXp �	� T5^ � � �*<>=@B�^`B���Tl^`Bl�lLN=\Bgn�T5p@m;WXLNWhTlpS¢ � p\TlL�Whp�LN=\Bgm;T5ACflWXp�Tb� � £
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 � ���p� ��� �
flp@m N *,�r�, p��
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T5^`m\B�^>LNT�TlR;LofbWhp�LN=\B�KMLN^`Tlp@�lBOKMLQWhp@m;[@n�LNWhTlp.j\^`WXpUn�Whj\VXB5�Uflp@m���B���WXVhV�KN=\T�� VhfbLNB�^QLN=@fbLQLN=\Bg¢���T5^QTlp@B�£
flV L`B�^`p@f�L`WX{5B�WZK�m;BO^NWh{�fbR\VhBl�
°@Tl^SLN=\B�LNWhACB�RkB�Whp\�U�_��B�KcLofb^NLS��WXLN= KMWhACj\VhB���B�VhV ¯3��Tl^`ACBOm;p@BOK`K�j\^`TljkB�^NLNWhBOKSTb��L`=\B�LcJ0jkBOKCfbpUm

BOp0{7Wh^`Tlp\ACB�p7LoK�Whp0{lT5VX{5BOm�Whp.f � � �r� 	 � ���p� ^`B�VZf�L`WXT5p��
�4��"%"�� � � �r� 	 � ���p� � N ��
 � _

∀
����� � � � �r� 	 � ���p����� �

→
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�4��"%"�� � � �r� 	 � ���p� � N � ���p� _
∀
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→
� N �����p�;���

∧
� N �����p����� �

�4��"%"�� � � �r� 	 � ���p� � N � ���p� � _
∀
����� � � � �r� 	 � ���p�������

→
� N � ���p����� �

�4��"%"�� � � �r� 	 � ���p� � N � ���p� * _
∀
����� � � � �r� 	 �����p�������

→
� N � ���p�;� � �

� B�p\T�� KN=\T�� L`=@f�LeLN=\B � � �r� 	 �����p� j\^`BOm\WhnOf�LNB&WZKeKML`flR\VhB&R7J�KN��flj\j\Whp\�@��<>=\WhKej\^`TljkB�^NLcJ�WhK�n�^`[@n�WZfbV
L`T�KM=\T�� LN=\B&B9Y7[\WX{�flVXBOp@n�BgTb��LN=\Be¢c��Tl^QflVXV £gflp@mC¢���T5^�Tlp\B�£GWhp5L`B�^`j\^`B�L`fbLNWhTlp@K�Tl�(^`[\VhB �T� �	�
� �
�4��"%"�� � � �r� 	 � ���p� ���&��� _
∀
� � � +	�

�� � : +	�

�� �

→

∀
����� � � � �r� 	 �����p�������

→� � �r� 	 � ���p� \ ���&��� �T
�� � ��� ^�\ ���&��� � ���p��� � � ^�\ ���&�&� �����"� � �W� ^��
<���TCKNWhVXVhJ�VhB�ACA�flK�fbRkTl[\L���^NB9KM=\p@BOK`K�Tl�(pUfbACBOK>Whp�LcJ7jkBOKO�
�4��"%"�� N *,�r�, � N �����"� _

∀
� � � � � N �����"�;���

→ ¬ � 
 � \ �`�	� � ^
→ ¬ � 
 � \#N � �����"� � ^��
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�4��"%"�� N *,�r�, N *j�r�, "�T
 �����"� _
∀
� � � ���%� �

� N � ���p� \ \ � � � � ^ _ _ � ^ \#N *,���  p��
 � ���p� � � ^
→ ¬ � 
A� \ �0��� � ^

→
�
6=
�
→ ¬ � 
 � \�N � �����"� � ^��

� Bgp\T�� KN=\T�� LN=Uf�L>LN=\B&flV L`B�^`p@f�L`B�j\^`BOKNB�p7Lof�LNWhTlp�Tb��^`[\VhB �T� �	�
� \�LN=\BgTlp@BG��WXLN=�¢c��Tl^>Tlp\BGp@flAPB�£�Whp
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�4��"%"�� ��� ���
� 	 _
∀
����� ��� � � � � � �� � �r� 	 � ���p��� � � � �

→+	�

�� � : =@? #>A
→ ¬ � 
 � \ �`�	� � ^

→ ¬ � 

� \#N � �����"����� ^ → ¬ � 

� \�N � � ���p��� � ^ →� � �r� 	 � ���p� \,\ � � � � ^%_ _ � ^ \�N *j�r�, "�T
 �����"����� � ^�\�N *,���, "�T
 � ���p��� � � ^
→� � �r� 	 � ���p��� \ � ��*,�	�
� � � ��� ^ \ � �	*,���
� � �A��� ^��
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� B�p\T�� LN[\^`p \ fbLeVZflKML�� ^PLNT�j\^`T�{0WXp@�SL`=\B&Lc��TCLN=\BOTl^`B�A�K>Tb� j@fl^ML �&Tl��L`=\B�]���]���A�fb^`��no=@flVXVhB�p@�lB`_
^`B��UB��;WX{0WXLcJ�fbp@m�L`^`flp@KMWXLNWh{0W LcJ�Tb�(KN[\R;LcJ0j\Whp\�U�
iQB��@B��0Wh{0W LcJ�Tl��KM[@R;LcJ0j\WXp@��WZKPKN=\T���p�R0J$KMLN^ofbWh�l=7LM��T5^N�>fb^om WXp@m\[@n�L`WXT5p Tlp LN=\B�m;BO^NWh{�f�LNWhTlp Tb�e��B�VhV ¯
��T5^NACB9m;p\BOK`KgTb��LN=@B�LcJ0jUB5�;XeK�p\TbL`BOm R0JxF¥nO¦gWXp\pUf.fbp@m ]*TlVhVhf5no�s��KM[Uno= Whp@m;[Un�LNWhTlpUK�n�T5p7{5B�p\WhB�p7L`VXJ
^`B�j@Vhf5n�BGWXp@m\[@n�L`WXT5p@K�Tlp�LN=@B�KcL`^N[@n�LN[\^`BgTb�(LcJ0jUB9K��
�	��� &(����" �r� 	 *,��� _

∀
� � � � N �����p�����

→
� N �T
�� �

→
� � �r� 	 �����"�;���%� �
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�� ^ � � V Le� Y²���� � �����T� *,� � ������*��f�
�
 A� b ������� �
¡�f5KMB � : = ������ � �����T� � �&� � �	��� � � ���	
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¡�f5KMB � : � ��*,�	�
� � � � �

�`���r� *r�p�T� \�N *,���, 
 �	��� = ? #>A \�N � � ���p��� � �(� �0��� � ^ ^ ��� V � V °*i���D�gq¦g� � �]Y Y²���� � �����T� ���
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p@TbL�Tlp ��� R@[;L�Tlp!N *,�r�, p��
 �����p��� � � ��Tl^�KNTlACBG�s�;��=@Whno=�WhK�p\TlLQfPKN[\R;¯3LNBO^NA±Tb� � � �fgeT���BO{lB�^9�7LN=\B
KNW [�BgTb� N *,���  p��
 �����p� � � � WZK�LN=\B�K`fbACB&flK�L`=\B�KNW�[OBGTl� � � �\KNTCWXpUm;[@n�L`WXT5p�T�{lB�^�KNW�[OBOK>��WhVXV���T5^N�s�
� � � $'& ��2 ) �r� ��� � ���p� \ � _ �����"� ^r_ 
���� _K:�������j � �f�
�! <>= �"�	*,���

⇒
u<>= � �	*

⇒
u<>= ���

⇒
u< � *r*,� � � � ���

⇒
� � �r� �Z� �����"� � � ���r� ��� � ���p��� �< � ��*,�	�
� � � � �

⇒
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�4��"%"�� �T�r� 	 ��� � ���p� �r� �Z� _
∀
� � 
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 �����p� �r� ��� _
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 � �&����+0��
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∀
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� � � � � �T
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j@^NT�{0WZm;BOm�LN=\B&^`BOKN[\VXLNWhp\�CB�p0{0WX^`Tlp\ACBOp5L�WZK>��BOVXVX¯3��Tl^`APB9m��
�4��"%"�� ��
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��© � � ����#5��� ª ­�� ® ©�� ������� ­ ��� � �(®���� ©0­ � © ��� F.BOno=@flp\W [�BOm j\^`T7Tl� KPTb� LNBOp m\B�d@p\B�p\TlLNWhTlp@KCfbpUm
KML`fbLNBSLN=\BOTl^`B�A�K�WXpx��f J;KeLN=@fbLgfl^NBCKMT5ACB���=@fbLGm;W�ckBO^NBOp7L���^`TlA ��=@fbLgf�A�f�L`=\B�A�f�L`Whn�Whflp���Tl[\VZm¥m;T
Whp�fbp�T5p;¯²j@fbjkB�^Gj\^`T7Tl�c�C�e� L`B�p���L`=\BCACBOno=@flp\W�[OBOmxm;B�d@p@W L`WXT5p@K&fbp@mxKcLof�L`B�ACB�p7L`Kgfl^NBPACTl^`BSj\^`BOn�WhKNBl�
R@[;LGflVhKNT�=@fl^`m;BO^�LNT�^NB9flm.flp@m�LNT�^NBOVhfbLNB���WXLN=¥T5p\B�� KQWhp7LN[\WXLNWhTlpUK��e<>=@B�VhT0nOfbVhVXJ�p@flAPBOVXB9KNK�fbj\j@^NT7flno=
��T5VXVhT���BOm¥WhpxLN=\WZKg^NBOjUT5^MLg^`B�A�fbWhp@KgY7[\W L`B�n�VhT5KNB�L`T�LN=\BCTlp\¯3j@fljUBO^&m;B�d@p@W L`WXT5p@K&fbp@m�LN=@B�Tl^`B�A�KG�lWh{lBOp
Whp�LN=@B�KcLof�LNBOACB�p7L�Tb��LN=@B�]���]¤��ACfl^N� no=@fbVhVhB�p\�5Bl����B�dUp\W L`WXT5p@K�flp@m�KcLof�L`B�ACB�p7L`K�fb^`B�APT7KcL`VXJx[\p;¯
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∀
LcJ0jUB9K>WhK���^`WXLMLNBOp�Tlp�j@fbjkB�^Qf5K

Γ ` τ1 <: σ1 Γ, X <: τ1 ` σ2 <: τ2

Γ ` (∀X <: σ1. σ2) <: (∀X <: τ1. τ2)
��=@WXVhBgWXp�Tl[@^Qfbj\j\^`T5f5no=�WXLQWhK>��^`WXLMLNBOp.flK

Γ ` τ1 <: σ1 ∀X, X /∈ Dom(Γ) =⇒ Γ, X <: τ1 ` σ2[0← X ] <: τ2[0← X ]

Γ ` (∀ <: σ1. σ2) <: (∀ <: τ1. τ2)

<>=@B�^`B�fb^`B¥KMBO{lBO^`flV�¢�L`^NWZno�;K�£.=\BO^NB.L`=@f�L�KM[@^Nj\^`WZKMB�L`=\B�^`BOf5m;B�^Z_¥L`=\Bxm;B §�^N[\W acp p\TlL`fbLNWhTlp ��Tl^�LN=\B
RkTl[@p@m�{�fb^`WhflR\VXB5�0LN=\BSKM[\RUKcL`W L`[;LNWhTlp@K

[0← X ]
Whp�LN=\BSKMB9n�TlpUm�j@^NBOAPWZKNBl�@flp@m�LN=\B�j@Vhf5n�B�ACBOp5LQTl�*LN=\B

Y7[@flp7LNW�dUn�fbLNWhTlp�T�{5B�^
X
�(��pPn�Tlp7LN^oflKMLO�bfGj\[\^`B�VhJ�p\T5ACWXp@flV\fbj\j@^NT7flno=�KN[@no=CflK�LN=\BQKNTlVh[;L`WXT5p�R0J
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�

VXB9flm\K�L`T�fCVXB9KNK>ASJ0KMLNBO^NWhTl[UK�m\B�d@p\WXLNWhTlp�Tl��LN=@Bg��Tl^`A
Γ ` τ1 <: σ1 X

��^NB9KM=���Tl^
Γ Γ, X <: τ1 ` σ2 <: τ2

Γ ` (∀X <: σ1. σ2) <: (∀X <: τ1. τ2)
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τ, Γ2

�

X VhB��5W L`WXA�f�L`B.Y5[@BOKMLNWhTlp LNT$flKN�$WhK�_�=\T��!AS[@no= Tl�eL`=\WhK�T�{lB�^`=\B9flm�n�Tl[\VZm RkB.f {lT5Whm;B9m��_BOW L`=\B�^�R0J
� f5n�L`Tl^`WXp\��L`=\B�m;BTd@p\WXLNWhTlp@KSfbp@m�j\^`TljkB�^NLNWhBOK�WXp$^`B�[@K`fbR@VXBCVhWXR\^ofb^`WhBOKO��Tl^�R7Jx�lBOp\B�^of�L`WXp\��L`=\B�A fb[\LNTb¯
A�fbLNWZn�fbVhVhJ���^`TlA =@WX�5=;¯3VhB�{5B�V\m;B9KNn�^NWhj;L`WXT5p@K Tb�kLN=@BeKMJ0p7L`fb�STl�UL`B�^`ACK ��� �\fbACj\VhBOK¤Tb�s^NBO[@KNflR\VhB�VhWhR\^`fl^NWhBOK
Whp@n�VX[@m\B �Q^`R@flp�fbp@m�<�f5KNKNTlp � KQp@TlACWXpUfbV(j@flno��fb�5Bl�UR@flKNBOm.T5p¥�cK`fbRkB�VhVXB�i�gG�G�$LcJ7jkBCn�VZflK`KMB9K V ��<�u5~�Y3�
flp@m�¡�=\VhWXj@flVhf � K�VXWhR\^ofb^`J.��Tl^�LcJ7j@WXp\�.BOp0{7Wh^`Tlp\ACB�p7LoK��-gQT���B�{lBO^O��KM[@no= ��T5^NA�K&Tl�>^`B�[UKMB�fl^NBCVhWXACWXLNBOm
Whp ¡�T;Y R0J$Vhf5no��Tb�QLcJ0jkB�n�Vhf5KNKNBOKSfbp@m fbp0J�TbLN=@B�^S��Tl^`A Tb��¢MjUT5VXJ7LcJ0j\WZno£�m;BTd@p\WXLNWhTlp@KO� XQ[;L`TlA�f�L`Whn
�5B�p\BO^`fbLNWhTlp$Whp$LN=@B�KMLcJ0VXB�Tb�Q]*TbLNLNWhB�^ � K�¡

α
ACV�V ](TlL`u5t Y�WZKPfbp\TlLN=\BO^Pm;Wh^`BOn�L`WXT5p�LN=@fbLP^`B�A�flWXp@K�LNT RUB

Whp0{lB9KcL`WX�7f�LNB9m��

� ��� © ­�� ��� © ® ©��U© # ­�� � © �s� ��[@^�KMT5VX[\LNWhTlp WhK&p@B�WXLN=\BO^�j@fb^NLNWZn�[@Vhfl^NVhJ�n�T5ACj@fln�Lgp@Tl^�B��;n�BOK`KMWh{lBOVXJ
{5B�^`RUT7KMB&n�TlACj@fb^`BOm���WXLN=¥TlLN=\BO^eKNTlVh[;LNWhTlp@KO� XQ^NLN=0[\^G¡�=Ufb^`�l[��O^`fl[@m�n�TlACj@fl^NB9m�L`=\B�KNW�[OBOKeTb�_KMBO{lBO^`flV
¡�T;YgKNTlVh[;LNWhTlp@K�LNTGj@fl^ML ��X Tb�\L`=\B�no=UfbVhVXBOp\�lB5� n�Tl[\p7L`WXp\�eLN=\B�p0[\A�RkB�^*Tl�\p\Tlp;¯3LN^`Wh{7WZfbV5L`f5n�L`WhnOK�Whp0{lTl�5BOm��
<>=@BG^`BOKN[\VXL`K�fl^NB&flK���T5VXVhT��QK�_

F)G k
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XQ[;L`=\Tl^oK <�f5n�LNWZn�K i�B�j@^NB9KMBOp5Lof�L`WXT5p�[@KNBOm
y��O^NT5APB�� Tl[@WXVhVXT5p � 1 � m;B�§�^N[@W acp�Whp@m;WZn�BOKXefb^`Tlp.D7L`[\ACj � �O�0} p@fbACB9KQfbp@m�VhB�{lBOVhK
��f {0WXBO^���B�^`T�J t 1 u VXT;nOfbVhVXJ�pUfbACB�VhBOK`KgQWh^`K`no=\T���WXL,[�� F¥fl�l�5BOKNW �Ot �9~ m;B�§�^N[@W acp�Whp@m;WZn�BOKX�m\fbA ¡�=@VXWhj@fbVZf 1 �0| VXT;nOfbVhVXJ�pUfbACB�VhBOK`KXQ^NLN=0[\^�¡�=@fl^N�5[���^ofb[@m | 101 VXT;nOfbVhVXJ�pUfbACB�VhBOK`K

D;B�{lBO^`flV�� f5n�L`Tl^oKGn�Tlp7LN^`WhR\[;LNBSLNT�LN=@WhKg^`B�VZf�L`WX{5BS{5B�^`RUT7KMWXLcJ�Tb��T5[\^&KMT5VX[\LNWhTlp���°(Wh^`KMLO��flKG��BCm;WZKNn�[@K`KMB9m
flRUT�{5Bl� L`=\B>VXT;n�flVXVhJ&p@flAPBOVXB9KNK flj\j\^`T5f5no=�n�T5APB9K(��W L`=PWhp\=\BO^NBOp7L*T�{5B�^`=\BOf5m\KO��D0BOn�Tlp@m��5flK*jkTlWhp5L`BOmSTl[;L
R0J�¡�=@fb^`�l[��O^`fl[@m�� L`=\B�^`Befb^`B�KMA�flVXVU{ fl^NWZf�L`WXT5p@K*Tb�kLN=@BQVXT;nOfbVhVXJSp@fbACB�VhBOK`K_flj\j\^`T5flno=�LN=@fbL�n�flpC^NB9m;[@n�B
L`=\B¤j@^NT0Tb�0B�csTl^NL(KNWh�lp\W�dUn�flp7LNVhJ \ KNB�B¤RUBOVXT�� ^���°(WXpUfbVhVXJ5��[\p\VhWX�5B�� Tl[\WhVhVXT5p��l¡�=\VXWhj@flVhfQflp@m�¡�=@fl^N�5[���^ofb[@m��
��B&m;WZm�p@TbL�^NB9fbVhVXJ�L`fb�5B&flm;{�fbp7Lofb�lBGTb�_¡�T;Y�� K�� fln�WXVhWXLNWhBOK>��T5^Qm;B�d@p@WXp\��m;T5A�fbWhp;¯²KNjkBOn�W�dUn�L`f5n�L`WhnOK��
��­ �9����� # © ��� � � ­ �k© � © �s�O��� ­ ��� © # ­ �l� # # ª �(��� © # © �9�>� � � � ­ �@��� ¡�=@fl^N�5[���^ofb[@m�V ¡�=@f5ult Y\fbpUm
¡�=Ufb^`�l[��O^`fl[@m��9]_WXBO^`n�B�flp@m � B�Wh^`Whno=;V ¡�] � u5t�Y;j\^`BOKNB�p7L(KNB�{5B�^ofbV5{ fl^NWZf�L`WXT5p@K�Tlp�L`=\B�VXT;n�flVXVhJ&p@flAPBOVXB9KNK
flj\j\^`T5f5no=�L`=@f�Lgn�T5[\Vhm�KMWh�lp\W�dUnOfbp7LNVhJ�KNWhAPj@VXWX��J.Tl[\^Gm;B�{5B�VhTlj\ACBOp5L9��<>=\BSACT5KML�WhAPjkTl^NL`flp7LeTlp\BSWhKeLNT
m\B�d@p\B�j\^`BOm;WZn�fbLNBOK_WXp�L`=\BeR@WXp@m\B�^N¯²n�^NT7KNKNWXp@�GR0J�Y7[@fbp7L`WedUnOf�L`WXT5p�T�{lB�^_flVXVkp@flAPB9K_p\TlL¤Whp�f��5WX{5B�p d@p\WXLNB
KNB�L

L
Tl��p@flAPB9K��;^of�L`=\B�^>L`=@fbp�fbVhV���^`BOKN=�pUfbACBOK�_

∀L,
Γ ` τ1 <: σ1 ∀X, X /∈ L =⇒ Γ, X <: τ1 ` σ2[0← X ] <: τ2[0← X ]

Γ ` (∀ <: σ1. σ2) <: (∀ <: τ1. τ2)

� WXLN=�LN=\WZK�KNWhAPj@VXB�m;B�{0WZn�Bl��WXL�WZK�p@TeVhTlp\�5B�^�p\B9n�B9KNK`fb^`JQL`Tej\^`T�{lB B9Y5[@WX{�fb^`WZfbp@n�B_Tb�0LN=@B���B�VhV ¯3��Tl^`ACBOm;p@BOK`K
flp@m�KN[\R;LcJ0j\Whp\��^NBOVhfbLNWhTlp@KO�g��p�L`[\^Np��sLN=\WZKG^NBOAPT�{5BOKQLN=\BCp\BOBOm.L`T�m\B�d@p\BCfbpUm¥^`BOflKNTlp¥flRUT5[;L&KM�>fbj@K
Tl��p@flACBOKO�*<>=@BGm;T���pUKMWZm;BGTb��L`=\WZK�fbj\j\^`T5f5no=�WZK>^NB9m;[@n�B9m�VhB��5WXR\WhVhW LcJ�_*W L�RkBOn�TlACBOK>BO{lB�p�VXB9KNK�T5R7{0WhTl[@K
��=0J�L`=\WZK�^N[@VXB&n�flj;LN[@^NB9K�LN=\B�n�Tl^`^NB9n�L>p\TbL`WXT5p�Tl�*KN[\R;LcJ0j\Whp\�CRUB�Lc��BOB�p�Y7[@fbp7LNW�d@B9m�LcJ0jkBOKO�
<>=\B�KNBOn�Tlp@m�KNWXACj\VhWedkn�f�L`WXT5p�WZK�LNTPL`^NB9f�L���BOVXVX¯3��Tl^`APB9m�LcJ0j\Whp\�CB�p0{0Wh^NT5p\ACB�p7L`K>flK>[@p\Tl^om;B�^`BOm�KMB�L`K

Tl�(R@WXp@m\WXp\�7K��;^of�L`=\B�^>L`=@fbp�T5^`m;BO^NB9m�VhWZKcLoK��_°@Tl^�Whp@KcLofbp@n�Bl�\Whp@KMLNB9flm�Tb�(^NB9flKNTlp\Whp\�PT�{lB�^>BOp7{0Wh^NT5p\ACB�p7L`K
Tl�\LN=@B¤��T5^NA

Γ1, Γ2

��WXL WhK(B9flKNWXBO^�fbpUm�Tb� L`B�pPKM[�a�n�WXBOp5L(LNTG^`BOflKNTlp�T�{lB�^�B�p0{0WX^`Tlp@APBOp7L`K
Γ
LN=Uf�L_n�T5p5LofbWhp

flVXV@R\WXpUm;WXp@�5K ��^`TlA
Γ1

flp@mCfbVhV\R\Whp@m;Whp\�5K_��^NT5A
Γ2

�_D0WhAPWhVZfb^`VXJ5�l��B�VhV ¯3��Tl^`ACBOm;p\B9KNK*Tl�UL`B�^`A�K¤fbpUm�LcJ0jkBOK
nOfbp�j\^`T	d\LofbR\VhJ¥RkB�m;BTd@p\BOm ��WXLN=$^`BOKNjUB9n�L&L`T¥f.KMB�L�Tb�>p@fbACB9K&RUT5[\p@m Whp�fbp�B�p0{0WX^`Tlp@APBOp7Lg^of�L`=\B�^
L`=@fbp���WXLN=.^`BOKNjUB9n�L>LNT�fbp�BOp7{0Wh^NT5p\ACB�p7LO�
°(Whp@fbVhVXJ5�sLN=\BPm;B�dUp\W L`WXT5p�Tl�_LN=\B D��6*9�	��
�KN[\R@KMLNWXLN[\LNWhTlp@K \�^`B�j\VZfln�B�ACB�p7LGTb��f�RUT5[\p@m¥{�fl^NWZfbR\VhB�R0J

fSL`B�^`A�^>nOfbp�fbVZKMTPRkB�KMWhACj\VXW�d@B9m __Whp@KcL`BOf5m�Tl��L`fl�0WXp\�

vsubst type (Tvar n) x b =







Tvar n,
WX�

n < x
b,

WX�
n = x

Tvar (n− 1),
W �

n > x

WXLeKN[�a�n�BOK�L`TPL`fb�5B

vsubst type (Tvar n) x b =

{

Tvar n,
WX�

n 6= x
b,

WX�
n = x

khkml�nporqrsrt
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KNWhp@n�B&L`=\BSnOflKNB
n > x

WhKep\B�{5B�^�B��;B�^on�WZKMB9m�WXp�L`=\B�^`BOKML�Tl�*LN=\BPm;B�{5B�VhTlj\ACB�p7L9�e<>=\WZKeKNWXACj\VhBSno=@flp\�lB
KNWh�lp\W�dUn�flp7LNVhJ�KNWXACj\VhWedUBOK�L`=\B�j@^NT0Tb� KQTb�*LN=\BSn�TlACAS[;L`fbLNWhTlp.VhB�ACA�flKQRkB�Lc��B�BOpA8	��*,�	��
�fbp@mAD��6*,�	� 

KN[\R@KMLNWXLN[\LNWhTlp@KO�

� � © �����O�;� � #���� ª.­ � ��� © � © ��� �s��� �l� ] fb^NL 1 Tb�;L`=\B�]���]¤��A�fl^N�&no=@flVXVhB�p\�5B \ L`BOKMLNWhp\�gfbp@mSfbp\WhA�f�LM¯
Whp\��LN=\B&m;J0p@flAPWZneKNB�A�flp5L`WhnOKj^¤m;WZm�p\TlL�^`BOn�B�Wh{lBeAS[@no=�fbLMLNBOp7LNWhTlp���^`TlA L`=\BGj@fb^NLNWZn�Whj@fbp7LoK��)gQT���B�{5B�^9�
��B�RkB�VhWXBO{lB�L`=@f�LSW LPWhK��lB�p@B�^ofbVhVXJxWXACjkTl^NL`fbp7L�L`T¥�lBOp\B�^of�L`B�n�T5^N^`BOn�LM¯²R7J7¯�n�T5p@KcL`^N[Un�LNWhTlpxWXACj\VhB�ACBOp5Lof�¯
L`WXT5p@KSTb�Qj\^`Tl�5^`flAPACWhp\��LNT0T5VhK���^NT5A =\WX�5=;¯²VXBO{lB�V�KMjkBOn�Wedkn�f�L`WXT5p@KO�x<>=\B.¡�T0Y j\^`T0Tb�ef5KNKNWhKML`flp7L�L`fl�lBOK
flp¥fbVhACT5KML�KNno=@W�[OTlj\=\^`B�p@Whn&KML`flp@n�BSTlp�LN=@WhK�WhK`KN[\Bl�G��p�L`=\B�T5p\B�=@flp@m���¡�T;Y�j@^NT�{0WZm;BOK�B��\n�B�VhVhB�p7LeB��0¯
B9n�[;L`WXT5p$� fln�WXVhWXLNWhBOK���Tl^Sm\B�d@p\WXLNWhTlpUK���^`W LNLNBOp�WXp���[\p@n�L`WXT5p@fbV>KMLcJ7VhBl� RkTbL`=�{0Whf�W LoK�R@[\WXVXLM¯²Whp�B�{�fbVh[@fbLNTl^\ [@KNWXp\�$flp BTa�n�WXBOp7L�{7Wh^NLN[@flV�A�f5no=\WXp@B�KNWhp@n�B�{lBO^`KNWhTlp w@� � ^Pfbp@m {0Whf WXL`K�n�T0m\B�B��0LN^ofln�L`WXT5p�� f5n�WhVXWXLcJl�
��pxTbL`=\B�^G��T5^N� V ��BO^`u5t0�s§ �G��u5t�Y²����BPm;B�{5B�VhTljkBOm�f���=\TlVhBPTlj;L`WXACW [�Whp\�.¡#n�TlACj\WhVhB�^GR7J.B��0LN^ofln�L`WXT5p
��^`TlA ¡�T;Y���[\pUn�LNWhTlpUfbV�KNjUB9n�W�dUn�fbLNWhTlp@KO�Q��p�L`=\B�TlLN=\BO^Q=@flp@m��s¡�T;Y�KM[\j@jUT5^MLoK�jUT0T5^NVhJ�L`=\B�B��;B9n�[;L`WXT5p
Tl�(KNjUB9n�W�dUn�fbLNWhTlp@K>��^`WXLMLNBOp�WXp�^NBOVhfbLNWhTlp@flV�KcLcJ0VhB \�Whp@m;[@n�LNWh{lBgj\^`BOm;WZn�fbLNBOK�^��0��T5^`n�WXp@�P[UKMBO^`K�LNT�A�flp7[UfbVhVXJ
��^`WXLNB���[\pUn�LNWhTlpUfbV�{ fl^NWZfbp7LoK�Tb��L`=\B�Wh^P^NBOVhfbLNWhTlp@flV¤KMjkBOn�Wedkn�f�L`WXT5p@KPfbp@m L`T�j\^`T�{lBCL`=\B�B9Y7[\WX{�flVXBOp@n�B�Tl�
L`=\BG��[\p@n�LNWhTlp@flV�fbp@m�^NBOVhfbLNWhTlp@flVkKNjkBOn�W�dUnOf�LNWhTlpUK��\f5K���B&m;WZm�Whp�no=Ufbj;L`B�^>�@� <>=\WZK>WhK�flp�flp\p\T�J7fbp@n�BeWhp
�5B�p\BO^`flV ��R@[;L�fbVZKMT.flpxWhp7LNB�^`BOKMLNWhp\����BOfbLN[\^`BCWXp$KNTlACBCn�flKNBOKO�C��p�j@fb^NLNWZn�[\VZfb^9��WXL�B�p@n�Tl[\^ofb�5BOKGf�KMLcJ0VXB
��=@B�^`B�^`B�VZf�LNWhTlpUfbV�KNjkBOn�W�dUnOf�LNWhTlpUKSfl^NB�p@TbLCjUT5VXVh[;LNB9m�R0J�B��;BOn�[;L`flR\WhVXWXLcJ�n�T5p@KcL`^`flWXp7LoK�� fbpUm�n�flp�Bl� �@�
RkB�p@Tlp;¯�m;B�L`B�^`ACWXp\WZKMLNWZn�Tl^�B�{5B�p¥[\pUm;BOn�Whm\flR\VhB`bsB��;BOn�[;L`flR\WhVXWXLcJ�n�Tlp@KMLN^ofbWhp7L`K�n�fbp¥LN=\BOp¥RUBSL`fl�lBOp.WXp7LNT
f5n�n�Tl[\p7L>VhfbLNB�^9�;Whp�LcJ0j\WZn�flV�^NBTd@p\BOAPBOp7LeKcLcJ0VhBl�;��=\BOp�m\B�{lBOVXT5j\Whp\��L`=\Bg��[\p@n�LNWhTlp@flV�KNjUB9n�W�dUn�fbLNWhTlp��
� ��� © �(�.� ­ � � ­ � © � ­ ��®(�S����® � © � ­ � ® � ª �¤© � <>=\BG]���]¤��A�fb^`��no=@fbVhVXBOp\�lBGKM[@�l�lB9KcLoK_L`TSB��0LNB�pUm
KNJ;KcL`B�A

F<:

��W L`=P^`BOn�Tl^om\K*fbp@mP^`BOn�Tl^om&LcJ0jUB9K*��W L`=�m;B�j\LN=�fbp@mS��WZm0LN=�KN[\R;LcJ0j\Whp\��\�j@fl^MLoK �O§�flp@m�|b§
Tl�sLN=\BGno=@fbVhVXBOp\�lB ^�� �xBGn�TlpUKMWZm;B�^`BOmPR\^`WhB��@JSLN=\WZK�B��0LNBOp@KMWhTlpCR\[\L�m;WZm�p\TlL¤j\[\^oKM[@BQW L9� <>=\WhK¤B��0LNBOp@KNWXT5p
WZK�n�TlpUn�B�j\LN[@flVXVhJS^of�L`=\B�^�BOf5KMJPR\[;L�LNB9no=\p\WZn�fbVhVhJPm;W�a�n�[\VXL�__f5K_Whp�L`=\BeTlLN=\BO^�KNTlVh[;LNWhTlpUK LN=Uf�L�f5m\m;^`BOK`KMB9m
jUfb^NL`K��O§ fbp@m�|b§ Tb�(LN=\B�no=UfbVhVXBOp\�lB5�;W L�flj\jkBOfb^oK>p\B9n�BOK`K`fb^`JCLNT�m;BTd@p\BgLcJ0jUB9KQfbpUm�^`BOn�Tl^om�LcJ0jkBOKO�UflK
��B�VhV_flK�L`B�^`ACK&flp@mx^NB9n�Tl^om.L`B�^`A�K���Whp�f�AS[;LN[UfbVhVXJ¥^`BOn�[\^oKMWh{lBSACflp\p\BO^O��D0[@no= A�[\LN[@flVXVhJ¥^`BOn�[@^`KNWX{5B
m\B�d@p\WXLNWhTlpUK�fb^`BPY7[\WXLNB�jUfbWhp;��[\V_L`T�=@fbp@m\VXB�Whp ¡�T0Yk�(fbp@m ^`BOY7[\Wh^NBPB��0LNBOp@KNWX{5BCno=Ufbp\�5BOKGLNT�L`=\B�j\^`T0Tb�
K`n�^`Whj;L`KO�fXQ�5flWXp��0LN=\WZK�WZK�ACTl^`BGfPVhWXACWXL`f�L`WXT5p�Tb�¤¡�T0Y�LN=@flp�fS��[\pUm\fbACB�p7LofbV�m;W�a�n�[\VXLcJl�
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� M�
 � MOF � D � � � �

V Xe§>°
+
u5~�Y�§�^`WZfbp �Q��X*J;m;B�ACWh^O� Xefb^`Tlpq§�T5=@fbp\p@Tlp���F�f�LML`=\B�� °UfbWh^NRUfbWh^Np���yU� �ef�L`=@fbp °\T5KMLNBO^O�
§�BOp�aMfbACWhp ¡��g]_WhB�^on�Bl�P]*B�L`B�^$D0B���B�VhV ����WXACWXLN^`WXT7K � J7LNWhp\WhTbL`WhKO��dGB�T	cs^`B�J � f5KM=0R\[@^Np��
D7LNBOj\=@fbp@WXB � B�Wh^NWZno=��bfbpUmPD7L`B�{5B 0�m\fbp@n�B���WZnb�;F.B9no=@fbp\W [�B9m�ACB�L`f�L`=\B�T5^NJG��T5^*LN=\B>A�flK`KMB9KT_
<>=\B�]���]¤��A�fb^`��no=@flVXVhB�p@�lBl����p � 
p���T*r
 ��������
���� � ��
 N �T*,�T
 ������
 =  "���	*,��� #O*,�@�Z�

 . �



 �e.  "�T* $O*B�0��* ' �j.	������� = # 
 $(')��� �7{lT5VX[@APB 1 tlu 1 Tb� 'h��������*,� 	 �	� ��� �

 � ��� � ������* 9 �T�:���
��j� �;j@fl�lBOKQ~lu��;t5~;�;D0j\^`Whp\�lBO^M¯ � B�^`Vhfl�@�;|bu5u5~;�
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