
 

FINITE SEMIGROUPS AND
RECOGNIZABLE LANGUAGES: AN INTRODUCTION

Jean-Eric Pin
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O�PRQ>S�T*U�VWS�T*X
Y[Z]\_^(`�a*`cb9d<\_^ea&fga&h3h�b9ij`kh<h�lm^�Zna&d3b�oK\ph�Zqasr_a&d3t.b9dua&v�wx\?b9f�y�bj^zl	ijb�ijl{wxb|d�fqwxb|}.b9rpl.`]~
i1b|f�h4^(\?f�h�Z]bWh3Zkb9l	d3�ml&����fk\?h3b1a&vkh3l	iRa&h!ax���Bh�\_^�o�d�\ph�h3b9f���l	d�h3Zkb�iRa&h3Zkb9i�a&h�\_y�\�a*f�o�Zkl
Zna	^�am��a.y4��t	d3l	vkfnwq\?f�^zb9ij\?t	d�l	v]`�h3Zkb9l	d3���kv]h��xfkl�o�^ufkb|��h�h3l�fkl	h�Z]\?fkt�l	f�a*v]h�l	i�a*h!a
a&fnw1r_a&f]t.v�a&t.b�^9���0l�`kd3l�l&��^�a&d3b0t.\p}.b|f��,�kv]h�h3Zkb0i�a*\pfRd3b�^zvkrph4^�a&d3b0\?r?r?v�^zh�d!a&h�b�w1���j^zb9}	b9d!a&r
b9�{a&i1`]r?b�^�a&fnwmy�l	vkf�h3b9d3b9�{a&i1`]r?b�^��
��Zna&he\_^<h3Zkbjh3l	`k\_y�l&�Jh3Zk\_^<h3Zkb|l.d3������h�w{b�a&r_^<oK\?h3Zgr_a&fkt	v�a*t	b�^��Ma&v]h�l	iRa&h!a a&fnwq^zb9ij\?~
t	d�l	v]`n^��0a&r?h3Zkl	vkt	Z�d�b�y�b9f�h¡w{b9}	b9r?l	`kijb9f�h!^RZna�}.b�^zZkl*oKf¢\pf�h�b9d3b�^zh3\?fkt�y�l	f]fkb�y�h3\?l	fn^Ro�\?h�Z
i1l{w{b9r<h3Zkb9l	d3�¢\?f£r?l	t	\_y&�<^z��iW��l	r?\�y�wx��fna&ij\_y9^ a&fnw¤h�l	`cl.rpl.t	�	�¦¥�\_^�h�l	d3\_y9a&r?r?�	�(\?f§h�Z]b9\?d
a&h�h3b9i1`]h(h�lR�Cl	d�i�a&r?\?¨9bWfna&h3vkd!a&rDr_a&f]t.v�a&t.b�^9�cr?\?f]t	vk\_^zh!^(^�vny4Z�a.^u©�Z]l	iR^z���mt,a|}	b�a�iRa&h�Z]~
b9i�a*h3\_y9a&r�wxb��nfk\ph�\?l	f�l*��fna&h�v]d!a*r<y�l	fny�b9`]h4^s^zv�y4Z¤a	^Ro�l	d4w]^��Kr_a&f]t.v�a&t.b�^�l.dst	d!a&i1i�a&d4^9ª
t	\?}	b9fgaR��fk\?h3bj^zb|he«��>aso�l.d!w¬l	fg«­\�^<^z\?ij`kr?��a&f�b9rpb9i1b9fxh�l&�[h�Z]b��Cd�b|b�ijl.f]l	\_w�l	fq«��
a&fnw�a r_a&f]t.v�a&t.b�\_^�a®^zb9h�l&��o�l	d!wk^��®¯�v]hW^z\?f�y�bs^3y�\?b9f�h3\_^zh4^�a&d3b1�Cl	fnwgl&��y�r_a	^3^z\
�°y9a&h�\?l	f�^
l&��a&r?r�^�l.d3h!^��cr_a&fkt	vna&t	b�h3Zkb9l	d3�®wx\�wxf�±²h�b�^4y9a*`cb�h3lsh�Z]\_^0i�a*f]\_a{�u©�Z]l.i�^z��� b�^zh4a&�krp\_^zZkb�w¬a
�nd!^zh0Zk\?b9d!a&d!y4Z��	�]��a	^zb�w³l	fmZ]\_^[�Cl.d3i�a&r´t	d4a&iji�a*d!^��J��f®h�Zk\�^K`na&`cb9d|�]o�b�a&d3bu\?f�h3b9d3b�^zh3b�w³\?f
h�Z]b�µ!¶�·!¸4¹	º]»_¼9½�¾9¿_¶ur_a&f]t.v�a&t.b�^��no�Zk\_y4Zm��l	d3iÀh3Zkb�rpl�o�b9d�r?b9}	b9r>l&��h�Z]bj©�Z]l.i�^z���³Z]\?b9d!a&d4y4Z����
Á d3b�y�l	t	fk\?¨�a&�]r?bRr_a&fkt	vna&t	b�y|a*fq�cbswxb�^4y�d3\?��b�w�\?fqh�b9d3i�^el*�J�nfk\ph�bsa&vkh3l.i�a&h4a oKZk\pr?b	�´��l	d
h�Z]bjZk\?t	Z]b9derpb9}.b|r_^��>i1l	d3bj`cl�o�b9dz�Cvkr�i�a	y4Zk\?f]b�^��>d!a*f]t	\?fkt³��d3l	iÂ`kvn^zZ�wxl*oKf�a&v]h�l	i�a*h!a¡h3l
Y´v]d�\pfkt¡i�a	y4Zk\?f]b�^��´a&d3bWd3b�Ã�v]\?d3b�w°��Äkl	d�h3Zk\_^(d3b�a	^zl	f��G`kd3l	�]r?b9iR^(l	f��nf]\?h3b1a&vkh3l	iRa&h!a¡a&d3b
l&��h3b9fmvkf�wxb9d3~�b�^zh3\?i�a*h3b�wG��a	y9y�l	d!wx\?f]tjh3ljh3Zkbu}.a&t.v]b<Å �]vkh0h�l	h4a&r?rp�¡b9d�d3l	fkb|l.v�^[Å �Cb9b9r?\pfkt
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h�Z�a*h��3\Ï��a1`]d�l	�]r?b9iÀZ�a.^��cb9b9f®d3b�w{vny�b�wmh�lsa�Ã�vkb�^zh�\?l	f¬a&�cl	vkhK��fk\?h3b�a&v]h�l	i�a*h!a{�nh�Z]b9f®\?h
^zZkl	v]r_w¡�cbeb�a	^z�sh�l�^zl	r?}	b	�{�

�r?b9b9f]b	± ^�h�Z]b9l.d3b9i � �
��� \_^�vn^zv�a*rpr?� y�l	f�^z\_wxb|d�b�w�a	^�h�Z]bs�Cl	vkfnw]a&h�\?l	f l&��h�Z]b³h3Zkb9l	d3�	� ��h
^zZkl*o0^Mh3Zna&h�h3Zkb�y�r_a	^3^Ml&�°d�b�y�l.t	f]\?¨�a&�kr?bJr�a*f]t	vna&t	b�^���\��²b	�Dd3b�y�l.t	f]\?¨9b�w����e��fk\?h3b�a&vkh3l.i�a&h4a��!�
y�l	\?fny�\�wxb�^[oK\?h3Z³h�Z]buy�r_a	^3^�l&�[µ3½
�C»C¸.º�½	¿´r_a&fkt	v�a*t	b�^��{o�Zk\_y4Zma&d3b�t	\?}	b9f³����d!a&h�\?l	f�a*rGb9��`]d3b�^z~
^z\?l	fn^����0a*h3\?l	fna&r�b9��`]d�b�^3^z\?l	fn^<y9a&f��cb�h3Zkl	vkt	Z�h�l&�Ja	^<ast.b|fkb9d!a&r?\?¨�a&h�\pl.f�l*�[`�l	r?�xfkl	i1\�a*r�^
\?f�}	l	r?}�\?f]tjh3Zkd3b9bul	`�b|d4a&h3\?l	fn^�ª�vkfk\pl.f���oKZ]\_y4Zm`]r_a|�{^Kh3Zkbud3l	r?bul&��a	wkw{\?h�\pl.f��4�n`kd3l{wxv�y�h�a&fnw
^zh4a&del	`�b9d!a&h�\pl.f´� Á f�\?ij`�l	d3h4a&f�h�y�l.d3l	r?r_a&d3��l&��
�r?b9b9f]b	± ^�h3Zkb9l	d3b9i \_^�h3Zna&h<d!a&h�\pl.f�a&r�r�a*f]~
t	vna&t	b�^�a&d�b�y�r?l,^zb�w¡v]fnwxb|d0y�l	ij`kr?b|i1b9f�h|���Bf h�Z]b�^z\?��h3\?b�^���^zb9}	b9d!a*rDy�r_a	^3^z\
�°y9a*h3\?l	f®^3y4Z]b9i1b�^
��l	d�h�Z]bed!a&h�\?l	f�a*r´r_a&fkt	vna&t	b�^Jo�b9d3be`]d�l	`cl,^zb�w°�]�na	^zb�w³l	f h�Z]bef�v]i��cb9d�l*��fkb�^zh�b�w³vn^zbul*��a
`na&d3h�\_y�vkr_a&d�l	`�b9d!a&h3l.d��-^zh4a&d�l	d�`]d3l{wxv�y�h9�	�Cl	d�\?fn^zh!a&fny�b��!��YJZk\_^�r?b�w1h3l�h�Zkb�fna&h�v]d!a*rnf]l	h�\?l	f�^
l&��^�h4a&dKZkb|\?t	Z�h9�kb9��h3b9fnw{b�w³^�h4a&dKZkb|\?t	Z�h9�nwxl	h3~�w{b9`kh3Z®a*f�w y�l.f�y9a&h�b9f�a&h�\?l	f r?b9}	b9r���¥�l*o�b9}	b9d|�
h�Z]bu��d4^�h�f�a&h�v]d4a&r�Ã�vkb�^�h�\?l	f�^(a&h�h!a	y3Z]b�w®h�lsh3Zkb�^�b�f]l.h3\?l	fn^�Å �"wxlsh3Zkb9��wxb���fkb1^zh�d3\_y�h(Z]\?~
b9d!a&d4y4Z]\?b�^����{���3t	\?}	b9f�a¡d!a&h�\?l	f�a*r�r_a&fkt	vna&t	b	�´\_^<h�Z]b9d3bRa&f�a*rpt.l	d3\?h3Zki ��l	d�y�l	ij`kv]h�\?f]t \?h!^
^zh4a&d�Zkb9\?t	Z�h|�>b9�xh�b9f�wxb�wq^zh!a&duZkb9\pt.Zxh��{�>b|h4y&���§Å a&`k`cb�a&d�b�w�h�lm�cbRb9��h�d3b9ijb9r?�gwx\��sy�v]r?h|�
Á y�h�vna&r?rp�	�k^zb9}	b9d!a&rcl&�Dh�Z]b9im�xr?\?�	b(h3Zkb�Zk\?b|d4a&d!y4Z��j`]d3l.�]r?b9i �Cl	d[h�Z]b(b9��h3b9fnw{b�w¡^zh4a&d[Z]b9\?t	Z�h|�
a&d�b�^�h�\?r?r�l	`cb9f´�
Á �kd3b�a&��~�h�Z]d�l	v]t.ZRoJa	^�d3b�a&r?\?¨9b�w1��� �xy4Z"!vkh3¨9b9f]��b|d�t	b9d�\?fRh3Zkb�ij\_wR^z\?��h3\?b�^#�%$ ��� �&��y4Z'!v]h�¨9b9f]~
�cb9d�t	b9d0b�^�h4a&�kr?\�^zZkb�w h�Z]bub�Ã�v]\?}&a&r?b9f�y�bu�cb9h�o�b9b9f �nf]\?h�bWa*v]h�l	i�a&h4aRa&fnw¡�nfk\ph�b�^zb|i1\?t	d3l	vk`�^
a&fnwg^zZkl*o�b�w¬h3Zna&h�a��nfk\ph�b1ijl	fkl	\_wG�>y|a*rpr?b�w¬h3Zkb)(+*&º,�B½�·-�C»C· .1¸.ºc¸.»0/G�´\_^ey9a&f]l.f]\_y9a&r?r?��a*h3~
h4a	y4Zkb�wmh3l�b�a	y3Z�d3b�y�l	t	fk\?¨�a*�]r?b�r�a*f]t	vna&t.b��0YJZkb9f�Zkb�iRa	w{bWajfkl	f�h�d3\p}�\_a&r>v�^zb�l&��h�Z]\_^�\?f]~
}&a&d3\_a&f�h�h�luy4Zna&d!a.y�h�b9d3\?¨9bJh3ZkbJr_a&fkt	vna&t	b�^Ml*�°b9��h�b9f�wxb�w�^�h4a&d�Z]b9\?t	Z�h21{��a&r_^zluy9a*rpr?b�w�(+�B½.µ4365�µ!¶!¶
r_a&fkt	vna&t	b�^����xy3Z'!vkh3¨9b9fk�cb9d3t	b9d|± ^�h�Z]b9l	d3b9i ^zh!a*h3b�^�h�Z�a&h�a(r_a&f]t.v�a&t.bK\_^�^zh!a&d�~��Cd3b9bK\
��a&fnwWl	fkrp�
\
��\?h!^K^z�xf�h4a	y�h3\_y(ijl	fkl	\_w¡\_^�a&`�b9d3\?lkwx\_y&��Y[o�l1l	h�Z]b9d7�"^z��f�h!a	y�h�\_y��1y4Zna&d!a.y�h�b9d3\?¨�a&h3\?l	fn^Jo�b9d3b
l	�kh4a&\?f]b�w�\pfjh�Z]b�b�a&d�rp�1^zb9}	b9f�h�\pb�^�ª8�,\?ijl.f9�%$�: � `kd3l�}	b�w�h3Zna&h�a�r_a&f]t.v�a&t.b�\�^�l*�>y�l	fny9a&h3b9fna&~
h�\?l	f®r?b|}.b|r8;�\
��a&fnw l	fkrp�¡\Ï��\?h4^�^z��f�h!a	y�h�\�y<ijl	fkl	\_w \_^=<R~�h3d�\p}�\_a&rDa&f�w®¯�d3¨9l	¨9l*o0^z��\?~>�,\?ijl.f
�%? � a*f�w \?fnw{b9`cb9fnw{b9f�h�rp�	�A@¬y9��a&v]t.Z�h3l	fB� � ? � y4Z�a*d!a	y�h3b9d�\p¨9b�w®a&f®\?ij`�l	d3h4a&f�h(^�vk�x��a&i1\pr?�¡l&�
h�Z]bsr_a&fkt	vna&t	b�^�l&��wxl	h3~�w{b9`kh3Z l	f]b	��h�Zkb¡r?l{y9a&r?r?�gh3b�^zh!a&�kr?bsr�a*f]t	vna&t	b�^���Y[Z]b�^zb³^zv�y9y�b�^3^zb�^
^zb9h3h�r?b�wRh3Zkb(`�l*o�b9d�l&�>h�Z]b�^zb9ij\?t	d3l	vk`³a&`k`kd3l,a	y4Z����]vkh�\?h�oJa	^&��\?r?b9f��cb9d3t�o�Zkl�w{\_^3y�l�}	b9d3b�w
h�Z]b�a*`]`kd3l	`kd3\_a&h3b���d!a&i1b9o�l	d3�sh3lW�Cl.d3iWvkr_a&h�beh3Zk\�^Jh���`cbel*��d3b�^zvkr?h!^C�D;�: � �
�Kb�y9a&r?rkh�Z�a*h�a(}.a&d3\?b9h���l*����fk\?h3bJijl	fkl	\_w]^M\_^�a<y�r�a.^3^�l&�°i1l	f]l.\�wk^�y�r?l,^zb�wWvkf�wxb9d�h3ZkbKh4a&��\pfkt
l&��^zv]�kijl	fkl	\_wk^��	Ã�vkl	h3\?b9f�h!^Da&fnw���fk\ph�b[w{\?d3b�y�h>`]d3l{wxv�y�h9�"��\pr?b9f��cb9d3tk± ^´h�Z]b9l	d3b9i ^zh!a&h�b�^>h�Zna&h
}&a&d3\?b9h3\?b�^el&�J�nfk\ph�bRijl	fkl	\_w]^�a&d�b�\?fql	fkb�h�l®l	fkbsy�l	d3d3b�^z`cl	fnw{b9fny�bRo�\?h�Z y�b9d3h!a*\pf y�r_a	^3^zb�^
l&�0d3b�y�l.t	f]\?¨�a&�kr?b¡r_a&fkt	vna&t	b�^���h3Zkb¡}&a&d3\?b9h3\?b�^�l*��r�a*f]t	vna&t	b�^��gÄkl	dW\?fn^�h4a&fny�b���h�Z]bsd!a&h�\pl.f�a&r
r_a&fkt	vna&t	b�^<y�l	d3d3b�^z`cl.f�w�h3l¡h3Zkb�}&a&d3\?b9h-�®l*�Ka*rprD�nf]\?h�b�ijl	fkl	\_wk^9�Gh�Z]bj^zh4a&d3~���d3b9b�r�a*f]t.v�a&t.b�^
y�l	d3d�b�^�`�l	f�w h�l�h�Z]b¡}.a&d�\pb9h���l&�<a&`�b9d3\?lkwx\_ysijl.f]l	\_wk^���a&f�w h�Z]b¡`]\?b�y�b9o�\_^zb³h�b�^zh4a&�krpb¡r�a*f]~
t	vna&t	b�^�y�l	d3d3b�^z`cl	fnw�h�l¡h3Zkb�}&a&d3\?b9h��®l*�E<R~�h3d3\?}�\_a&rMijl	fkl	\_w]^�����v]i1b9d3l	v�^�^z\?ij\?r_a&d�d3b�^zv]r?h!^
Zna�}.b³��b|b9f b�^�h4a&�kr?\�^zZkb�w�wxv]d3\?fkt�h3Zkb¡`�a	^zh��]��h3b9b9f��.b�a*d!^1a*f�w�h3Zkb¡h3Zkb|l.d3�ql&�0�nf]\?h�bma*v]~
h�l	i�a*h!a¡\_^<f]l�o­\?f�h3\?i�a*h3b9r?�¬d3b9r_a&h�b�w�h3l h3Zkbjh�Z]b9l	d��¬l&���nf]\?h�b�^zb9ij\?t	d3l	vk`�^��RY[Z]\_^<Zna	wga
y�l	fn^z\_w{b9d!a&�kr?b�\?fGF�vkb9f�y�b�l	f®�cl	h�Z�h3Zkb9l	d3\?b�^�ª��Cl	d�\?fn^zh!a&fny�b�a*r?t	b9�]d!a*\�y�wxb��nfk\ph�\?l	fn^(^zvny4Z�a	^
h�Z]b[t	d4a&`]ZWl&�Ga(^�b9i1\pt.d3l	vk`�l	dMh3ZkbH��y4Z'!v]h�¨9b9fx��b9d3t	b9d�`kd3l{w{vny�h�o�b9d3b[ijl.h3\?}.a*h3b�w�����y�l	fn^z\_w{~
b9d!a&h�\?l	fn^Jl&��r�a*f]t	vna&t	beh�Z]b9l.d3�	��Y[Zkb�^4a*ijbeh�Z]\?fkt�y9a&f �cb�^3a&\_w��Cl	dKh3Zkb�^z�{^zh3b9i�a&h�\_ye^zh3vnw{�
l&�>`�l*o�b9dJ^�b9i1\pt.d3l	vk`�^�����fsh3Zkb(l	h�Z]b9dJw{\?d3b�y�h�\pl.f´���,h�d!a&vk�]\?fkt]± ^�oKd3b�a&h�Zs`]d3l{wxv�y�h�`kd3\?f�y�\?`krpb
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Zna	^�`cb9d3i1\ph�h3b�w�h3l¬l	�]h4a&\?f \pi1`cl	d3h4a&f�hWf]b9o d3b�^zv]r?h!^�l.f�d3b�y�l	t.f]\?¨�a&�krpb¡r_a&fkt	vna&t	b�^���Y[Z]b
l	`�b9f Ã�v]b�^zh3\?l	fsl&�Dh3Zkbewxb�y�\�wka&�k\?rp\?h��Rl*�Dh3Zkbewxl	h�~Bw{b9`kh3Z¡\_^[a�t.lxl{w�b9�{a&i1`]r?b(l&��a�`]d3l.�]r?b9i
h�Z�a*h�\?f�h3b9d3b�^zh4^J�cl	h�Zmh�Z]b9l.d3\?b�^H��a&fnwma*r�^zlW�Cl	d�i�a&r�r?l	t	\_y��D�!�
Y[Z]b0`na&`cb9d�\�^�l	d3t�a&f]\?¨9b�w�a	^��Cl	r?r?l*o0^��&��b�y�h�\?l	fn^ � a&fnw � `]d3b�^zb9f�h�h3Zkb0f]b�y�b�^3^4a*d3�1iRa&h3b9d3\_a&r
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�C� d3b�y�l	t	fk\p¨�a*�]r?bWr_a&fkt	vna&t	b�^�\_^�h�lR��fnw¬aRf]l	h�\?l	f�a&fna&r?l	t	l	vn^�oK\?h3Z¬h�Z]b
wxb9t	d3b9b<l&��aW`cl.rp��fkl	ij\_a&rc��l	dKh�Z]b�^zb<b9��h3b9fnw{b�wsd!a&h�\?l	f�a*r�b9��`kd3b�^3^z\pl.f�^�����hK\_^KaWd�b|iRa&d3�&a&�krpb
��a	y�h�h�Zna&h�a*rpr�h�Z]b�Zk\?b9d!a&d!y4Zk\?b�^u��a	^zb�wgl	f�h3Zkb�^zb �4b9��h3b9fnw{b�w�w{b9t	d�b|b�^ �®^�vkt	t	b�^zh�b�w�^zlm��a&d
r?b�a	w¡h3lR^zl	ijbeb9��h3d�b|i1b9r?�³w{\D�¡y�vkr?h�`kd3l	�kr?b|iR^��kijl,^zhKl&��o�Zk\_y4Z�a*d3b�^zh3\?r?r�l	`cb9f��
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Y[Z]b��nd!^zh<`kd3l	`�l,^3a&r�y�l.f�y�b9d3fkb�w¬h�Z]bj^zh!a*d<l	`cb9d!a*h3\?l	f��WYJZkb (+�B½.µX'n¶"»Ï¹N'���l&�Ja&f�b|��h�b9f�wxb�w
d!a*h3\?l	fna&r�b9��`]d3b�^3^z\?l	f \_^�w{b��nf]b�w¡\?f�wxv�y�h�\p}.b9rp�³a.^��Cl	r?r?l*o0^�ª
��;��sYJZkb�^zh!a&dKZ]b9\?t	Z�hKl&��h3Zkbe��a.^�\_y�r_a&fkt	vna&t	b�^J\_^�1{��Ä]l.d3i�a&r?r?�

��� � 1��2O 1 ��� ��;��2O 1 a&fnw ��� � - �2O 1���l	dKb|}.b|d��srpb9h�h3b9d�-

� � � �0f]\?l.f´��`]d�lkwxvny�hua*f�w�y�l	i1`]r?b9ijb9f�huw{l³fkl	hua � b�y�hu^zh!a&d<Z]b9\?t	Z�h9�1�C� " a*f�w�� a&d3b
h�o�ljb9��h�b9f�wxb�w³d!a*h3\?l	fna&r�b9��`]d�b�^3^z\?l	fn^��]h�Zkb|f

��� � " g�� �JO ��� � " � �2O i�a*� h ��� � " �=3 ��� ��� �:o ��� � " � �2O ��� � " �
� � � �,h4a&d�\?fny�d�b�a	^zb�^�^zh4a&d�Zkb9\?t	Z�h|��Äkl	d�b�a	y3Zmb9��h�b|fnwxb�w³d!a*h3\?l	fna&r�b9��`]d3b�^3^z\?l	f " �

��� � " � �2O ��� � " � g ;

Y[Z�v�^Kh3Zkb�^�h4a&d0Zkb|\?t	Z�h�y�l.v]f�h4^�h�Z]buf�v]i��cb9d0l&��fkb�^zh3b�w vn^zb�^�l&��h3ZkbW^zh4a&d0l	`cb9d!a*h3\?l	f��KÄkl	d
\?fn^�h4a&fny�b � � - � g / � - � � � g �
/ � -(/ � � � � � �
/ � - � gY/+� �

\_^>a&f�b9��h3b9fnw{b�w<d!a&h3\?l	fna&r�b9��`]d3b�^3^z\?l	f�l&�n^�h4a&d>Zkb|\?t	Z�h � ����l*oe�*h�Z]be¶
���-¶"ºA/x¶ /=(+��½	µ2'n¶"»Ï¹N'�� �����
l&�[a�d�b�y�l	t.f]\?¨�a&�kr?bWr�a*f]t	vna&t	b f�\_^�h3ZkbWij\?fk\pi�vki l&��h3Zkb1^zh!a*d�Z]b9\?t	Z�h4^�l&��h�ZkbWb|��h�b9f�wxb�w
d!a*h3\?l	fna&r�b9��`]d3b�^3^z\?l	fn^Jd3b9`]d3b�^zb9f�h3\?fkt f

" ����� f �2O ij\?f h ��� � " ��I " \_^�a&f b9��h3b9fnw{b�w¡d!a&h�\?l	f�a*r�b|��`kd3b�^3^z\pl.f³��l	d�f o

Y[Z]buwx\��sy�v]r?h��s\?fmy�l.ij`kv]h�\pfkt1h3Zkb<b|��h�b9f�wxb�w ^zh!a*d�Zkb9\?t	Z�hK\_^Jh�Z�a*h0aWt	\?}	b9f r_a&fkt	vna&t	buy|a*f
�cb<d3b9`]d3b�^zb9f�h3b�w¡\?fmiRa&f��³wx\ � b|d�b9fxhKoJa|�k^J���³a*fmb9��h�b9f�wxb�w³d!a*h3\?l	fna&r�b9��`]d�b�^3^z\?l	fH�
Y[Z]b³r_a&fkt	v�a*t	b�^�l*��b9��h3b9f�wxb�w ^zh4a&d1Z]b9\?t	Z�h�1 ��l	d (+�B½.µ4365�µ!¶!¶¡¿?½.º,¹eWk½|¹{¶�(
��a*d3b®y4Zna&d!a.y�h3b9d3~
\?¨9b�wq����am�cb�a&vkh�\Ï��v]r�h3Zkb9l	d3b9i l&� ��y4Z'!v]h�¨9b|fk�cb9d3t.b|d�h�Z�a&h�o�\?r?r��cb�`]d�b�^zb9f�h�b�wg\pf ^�b�y�h�\pl.f
�{� ;	�&�xy4Z"!vkh3¨9b9f]��b9d3t	b9d|± ^�h3Zkb9l	d3b9i \?ij`kr?\pb�^�h�Z]b�b9��\_^�h�b9f�y�b�l&�Dr�a*f]t.v�a&t.b�^�l&�Db9��h3b9fnw{b�w¡^�h4a&d
Zkb9\pt.Z�h ;.��^zvny4Z a	^ �7-�-,� � l	f�h�Z]b¡a*rp`kZna&�cb9h hj-so	�M�]vkh9��a.^�^zv]d3`kd3\_^z\pfkt¬a	^u\?h�iRa��g^�b9b9im�
fkl	�cl{wx��Z�a.^[�cb9b9fma&�]r?bu^zlW��a&dKh�l1`kd3l�}	b<h�Z]b<b9��\_^zh3b9fny�b<l*��a�r_a&f]t.v�a&t.b<l&�Mb|��h�b9f�wxb�w³^�h4a&d
Zkb9\pt.Z�h�t	d3b�a&h�b|d�h�Z�a&f ;	�{a&r?h�Z]l	vkt	Z�h�Z]b0t	b9f]b9d4a&r]�Cb9b9r?\?f]t�\_^�h�Z�a*h[^�vny4Z�r_a&fkt	vna&t	b�^�wxl�b|��\_^zh|�
��f1h3ZkbKl	`k`cl,^z\?h�b0w{\?d3b�y�h3\?l	f��	l	v]d���f]l�oKrpb�wxt	bKl&�°h�Z]bKr_a&fkt	vna&t	b�^�`kd3l*}.b|f1h�le�cbJl&�°b|��h�b9f�wxb�w
^zh4a&d�Zkb9\pt.Zxh 7 ;e\_^Jd!a*h3Zkb|dK`cl�l	d �-^zb9b � � �{��$ ;	��$ ��� ��l	d�d�b�y�b9f�h0a	wx}.a&fny�b�^Jl	f h3Zk\�^Jh�l	`k\_y �4�
Y[Z]b (+�B½.µm'n¶"»
¹N'��Rl&�Wa�d�b�y�l.t	f]\?¨�a&�kr?b¬r_a&f]t.v�a*t	b¬\_^�l	�kh!a*\pfkb�w ���¢y�l	fn^�\_wxb9d3\?f]t d!a&h�\pl.f�a&r
b9��`kd3b�^4^z\?l	fn^J\?f�^zh�b�a.w³l*��b9��h�b|fnwxb�w¡d!a*h3\?l	fna&r�b9��`]d3b�^3^z\?l	fn^C��;�$ � �

��� � f �2O ij\?f h�^zh!a*d�Z]b9\?t	Z�h+� " ��I " \_^�a�d!a*h3\?l	fna&r�b9��`]d3b�^3^z\?l	f¡�Cl	d�f o

Y[Z�a*hj\�^���l	fkb�^z\?ij`krp� d3b9ijl�}	b�^Ry�l	ij`kr?b9ijb9f�h��Cd3l	i h�Z]bmr?\_^zhjl&�<h3Zkbm�na	^z\_y³l	`cb9d!a*h3\?l	fn^9�
Y[Z]\_^<h�\?ijb	�>h�Z]b�y�l	d3d�b�^z`�l	f�wx\?f]t Z]\?b9d!a&d4y4Z��¬oJa	^<`]d�l*}	b�w�h�lm�cbj\?fx��fk\?h3bj���k��b 9-b�a&f�a&fnw
��y4Z'!v]h�¨9b|fk�cb9d3t.b|d ��;R� � �

����� �9�?��#��!�9�
�$
����	��
���
���������������)z�����.
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 	 � A 2
��h�\_^�b�a	^z��h�lu^�b9bJh3Zna&h�h3ZkbKr_a&fkt	vna&t	b�^�l*��^�h4a&d�Z]b9\?t	Z�h81<a&d3bJh3Zkb[�nf]\?h3bJr_a&f]t.v�a&t.b�^9�	�kv]h�h�Z]b
b � b�y�h�\p}.bsy4Zna&d!a.y�h�b9d3\?¨�a&h3\?l	fgl&�Kh�Z]bjl	h3Zkb9durpb9}.b|r_^<oJa	^er?b���hul	`cb9f���l	d�^zb9}	b9d!a&r��	b�a&d!^<v]f�h�\pr
¥�a	^zZ]\?t	vny4Zk\n�nd!^zhJ^�b9h�h3r?b�wRh�Z]b�`]d3l.�]r?b9i �Cl	dJ^zh!a*d[Zkb9\?t	Z�hH;7��;C� � a&fnwsa<�Cb9o��.b�a*d!^�r_a&h�b9d���l	d
h�Z]bet.b|fkb9d!a&r>y9a	^zb �D;	? � �

��� U�S�T�U × �°P �°P � 	 � ��� ��� �	� �	�&
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����
��	2
¥�a	^zZ]\?t	vny4Zk\�± ^��nd!^zhJ`na&`cb9dJ\_^�fkl*o¤o�b9r?r°v]fnw{b9d!^zh�l�lkw°�ka&r?h3Zkl	v]t.Z³\?h[\_^K^zh�\?rpr�a�}	b9d3�sw{\D�sy�vkr?h
d3b�^zvkrph9�´�]vkhe}	l	r?vkf�h3b9b9d!^ua*d3b�y9a&r?r?b�w�h�l�^z\?ij`kr?\Ï���¬h�Zkbj}	b9d3��rpl.f]t \?f�wxvny�h�\?l	fg`kd3l�l&�Jl&�Jh�Z]b
^zb�y�l	fnw³`na&`cb9d|�
Y[Z]b�^zb�y�l.f�w¢`kd3l	`�l,^3a&r�h�l y�l	fn^zh3d�v�y�h¡Zk\pb9d!a*d!y4Zk\pb�^�oJa	^sh�l�\?t	fkl	d3b¬h3Zkbg^zh4a&d³l.`cb9d!a&h�\pl.f
��o�Zk\_y4Z³a&ijl	vkf�h!^�h�lWo�l	d���\pfktWoK\?h3Z³^zh!a&d�~��Cd3b9b(r_a&fkt	vna&t	b�^ ��a&f�wRh�l1y�l	fn^�\_wxb9d[h3Zkb<y�l	fny9a&h3b9~
fna&h�\pl.f�`kd3l{wxv�y�h>l	d|�*i1l	d3b�`kd3b�y�\_^�b9r?�	�.a�}&a&d3\_a&h�\?l	f�l&�]\?h|�.y9a&r?r?b�weh3Zkb=.j½.µ��,¶ /u·!¸.º�·!½
�z¶"º�½
��»�¸	º
&nµ�¸	/<Wk·-��� � \?}	b9f®r_a&fkt	vna&t	b�^�f �.� f�8��!+,+,+|�af�>sa&f�w³r?b9h3h�b|d4^�-(8�� -�;.�!+,+,+|�a-(>]�nh�Z]bu`kd3l{w{vny�h
l&�2f �.� +,+,+:f*>jiRa&d3�	b�w¡���t-(8�� +,+,+:-(>j\_^Jh3Zkber_a&f]t.v�a&t.b f �,- 8pf�8M-�; E,E,E -(>�f�>]� Á ^J`kd3l{w{vny�h
\_^1l&�Ch�b9f�wxb|fkl	h�b�w ��� aqwxl	h9�K¯�d3¨9l	¨9l�o�^z��\�w{b��nf]b�w h�Z]b �"wxl	h�~Bw{b9`kh3Z���l&�er_a&fkt	vna&t	b�^1l&�
h�Z]bW�Cd3b9b�^zb9ij\?t	d3l.v]` �%$ � � �>a*h3b9del	f´�DYJZ��b9d3\?b9f �B\?ij`kr?\�y�\?h�rp���(a&fnw �,h�d!a&vk�k\pfkt ��b9��`]r?\_y�\?h3r?���
\?f�h3d�l{w{vny�b�w¡a�^z\pi1\pr_a&dJfkl	h�\pl.f9��l&�Ch�b9fmy9a&r?r?b�w�h3ZkbR·4¸	º�·!½
�-¶"ºc½
�C»C¸.º�¿_¶ �	¶"¿>\?f¡h3Zkb<r?\?h3b9d!a*h3vkd3b��
��l	d0h3Zkb�r_a&fkt	vna&t	b�^�l*��h3Zkbe��d3b9b�ijl.f]l	\_w°�KYJZkb�r_a&fkt	vna&t	b�^�l*��w{l	h�~Bwxb9`]h�Z91Ra&d3b�h�Zkbe�nf]\?h3b
l	d0y�l*��fk\?h3b<r_a&f]t.v�a&t.b�^9�{oKZ]\?r?beh�Zkber_a&fkt	vna&t	b�^[l&��y�l	fny9a&h�b|fna&h�\pl.f r?b9}	b9r 11a&d3bu« � a&fnw¡h�Z]b
b9ij`kh���r_a&f]t.v�a&t.b=1x�w�0h3Zkb9d3o�\_^zb	��h�Z]bKh�o�leZk\?b9d!a&d!y4Zk\?b�^�a*d3b0y�l	f�^zh�d3v�y�h�b�w�\?f1h3Zkb0^4a*ijbKoJa��
a&fnw�y�l	v]f�h�h�Z]b�f�vkiW��b|d�l&��a&r?h3b9d3fna&h�\pl.f�^0\?f�h3Zkb�v�^zb�l*��h�Z]b�h�o�l³wx\ � b9d3b9f�h�h-��`�b�^0l*��l.`]~
b9d!a&h�\?l	fn^9ªJ�cl�l	r?b�a&f¬l.`cb9d!a&h�\pl.f�^(a&fnw®iRa&d3�	b�wm`]d3l{wxv�y�h9� @®l	d�bW`kd3b�y�\_^�b9r?�	�ch3Zkb�r�a*f]t.v�a&t.b�^
l&��wxl	h3~Bwxb9`kh3Z �Bd3b�^z`���y�l	fny9a&h3b9fna&h3\?l	f¡r?b9}	b9r0�wAqg ;<a&d3b�h3Zkb��nf]\?h3b���l�l	r?b�a*fmy�l	i��k\?f�a&h�\?l	f�^
l&��i�a*d3�	b�w¡`]d3l{wxv�y�h4^Jl&��h3Zkb��Cl.d3i

f �,-(8Mf�8M-�; E,E,E -��9f��

oKZ]b9d�btf �&�Uf�8��*+,+,+9�Uf��³a&d3bsr_a&fkt	vna&t	b�^�l&�(wxl	h3~�w{b9`kh3Z ��d3b�^�`���y�l	fny9a&h�b|fna&h�\pl.f rpb9}.b|r0� A
a&fnw�-(8�� +,+,+|�s-���a&d3ber?b9h3h�b9d!^��
��l	h3b�h�Z�a*h�a<r_a&fkt	vna&t	b�l&�´w{l.h3~Bwxb9`]h�Z)�Bd3b�^z`���y�l	fny9a&h3b9fna&h�\pl.fRr?b9}	b9r0� 	 \_^�a&r_^zl�a�r�a*f]t	vna&t	b
l&��wxl	h3~Bwxb9`]h�Z �Bd3b�^z`´��y�l.f�y9a&h�b9f�a&h�\?l	fjr?b9}	b9r0� AR�Cl	d�b9}	b9d3��ADu 	¬��¯�d3¨9l	¨9l�o�^z��\na&fnw 
�fna	^zh
�L� � Zna�}	bu^zZ]l�oKf h�Z�a&hJh3Zkb<Z]\?b9d!a&d4y4Z��s\_^K^zh3d�\�y�h9ª�\Ï��« y�l	f�h4a&\?f�^Ka&hJrpb�a	^zhJh�o�l1rpb9h�h3b9d!^��{h3Zkb9f
��l	d<b9}	b9d3�DAM�Gh3Zkb9d3b�b9��\�^zhe^�l.ijb�r_a&fkt	v�a*t	b�^�l*�Kwxl	h3~�w{b9`kh3Z �Bd3b�^z`���r?b|}.b9r ��Atg ;�h�Z�a*hua&d3b
fkl	hKl&��rpb9}	b9r AM�
��h0\�^�^zh�\pr?rMa&f®l	v]h4^zh!a*f�wx\pfkt�l	`�b9f�`kd3l	�kr?b|iÀh3l���fkl*o�oKZ]b9h�Z]b9d�h�Z]b9d3b�\_^�a&f¬a&r?t	l	d3\?h�Z]iÀh3l
y�l	i1`]vkh3b1h�Z]bRwxl	h�~Bwxb|`kh3ZB��d3b�^z`´�1y�l	fny|a*h3b9fna&h3\?l	f�r?b9}	b9r0�0l&�Ka¡t.\?}	b9f�^zh4a&d3~���d3b9b1r_a&f]t.v�a&t.b��
Y[Z]b[`kd3l	�krpb9i Z�a	^D�cb9b9fj^zl	r?}	b�w�`cl,^z\?h3\?}	b9r?�	�.Z]l�o�b9}	b9d|�*�Cl	d�h�Z]bKwxl	h3~�w{b9`kh3Z ��d3b�^z`´��y�l	fny9a&h3b9~
fna&h�\pl.f�rpb9}	b9r0� ;	ªMh�Z]b9d3b�\_^�a*f¡a&r?t	l	d3\?h�Z]i h�l�wxb�y�\_wxb�oKZ]b9h�Z]b9d[aur_a&fkt	vna&t	b0\�^�l&�Dw{l	h�~Bwxb9`]h�Z
��d3b�^z`´�¤y�l	fny9a&h3b9fna&h3\?l	f r?b9}	b9r � ;	�¤YJZkb�^zb®d�b�^zvkr?h!^Ra&d3b�wxb|h4a&\?r?b�w \?f�^zb�y�h3\?l	fn^ :�a&fnw ; ;	�
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Y[Z]b�l.h3Zkb9d(`�a&d�h3\_a&rDd3b�^zv]r?h4^(y�l.f�y�b9d3fk\?f]tsh�Z]b�^zb�Zk\pb9d!a*d!y4Zk\pb�^(a&d3b��kd3\?b+F�� d3b9}�\?b9o�b�w®\?f�^�b�y�~
h�\?l	f ; ;	� Á fkl	h3Zkb9d�d3b9i�a&d3�&a&�krpbK��a.y�h[a&�cl	vkh�h�Z]b�^zb0Z]\?b9d!a&d!y3Z]\?b�^�\_^�h3Zkb9\pd[y�l	fkf]b�y�h�\pl.f�^�o�\?h�Z
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o�l	d4w]^��(��f�h3Zkb�^z`]\?d3\?h�l&��h3Zkb�`kd3l�l&��l&���xy4Z"!v]h�¨9b9f��cb9d3t	b9d|�c\?h�o�l	d3�{^0��� \?fnw{vny�h3\?l	f�l	f�h�Z]b
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¥�l*o�b9}	b9d|� ��h3d!a*v]�k\?f]t¡a&fnw�Y[Z��b9d�\pb9f �L� ? � `kd3l�}	b�wmh3Zna&h ;�~�l	d!wxb9d3b�wmijl.f]l	\_wk^0t.b9f]b9d!a&h�b�a*rpr
h�Z]b��nf]\?h�b <R~�h3d�\p}�\_a&r�i1l	f]l.\�wk^J\?fmh�Zkb��Cl	r?r?l*oK\?f]tR^zb9f�^zb	�
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Á y�h�vna&r?rp�	��\?h�\_^�f]l.hjwx\��sy�v]r?h�h�l�b�^zh!a*�]r?\_^zZ�h�Z�a&hWh3Zk\_^Wd�b�^zvkr?h�\_^�b�Ã�vk\?}.a&r?b9f�h�h�l ��\pi1l	f�± ^
h�Z]b9l	d�b|i �(¯�vkhC�,h�d!a&vk�]\?fkt³a*f�w�Y[Z��b9d3\?b9f�a&r_^zlst�a�}	bWa&f�\pfkt	b9fk\?l	v�^�w{\?d3b�y�h�`]d3l�l*��l*��h�Z]b9\?d
d3b�^zvkrph<����\?fnw{vny�h3\?l	f�l	f�h�Z]bRy9a&d4w{\?fna&r?\ph���l*�Jh�Z]b�ijl	fkl	\_wG�1Y[Zk\�^�t.\p}.b�^�\pf�h�v]d�f�as`]d�l�l&�
l&� ��\pi1l	f�± ^uh�Zkb|l.d3b9im� �,h�d!a&vk�]\?fkt �L� ��� a*r�^zl®l	��^zb9d3}.b�wgh�Z]bj��l	r?r?l*oK\?f]t�y�l.f]fkb�y�h�\?l	f�o�\?h�Z
^zb9ij\?t	d�l	v]`n^Jl&��d3b9r_a&h3\?l	fn^��
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Á r_a&fkt	vna&t	bul*��«�d�\_^e¿Ï¸�·!½.¿�¿D*��z¶�( �B½�¾9¿�¶<\
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r_a&fkt	vna&t	bC� -(/+� dg\�^�r?l{y9a&r?rp�1h�b�^�h4a&�krpb�^z\?f�y�bC� -(/+� d]O � -�« � � « � /+� � ��« � -�-�« � ��« � /M/4« � �!�
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wxl	h�~Bw{b9`kh3Z�l	f]b ��^�b9b � � � � �Cl	d<i1l	d3bjw{b9h4a&\?r�^ �4���Gl{y|a*rpr?�®h3b�^zh4a&�]r?b�r_a&f]t.v�a&t.b�^ea&r_^zl³Zna�}	bja
fna&h�v]d!a*rG\?f�h3b9d3`kd3b9h!a*h3\?l	f³\?f³h�b9d3i�^[l*��a&vkh3l	iRa&h!ax��YJZkb9�¡a*d3b<d3b�y�l	t.f]\?¨9b�ws��� (9·!½.º]ºG¶"µ (	� Á
^3y9a&fkf]b9d�\�^�amiRa	y4Zk\pfkb�b�Ã�v]\?`k`cb�wgo�\?h�Z a³�nf]\?h�b�ijb9ijl.d3�qa&fnw�amoK\?f�wxl*o l*�(^z\?¨9b A�h3l
^3y9a&f h3Zkbe\?f]`kvkh�o�l	d4wG�
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h�Z�a*heh�Zkb1`]d�b�����b�^ea&fnw�^zv �R��b�^�l&�[r?b9f]t	h�Z�� A y9a&f��cb�d3b�a	wG��Äkl	d<\pfn^zh!a*f�y�b	��\
��A O � �
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��l	r?r?l*oK\?f]t�wx\_a&t	d!a*i�^�ª

- /M/:-�-�-(/:-(/ -(/ /:-�-�-(/:-(/ - /M/ -�-�- /:-(/ - /R/:- -�-(/=-(/ ECE,E - /M/:-�-�-(/:- /

Á hjh�Z]b b9fnw�l&��h3Zkb®^4y9a&f���h�Z]b®^3y9a&fkf]b9dji1b9ijl	d3\?¨9b�^�h3Zkbm`kd3b��n��b�^ja&fnw�h�Zkb�^zvG����b�^�l&�
r?b9f]t.h3Z�� A£a*f�w h3Zkb®^zb9hjl&����a.y�h3l	d!^�l*�<r?b9f]t.h3Z
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`kd3b�����b�^��M^zvG����b�^ua&fnw¬��a	y�h�l	d!^uy�l	f�h!a*\pfkb�w�\pfgh�Z]bji1b9ijl	d3�	��Y[Z]bjo�l.d!w�\_^ua.y|y�b9`kh3b�w�l	d
d3b 9�b�y�h�b�wG�na.y|y�l.d!w{\?fktjh�ljh3Zkbed3b�^zvkrphKl&��h3Zk\_^Jh3b�^zh|�
Y[Z]b�a&r?t	b9�kd!a&\_ymy4Z�a*d!a	y�h3b9d�\p¨�a&h�\?l	f l*�er?l{y|a*rpr?� h3b�^zh4a&�]r?bmr_a&f]t.v�a*t	b�^j\_^R^zrp\?t	Z�h�r?��i1l	d3bm\?f]~
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t	d�l	v]` 
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��hMo�l	vkr_w��cb[h�l�r?l	fkt(h3l<^zh!a&h�b[\?f���v]r?rkwxb9h!a&\?rka*rpr���f]l�o�fWd�b�^zvkr?h!^Dl.fW}.a&d�\pb9h�\?b�^>l&��r_a&fkt	v�a*t	b�^9�
�Gb|hWvn^ 9-vn^�hWijb9f�h�\pl.f�h�Z�a*h�h�Z]b¡r_a&fkt	vna&t	b�^�y�l	d3d�b�^z`cl.f�wx\?f]t¬h3l�h�Z]b���l	r?r?l*oK\?f]t¬}.a&d�\pb9h�\?b�^
l&���nf]\?h�b¬^zb|i1\?t	d3l	vk`�^jl.d�ijl.f]l.\�wk^�a&d3b®��fkl*oKf�ª�a&r?r0}.a&d�\pb9h�\?b�^jl*�u�na&fnw]^)� � � $ � ��l	d�h�Z]b
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r?l�o�b|dsr?b9}	b9r_^¡a*f�w �%$e� � ��l	dsh3Zkb¬t.b|fkb9d!a&r�y9a	^zb
�4��h�Z]b�}&a&d3\?b9h3\?b�^�l*�.��~�h�d3\?}�\_a&r ��d3b�^z`´� 	�~
h�d3\?}�\�a*r �Kijl	fkl	\_w]^ �D;�:,�D:,� � : � �Gh3Zkb1}&a&d3\?b9h�\pb�^(l&� �{~�t.d3l	vk`�^ �Bd3b�^z`���fk\?rp`�l	h3b9f�h�t	d3l	vk`�^ � �D;�: � �
h�Z]b }.a*d3\?b9h3\?b�^1l&�e^zl	r?}.a&�kr?bmt.d3l	vk`�^ �T�
1 � ��h3Zkb }.a&d�\pb9h�\pb�^�l&�<i1l	fkl	\_w]^�o�Zkl,^zb t	d3l	vk`�^ja&d3b
y�l	i1iWvkh!a*h3\?}	b �%$N�]� � � � �(fk\?r?`cl	h�b|f�h �D;�: � �<^zl	r?}.a*�]r?b �L� 1 � �(h3Zkb�}&a&d3\?b9h-�¢l*��ijl.f]l	\_wk^¡o�\?h�Z
y�l	i1iWvkh3\?fktq\_w{b9i1`cl	h�b|f�h4^ � � : � �[h3Zkbm}.a&d�\pb9h�� l&� <R~�h�d3\?}�\_a&r0i1l	fkl	\_w]^1oK\ph�Z�y�l.iji�v]h�\pfkt
\_wxb|i1`cl	h�b9f�h!^ � ��� �Mh3Zkb�}&a&d3\?b9h-��l&�0i1l	fkl	\_w]^uoKZkl,^zb�d3b9t	vkr�a*d7<R~By�r_a	^3^zb�^�a&d3b�d3b�y�h!a*f]t	vkr_a&d
�na&fnw]^)�%$ $ � ��h3Zkb¡}&a&d3\?b9h��ql&���krpl{y3�qt	d3l	vk`n^��-^zb9b¡h�Z]b³a&v]h�Zkl	d|± ^�a&d3h�\_y�rpb � 0 � O � �¬��a
^zvny9y�b�^3^�^zh3l	d�� �m\?f�h3Zk\_^�}	l.rpvkijb��<a&f�wgi�a&f���l	h�Z]b9d!^uoKZ]\_y4Zg�Cl	r?r?l�o \?f `na&d3h�\_y�vkr_a&du�Cd�l	i
h�Z]bet.b|fkb9d!a&r�d3b�^zvkrph4^Jt	\?}	b9f \?f�^zb�y�h3\?l	f�; � �

O�OnP 0�Ø � � � S � � U�U Ø T Ú � Ø �C� U ×:9!� %
Á ^Mh3ZkbJ}&a&d3\?b9h��Wa*`]`kd3l,a	y3Z�`]d3l�}	b�w�h�l��cb�^zvny9y�b�^3^��Cvkr{\?f�iRa&f��Wwx\ � b9d3b9f�h�^z\ph�vna&h3\?l	fn^��	\?h�oJa	^
b9��`cb�y�h3b�w�h3lj^zZkb�w³^zl	ijb�fkb9o£r?\?t	Z�hJl	f¡h3Zkbuwx\D�¡y�vkrph[`]d�l	�]r?b9i�^�ijb9f�h�\pl.f]b�w�\pf ^zb�y�h�\?l	f ${�
Y[Z]bRd3b�a&r?\?h���\_^ui1l	d3b¡y�l.fxh�d!a	^zh�b�wG�m��f��kd3\?b����M}&a&d3\?b9h3\?b�^�wxl®f]l.hW^�b9b9i h�l���b�Zkb9rp`x�Cvkr���l	d
h�Z]b�^zh!a*d�Z]b9\?t	Z�h|��\?h�\�^�^zlu��a*d�h3Zkb(i1l,^zhJ^zvny|y�b�^3^��Cvkr°a&`]`kd3l,a.y4ZR��l	d�h3Zkb�w{l	h�~Bwxb9`]h�Z³a&fnwRh�Z]b
y�l	fny9a&h3b9fna&h�\pl.f�r?b9}	b9r�^�a&fnwG��oK\?h3Z�d3b9t�a&d!wmh�lsh�Zkb�b9��h3b9fnw{b�w�^zh4a&d�Z]b9\?t	Z�h9�c\?h�^zb9b9i�^�h3l��cb
a³vn^�b���v]r�h3l�l	r��D�kvkhu`]d3l.��a&�kr?��fkl	h�Z]\?f]tmi1l	d3b	� ��b9huv�^uy�l	iji1b|f�hul.fqh3Zk\_^ 9-vnwxt	ijb9f�hu\?f
i1l	d3b�wxb|h4a&\?r_^��
��a&d3\?b9h3\?b�^´w{l�fkl	h>^�b9b9i h�l��cb�Zkb9rp`x�Cvkr&�Cl	d�h3Zkb�^zh4a&d´Zkb9\pt.Zxh9�&^z\?ij`kr?����b�y9a*v�^zb�h3Zkb�r�a*f]t.v�a&t.b�^
l&�ca0t	\?}	b9f�^zh!a&dMZkb9\?t	Z�h�a*d3b�f]l	h�y�rpl�^zb�wuvkf�wxb9dM\pf�}.b|d4^zb[i1l	d3`kZ]\_^zi�^>�cb9h�o�b9b9f���d3b9b�ijl	fkl	\_w]^
a&fnwqh�Z�v�^���w{l�fkl	hu��l	d3i a }.a&d3\?b9h���l&�0r_a&fkt	vna&t	b�^��¬¥�l*o�b9}	b9d|�Mh3Zkb�f]l	h�\?l	f l*�(^z��fxh4a	y�h�\�y
^zb9ij\?t	d�l	v]`®a&d3\_^zb�^J\?fmh�Zkbe`]d3l�l&��l&��¥(a	^zZk\?t	v�y3Z]\�± ^Jh3Zkb9l	d3b9i�^��
��y4Z'!v]h�¨9b|fk�cb9d3t.b|d9± ^�h�Z]b9l	d3b9i ^zZkl*o0^�h3Zna&h�h�Z]bKr_a&fkt	vna&t	b�^�l&�Gb9��h3b9fnw{b�w1^zh!a&d�Zkb9\?t	Z�h�1��Cl.d3i
a�}&a&d3\?b9h��	��¥0l�o�b9}	b9d|�k\ph0^zb|b9iR^Kvkf]r?\?�	b9r?�sh3Zna&h�aj^z\?ij\?r_a&d�d3b�^zv]r?h�Zkl	r_wk^[��l	d�h3Zkber�a*f]t.v�a&t.b�^
l&�<b9��h3b9fnwxb�w ^zh4a&dRZkb9\pt.Z�h ;.���Bfnwxb|b�w°�[l.f]b�y9a&f¢^zZkl*o � � ��� h3Zna&hjb|}.b9d3����fk\?h3bmi1l	fkl	\_w
wx\?}�\�wxb�^<h�Z]b�^z��f�h4a	y�h3\_y�i1l	f]l.\�w�l*�0a¡r_a&fkt	vna&t	bjl&�Jh�Z]bW�Cl	d�i f � �´o�Zkb9d3b f§\_^(�nf]\?h�b	����h
��l	r?r?l*o0^�h3Zna&h�\
�´h3Zkb�r_a&fkt	v�a*t	b�^�l&�´b9��h3b9fnw{b�w�^zh!a*d�Zkb9\pt.Z�hH;K�Cl.d3i au}&a&d3\?b9h��1l&�´r_a&fkt	v�a*t	b�^9�
h�Z]b9fmh�Z]\_^K}&a&d3\?b9h-�s\�^Jh3Zkbu}.a*d3\pb9h��¡l*��a*rpr´d4a&h3\?l	fna&r´r_a&fkt	vna&t	b�^��[��f®`na&d3h�\_y�v]r_a&d|�]h�Z]\_^Ko�l	vkr_w
\?ij`kr?�sh3Zna&hKb9}	b9d3�sd3b�y�l	t	fk\?¨�a&�]r?ber_a&fkt	vna&t	be\_^Jl&��b9�xh�b9f�wxb�w ^�h4a&d�Zkb9\?t	Z�h#1�l	dC;.�
��a&d3\?b9h3\?b�^�a&d3b¡iWvny4Z ijl	d3b¡vn^zb���vkrJ\?f h3Zkbm^zh�v�wx�ql&�(h�Z]b y�l	fny9a&h3b9fna&h�\pl.f�`kd3l{w{vny�h|�g�gb
Zna�}.b<a*rpd�b�a.w{�R^zb9b9fsh�Z]b�^z��f�h!a.y�h�\_y�y4Z�a*d!a	y�h3b9d3\?¨�a&h�\?l	fsl*�>h�Z]b�r_a&fkt	v�a*t	b�^�l&�My�l	fny9a&h3b9fna&h�\pl.f
r?b9}	b9r�;	�KYJZkb9d3b�\_^�aR^z\pi1\?r�a*d�d3b�^zvkrphK��l	d�h�Zkb�r_a&f]t.v�a&t.b�^Kl&��w{l.h3~Bwxb9`]h�Z®l	f]b	�K�Bh0\_^�b�a	^z�¡h3l
^zb9b��Cd�l	i h�Z]b�t	b9fkb9d!a&r�wxb���fk\ph�\?l	f¡h3Zna&hKa�r_a&f]t.v�a*t	b�l&��«�d�\�^�l&�#�"wxl	h�~Bw{b9`kh3Z¡l	fkb	��\
�M\?h[\�^
aW�cl�l	r?b�a&f®y�l.iW�k\?f�a*h3\?l	f l&��r�a*f]t	vna&t.b�^Jl*��h�Z]b���l	d3i
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� G �

oKZ]b9d�b � u 1sa&fnwDG �2lq« � ��YJZkb�^���f�h4a	y�h3\_y�y4Zna&d!a	y�h�b9d3\p¨�a*h3\?l	f�l&��h�Z]b�^zb�r_a&f]t.v�a&t.b�^0oJa	^
^zb9h3h�r?b�w³���)
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@ml	d3bet.b|fkb9d!a&r?r?�	�kl	fkb�y9a&f®^zZ]l�o§h�Z�a&hKh�Z]b<r�a*f]t.v�a&t.b�^[l&��w{l.h3~Bwxb9`]h�ZnA®��l	d3iÀa g0~�}.a*d3\?b9h-�
l&��r_a&fkt	vna&t	b�^���Y[Z]b�y�l	d3d3b�^z`cl	fnwx\pfkt�}&a&d3\?b9h���l&�°�nf]\?h�b(^zb9ij\?t	d3l	vk`n^�\_^�v�^zvna&r?r?�jw{b9fkl	h�b�wj���
0 >]����\?ij\?r_a&d3r?�	�	h3ZkbKr_a&fkt	vna&t	b�^Ml&��y�l	f�y9a*h3b9fna&h3\?l	f1r?b9}	b9r AR��l	d3i a � ~�}&a&d3\?b9h���l*�°r�a*f]t.v�a&t.b�^
a&fnwuh�Z]b[y�l	d3d3b�^z`cl.f�wx\pfkt�}.a*d3\?b9h-�<l&�k�nf]\?h�b�i1l	f]l.\�wk^>\_^Dw{b9fkl	h�b�w � >]��YJZkb�h-o�l�Zk\?b|d4a&d!y4Zk\?b�^
a&d�b�^�h�d3\_y�h �L� � �

��� U�S�T�U × O�O�P �°P � �	� ���/� � % A u 1 � �
	�� ���=���1�����(� � ���	��

����
��=�	� "�����	 " � � � 	 Ang ;
� 	��:* 	 ����� ��� ��� "�����	 "�� �'�
	 A ����" � ����� 

����
,�4�	��*+�	��*+��� � ��� �:���	� �����/� � A g ; � 	��:* 	 � �� ��� �	� *�����*+��� � ���������	� ��� � � � A 2
Á f�\?ij`�l	d3h4a&f�h�y�l	fkf]b�y�h�\pl.f���b|h�o�b9b9fWh3Zkb[h-o�l(Z]\?b9d!a&d!y3Z]\?b�^DoJa	^´�Cl.v]fnw���� ��h3d!a*v]�k\?f]t �L��: � �
� \?}	b9f®a�}.a*d3\?b|h��sl&�D��fk\?h3beijl	fkl	\_wk^ � a*f�w a�}.a*d3\pb9h��sl&�D��fk\ph�b�^zb|i1\?t	d3l	vk`�^�� �nw{b9fkl	h3b
��� � � � h3Zkbj}&a&d3\?b9h���l&����fk\?h3bR^zb9ij\?t	d3l	vk`n^<t	b9fkb9d!a&h�b�w¬���¬h�Z]bR^zb9ij\_w{\?d3b�y�he`kd3l{w{vny�h!^
 � �¤o�\?h�Z 
]l � a*f�w � l�� ^zvny4Z h3Zna&hKh3Zkb�a	y�h3\?l	f l&���¤l	f 
�\�^Jd�\pt.ZxhKvkf]\?h4a&d3�	�
��� U�S�T�U × OnO�P �´P � �	� ��� � � % ADx 1 � �	��� 	 � � 0 >�O � > � � 	 ����"�� >�O 0 > � � 2
��f�`na&d3h�\_y�v]r_a&d 0 8�O � � � 	.����h���l	r?rpl�o0^�a*r�^zl]�,h�Z�a&fk�{^�h�l�b(w{b9b9`�d3b�^zvkrph�l&�'��h3d!a*v]�k\?f]t �L��: �
h�Z�a*h 0 >m\_^uwxb�y�\�wka&�kr?bj\Ï��a&fnw�l.f]r?�¬\
� � >m\�^uwxb�y�\�wka&�kr?b	�s¥0l�o�b9}	b9d|�>\?he\_^u^�h�\?rpr�a*fql.`cb9f
`kd3l	�kr?b|iÇh�le��fkl*o oKZ]b9h�Z]b9d�h3ZkbK}&a&d3\?b9h3\?b�^ � >�a*d3b0w{b�y�\_wka&�]r?b[��l	dUADu � ��YJZkb0y9a	^zb�AnO �
\_^eb�^z`cb�y�\_a&r?r?���Cd�v�^zh�d!a&h�\pfkt]�D�kvkh�a&r?h3Zkl	vkt	Z ^zb9}	b9d!a&r�`na&d3h�\_a&r�d3b�^zvkrph4^eZna�}.bR�cb9b9fql	�kh!a&\?fkb�w
� �e�]� �e�x��: � �D: 1{�D:j�]� ; � � �kh�Z]b<t	b9f]b9d!a&r>y9a	^zbed�b|iRa&\?f�^Jl.`cb9f´�
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O �cP �sU���U(� � XMU��cU Ú S 9�× U(� � %
�gbg^zZ�a*rpr�f]l.hmw{\_^3y�v�^3^s\?f w{b9h4a&\?r<h�Z]b�f�v]i1b9d3l	vn^ wxb9}	b9rpl.`]i1b|f�h4^¡l*�Wh3Zkb�h�Z]b9l.d3�¤^z\?fny�b
��\?rpb9f��cb9d�t]± ^�}.a*d3\?b|h���h3Zkb9l	d3b9im���kv]h�o�b0^�Zna&r?r]\?fnw{\_y9a&h�b�h3Zkb�iRa&\?fjh3d3b9fnw]^�� Á Ã�v]\_y4��t	r_a&fny�b
a&h�h�Zkb���f]l�oKf�b9�ka*ij`krpb�^�^�Zkl�o�^eh3Zna&h�h3Zkb¡y�l	i��k\?f�a&h�l	d3\_a&r�w{b�^3y�d3\?`]h�\?l	f�l&��a }.a*d3\pb9h���l&�
r_a&fkt	vna&t	b�^���l	r?rpl�o ijl,^zh³l&��h3b9f£h�Z]b¬��l	r?r?l*oK\?f]t�`�a*h3h�b|d�f´ª h�Z]b�}&a&d3\?b9h��¢\_^ wxb�^3y�d3\?�cb�w£a	^
h�Z]bq^zi�a*rpr?b�^zh³}.a&d3\?b9h��¤y�r?l,^zb�w�vkf�wxb9d®a t	\?}	b9f y�r_a	^3^¡l&��l.`cb9d!a&h�\pl.f�^��<^zv�y3Z�a.^³��l�l	r?b�a*f
l	`�b9d!a&h3\?l.f�^���`]d�lkwxvny�h|��b9h!y&� ��a&d�\pb9h�\?b�^(l&�K^zb9ij\?t	d3l.v]`n^ea&d3bja&r_^zl l*�Ch�b9fqw{b��nf]b�w¬oK\?h3Z�h�Z]b
Zkb9rp` l&�<l	`cb9d!a&h�l	d!^�ª 9�l	\?f´�J^zb|i1\_w{\?d3b�y�hR`kd3l{wxv�y�h!^��E@¬a&r_y�b9} `]d3l{wxv�y�h4^��[b9h!y&�¤��f }�\?b9o l&�
��\?rpb9f��cb9d�t]± ^Kh3Zkb9l	d3b9im�]l	fkbuiRa��¡b9��`cb�y�h�^zl	ijbed3b9r�a*h3\?l	fn^zZ]\?`m�cb9h�o�b9b|fmh�Z]bel	`cb9d!a&h�l	d!^Kl.f
r_a&fkt	vna&t	b�^ �Bl&�´y�l.iW�k\?f�a*h3l	d3\_a&r]fna&h3vkd3b���a*f�w�h3Zkb0l.`cb9d!a&h�l	d!^�l	fs^zb9ij\?t	d3l.v]`n^ �Bl&�´a&r?t	b9�]d!a*\�y
fna&h�v]d3b��4�

�
�0`�b|d4a&h3\?l	f l	f®^zb9ij\?t	d3l	vk`n^
� � � ��� ��� � ��� ��� ��� � ��� � ' �
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