
HAL Id: inria-00073161
https://inria.hal.science/inria-00073161

Submitted on 24 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Image Classification Using a Variational Approach
Christophe Samson, Laure Blanc-Féraud, Gilles Aubert, Josiane Zerubia

To cite this version:
Christophe Samson, Laure Blanc-Féraud, Gilles Aubert, Josiane Zerubia. Image Classification Using
a Variational Approach. RR-3523, INRIA. 1998. �inria-00073161�

https://inria.hal.science/inria-00073161
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

ap por t  
de  r ech er ch e 

THÈME 3

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Image Classification Using a Variational Approach

Christophe Samson — Laure Blanc-Féraud — Gilles Aubert — Josiane Zerubia

N° 3523

Octobre 1998





Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)

Téléphone : 04 92 38 77 77 - International : +33 4 92 38 77 77 — Fax : 04 92 38 77 65 - International : +33 4 92 38 77 65

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

,.-0/�132�465870-�9;:�<>=?2�58@BADCE<GF0/�9IH.JK<>@0LNMPORQS/T<GF0UBADVW1XJ3JX9S2ZY�F�[\9]/�4_^`AbaG5G2T13<G@09&c�9S/�F0[013<

d�egf6hji�k)lnmporq�i6s�t`u6qPvxw`o?egw`hWhjiTyzhIt`u�e�v{ogi}|
v{hItS~�i_��|���w`o�og�_i_��|gu_w`o�o�tSvx����tSogu_i_�

��s�wS�Pi6q��$sPvXtSo�t

�$tS���0w`sPq���i�s�i_u�egi6s�u�egi�o��Bk}�}�}k�l��.u6q�w`��s�ij���}�}��ln�r����tS~�i_�

�&���_���]�������¡  i6s�i6v{oD|\¢£i&��s�i_��i6o>q¤t;¥}tSsPvXtSqPvxw`o�tS¦Rhjw>��i6¦R��i6¥�w`q�i_�§q�w?v{hItS~�i&u6¦Xt`����v©¨�u�tSqPvxw`o
u_w`ª���¦xi_��¢«v{qPe¬tSo�i_�8~�iTyz��s�i_��i6sP¥Gv{o�~js�i6~}ª�¦XtSsPv{NtSqPvxw`o¬��s�wGu_i_����®�d�egi��8vx��u6s�i6q�i�o�tSqPª�s�iZwS¯�u6¦Xt`�°y
��v©¨�u�tSqPvxw`o²±Kvz®³i}®(q�w´tSqPqPsPv{��ª�q�i¡t§¦XtS��i6¦µq�w¶i�t`u�e·��v©¸�i6¦3¹Ie�t`�&¦xi_�ºq�w»qPegi¼��i6¥�i6¦xw`��hji6orq?wS¯
hItSo>½"��s�w`��tS��v{¦{vx�PqPvxu¾v{hItS~�i�u6¦Xt`����v©¨�u�tSqPvxw`o¿hjwG��i6¦x��|E��ª�qjs�tSs�i6¦{½¶q�wÀ¥}tSsPvXtSqPvxw`o�tS¦�w`ogi_��®´mpo
qPegi¬¦Xt`�Pq;��i_u�t`��i}|«qPegi¬¥`tSsPvXtSqPvxw`o�tS¦ZtS����s�w�t`u�e·e�t`�Á��s�wN¥�i6oºv{q��ÁiTÂIu6vxi6ogu6½¿v{oºqPegi?¨�i6¦x��wS¯
i_�8~�iTyz��s�i_��i6sP¥>v{o�~Ãs�i_�Pq�w`s�tSqPvxw`oD®¾mpo¡qPe�vx�Z��tS�0i6s�¢Ri&t`���»t�u6¦Xt`���Pv©¨�u�tSqPvxw`o»u�tS��tS��v{¦{v{qp½¡¢«e�vxu�e
u_w`o>qPsPv{��ª�q�i_�¤q�wÃ��s�w�¥Gvx��i&v{hItS~�i_�¤u_w`hW�0w`ª�og�"wS¯�egw`hjw`~�i6ogi_w`ªg�Ws�i6~}vxw`og��¢«v{qPe¶s�i6~}ª�¦XtSsPv{�i_�
�0w`ª�og�gtSsPvxi_��|Gt.s�i6~}vxw`oI�0i6v{o�~���iT¨gogi_�It`�Ät���i6qEwS¯���v©¸�i6¦x���0i6¦xw`o�~}v{o�~�q�wµqPegi���tShji�u6¦Xt`����®�d�egi
��w`ª�og�8ogi_���¤wS¯$w`ª�s)hjwG��i6¦�vx����t`��i_�¶w`o¶qPegi&¢£w`sPÅ8�W��i6¥�i6¦xw`��i_�"w`o¶qPegi&��e�t`��iIqPs�tSog�Pv{qPvxw`og�
qPegi_w`sP½¼v{o¡hji_u�e�tSo�vxu_��®;d�egiW��s�w`�0w}��i_�§tS¦{~�w`sPv{qPe�h�vx�µ¯Æt`��q�|bi�t`�P½Ãq�w¾v{hW��¦xi6hji6orq�|EtSog�§iTÂWy
u6vxi6o>q�®�Ç¡i�u_w`hW��tSs�i�w`ª�s�s�i_�Pª�¦{q��.w`o?�0w`qPe?�P½GorqPegi6qPvxu¤tSog�?��tSq�i6¦{¦{v{q�iZv{hItS~�i_�$¢«v{qPe¬qPegi)w`ogi_�
w`��q�tSv{ogi_���r½�t¤�Pq�wGu�e�t`�PqPvxu�hjwG��i6¦Dªg�Pv{o�~Itj�\w`qPq���s�i6~}ª�¦XtSsPv{NtSqPvxw`oD®
È�É�Ê0Ë�Ì)Í �]Î����nÏ tSsPvXtSqPvxw`o�tS¦�hjw>��i6¦z|0u6¦Xt`����v©¨�u�tSqPvxw`oD|+¦XtS��i6¦{¦{v{o�~g|0��e�t`��i)qPs�tSog��v{qPvxw`og�µqPegi_w`sP½�|
i_�8~�iTyz��s�i_��i6sP¥>v{o�~&s�i6~}ª�¦XtSsPv{NtSqPvxw`oD|ghWv{o�v{hWv{NtSqPvxw`oD|���tSq�i6¦{¦{v{q�i�v{hItS~�i_��®

Ð+ÑGÒ�Ó}Ô�ÕÖÒ�×zÔTØ³ÕzÙbÚ]Û ÜÄÛTÝ]ØÞÙ°ß`ÝNÔTà]àSá�âBã.äÁå�å6æ_ç\è�é�ä�ê�ë�â�à]ØíìTÙîÕzïÆØ³×zá+Ý]Ù0é\ØíðîÙîñKêNÔ�òSóSØíÒ\Ü\à_×zØÞò}ÔTôÞØÞï°ë_õTå�çPõ�öBé�ØíðîÙ
è�ÙPÝ]Ùî÷.æ_ë}ø8ä\Ü\é�è0ù



��
������P�¤�\�«�����������Æ�����������'���# %('�')#����+*�� !"��#0�����0���������E
�
��

��� ���
	 � ��� tSog�Wu_i;s�tS���0w`sPqWogw`ªg�W��s��_��i6o>q�w`og�jª�o´hjwG��f6¦xi;¥`tSsPvXtSqPvxw`o�ogi6¦.��i_�PqPv{og��Ã¦Xt
u6¦Xt`���Pv©¨�u�tSqPvxw`o§��� v{hItS~�i_��t�¥�i_uW��s�w>u_i_���Pªg����i¤s��6~}ª�¦XtSsPvx��tSqPvxw`o§��s��_��i6sP¥`tSo>qZ¦xi_��u_w`orq�w`ª�s���®��\t
ogw`qPvxw`o)��iEu6¦Xt`���Pv©¨�u�tSqPvxw`o��6q�tSo>qb��tSsDo�tSqPª�s�iÄ�8vx��u6s�f6q�i�±Kvz®³i}®BtSqPqPsPv{��ªgi6sDª�oZ¦XtS�0i6¦��u�e�t��>ªgiE��v©¸�i6¦
��iÄ¦�� v{hItS~�iN¹T|`v{¦>iT¸8vx�Pq�iÄ��iÄogw`h���s�i6ª8¸�hjwG��f6¦xi_����i£u6¦Xt`����v©¨�u�tSqPvxw`o)��tSsBtS����s�w>u�egiÄ��s�w`��tS��v{¦{vx�Pq�i}|
hItSvx�)¦xi_�ZhjwG��f6¦xi_�)¥`tSsPvXtSqPvxw`o�ogi6¦x�WtS�0w`s��gtSorq¤u_iI�Pª`�Pi6q���w`o>q�s�tSs�i_��®��Ri_����i6sPo�vxf6s�i_��tSo�og�_i_�N|
¦��ÞtS����s�wGu�egi?¥`tSsPvXtSqPvxw`o�ogi6¦{¦xiÃt¼hjw`orqPs��¬��w`orqÁiTÂIu�t`u6v{q��?�gtSog�W¦xi?u�t`�8s�i?��i;¦Xt¼s�i_�Pq�tSª�s�tSqPvxw`o
��� v{hItS~�i_�&t_¥�i_u¾��sPvx��i¾i6o u_w`hW��q�i?��i_�j�8vx��u_w`orqPv{o>ª�v{q��_��® � tSog�Wu_i;qPs�t_¥}tSv{¦z|£ogw`ªg�It]�°w`ª�q�w`og�
ª�o»��s�w>u_i_���Pªg����i&u6¦Xt`���Pv©¨�u�tSqPvxw`o¶��i6sPhji6qPq�tSo>q����³w`��q�i6o�v{s�ª�ogi&��w`¦{ª�qPvxw`o¡¯Æw`sPhj�_iI��ijs��6~}vxw`og�
egw`hjw`~�f6ogi_�R��w`orq£¦xi_��¯ s�w`orqPvxf6s�i_�R��w`orq£s��6~}ª�¦{vxf6s�i_�.±Kª�ogi�s��6~}vxw`o&�6q�tSo>q£���T¨go�vxi$��tSsE¦��³i6og��i6h���¦xi
��i_�£��v©¸�i6¦x�RtS����tSsPq�i6o�tSo>q��¦Xt�h��6hji$u6¦Xt`����iN¹T®��\t«�°ªg�PqPv©¨�u�tSqPvxw`oÁqPeg�_w`sPv��rªgiµ��i�ogw`qPs�i$hjwG��f6¦xi
s�i6�0w}��i.�Pª�sR¦xi_�£qPs�t�¥`tSª8¸;i��0i_u6qPªg�_�«�gtSog�R¦xiµu�t`�8s�iµ��i_�R��s�w`��¦xf6hji_����i�qPs�tSog��v{qPvxw`og�«��i$��e�t`��i_�
i6o¼hj�_u�tSo�v��>ªgi}® �!�ÞtS¦{~�w`sPv{qPe�hji"�rªgi)ogw`ªg�µ��s�w`�0w}��w`og��i_�Pqµs�i6¦XtSqPv{¥�i6hji6orq)s�tS��vx��i�i6q.¯zt`u6v{¦xi�
hji6qPqPs�i$i6o&wGi6ª�¥>s�i}®$#.w`ªg�Äu_w`hW��tSs�w`og�£¦xi_�Äs��_��ª�¦{q�tSq��Äw`��q�i6orªg���Pª�s£��i_�Ev{hItS~�i_�R�P½>o>qPeg�6qPv��rªgi_�
i6q«��tSq�i6¦{¦{v{q�tSv{s�i_�$t_¥�i_u�u_i6ª8¸&��s�wG�8ª�v{q�����tSs�ª�o;hjw>��f6¦xi��Pq�wGu�e�t`��qPv��rªgi�t_¥�i_uµs��6~}ª�¦XtSsPvx��tSqPvxw`o���i
��w`qPq���®
% Í ��� Ë �'& � �§� ( wG��f6¦xi¤¥}tSsPvXtSqPvxw`o�ogi6¦z|\u6¦Xt`����v©¨�u�tSqPvxw`oD|bqPeg�_w`sPvxij��ijqPs�tSog�Pv{qPvxw`og����iW��e�t`��i_��|
s��6~}ª�¦XtSsPvx��tSqPvxw`oÃt_¥�i_uZ��s��_��i6sP¥`tSqPvxw`o¬��i_��u_w`orq�w`ª�s��N|�hWv{o�v{hWvx��tSqPvxw`oD|gv{hItS~�i_�$��tSq�i6¦{¦{v{q�tSv{s�i_��®



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- k

�¿�$�����E����

/ 021 ��� Í Î��\�}�+3 Í 1 4

5 6 � Í ��& É 	 �_���8� É 	 É 1 � 7
�8®{� #.w`q�tSqPvxw`o�®Z®�®Z®�®�®Z®�®Z®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® �
�8®Þ� ��s�w`��¦xi6h �Pq�tSq�i6hji6orq(®�®Z®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® 8

9 : � 1 Î É ��;(��� &K� Ë2< �>= 1 Ë�? 3 & &�3K���]Î��+= É>Í � Ê´Í'@BA =b��� É ���S� 1 �+33�+3 Í 1 � C
k8®{� ��i6¦XtSq�i_��¢£w`sPÅ8�Á®�®�®Z®�®Z®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® ��D
k8®Þ� �$o�tS¦xw`~}½Á¢«v{qPe?v{hItS~�iZu6¦Xt`���Pv©¨�u�tSqPvxw`o ®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® ���

4 < &K�����E3GFB���8�+3 Í 1 @ � 1 �}�+3 Í 1 � & /)4
�g®{� ��s�w`�0w}��i_�;¯ ª�ogu6qPvxw`o�tS¦ ®Z®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® �6�
�g®Þ� �$��w`ª�q«qPegiZu6¦Xt`���Pv©¨�u�tSqPvxw`o?q�i6sPhIH�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® ���
�g®Þk JGw`ª�og�8ogi_���$wS¯�qPegi���s�w`�0w}��i_�¾hjwG��i6¦¼®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® ���
�g® � ( v{o�v{hWv{NtSqPvxw`oÃtSog�?tS¦{~�w`sPv{qPe�h ®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® ���

7 KML AEÉ ��3 	 É 1 ��� &R� É � �
&3���W� 1 Î�� Í 	 A ����33� Í 1 5'5
�8®{� � i_��u6sPv{��qPvxw`o¬wS¯BqPegi��Pq�wGu�e�t`�PqPvxuZhjw>��i6¦;®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® �}�
�8®Þ� NB¸8��i6sPv{hji6o>q�tS¦bs�i_�Pª�¦{q�� ®Z®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® �}k
�8®Þ�8®{� J>½GorqPegi6qPvxu�v{hItS~�i_� ®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® �S�
�8®Þ�8®Þ� J8tSq�i6¦{¦{v{q�i�v{hItS~�i_�¼®�®Z®Z®�®�®�®Z®�®Z®Z®�®Z®�®�®Z®�®Z®�®Z®�®Z®�®�®Z®�® k,O

P <�Í 1 ��& �\�+3 Í 1 4%9

ä\ä	à�Q#RTS�æ�R



� 	 -)$.�G�T� ��('- � � ��� �T������� ��� $ �	�B����%��
���T$*�������	� � ��� ���B&������.$T����� ��������� �	���.$����T���

� �8����#�� �����b�����$�

Ï tSsPvXtSqPvxw`o�tS¦DtS����s�w�t`u�e?tSog�&�BtSsPqPvXtS¦ � v �+i6s�i6orqPvXtS¦ N!�>ª�tSqPvxw`oÀ± � � N£¹Ähjw>��i6¦x�£e�t_¥�iµ�PegwN¢«o
q�w?��i&iTÂIu6vxi6orq)¯ w`s¤t¾¢«vx��i&¥`tSsPvxi6qp½§wS¯«v{hItS~�iI��s�wGu_i_���Pv{o�~¬��s�w`��¦xi6hj�¤�Pªgu�e´t`�Zs�i_�Pq�w`s�tSqPvxw`o
tSog�¬i_�8~�i)��i6q�i_u6qPvxw`o��Þ�8|%88|\�}��|b�+OG|�kS�g|�k}��|�k,OG|�k}�8|��)8 �Ö|�w`s.�Pe�tS��i)��i6~}hji6orq�tSqPvxw`o¼¢«v{qPe¼t`uTy
qPv{¥�i$u_w`orq�w`ª�s��	�{��88|8�}�8|>k}� �Ö® #.i6¥�i6sPqPegi6¦xi_����|>qPegi�ogw`qPvxw`o;wS¯bu6¦Xt`���Pv©¨�u�tSqPvxw`oD|G¢«e�vxu�eÁu_w`og�Pvx��q��£wS¯
t`���Pv{~}o�v{o�~�tµ¦XtS�0i6¦�q�w)i�t`u�e;�Pv{q�i�wS¯btSoIv{hItS~�i}|Ge�t`�Äs�tSs�i6¦{½W��i_i6o&v{orqPs�wG�8ªgu_i_�Iv{o;tµ¥`tSsPvXtSqPvxw`o�tS¦
¯Æw`sPh�ª�¦XtSqPvxw`o·± u_w`orqPv{o>ªgw`ªg�¤hjw>��i6¦x�T¹µhItSv{o�¦{½À�0i_u�tSªg��ijqPegiIogw`qPvxw`o»wS¯�u6¦Xt`����e�t`�)t��8vx��u6s�i6q�i
o�tSqPª�s�i}® ( tSor½¤u6¦Xt`���Pv©¨�u�tSqPvxw`o&hjw>��i6¦x�Äu�tSoj��iR¯Æw`ª�og�Wv{oWqPegi�¨�i6¦x�IwS¯0�Pq�wGu�e�t`��qPvxu�tS����s�w�t`u�egi_�
± �8vx��u6s�i6q�ijhjwG��i6¦x��¹T|�¢«v{qPe»qPegiIªg��ijwS¯ ( tSsPÅ�w�¥¡�$tSog��w`h"!�vxi6¦x��± ( �#!E¹.qPegi_w`sP½§t`��¯ w`s�v{o8y
��q�tSogu_i;v{o$�{��Dg|R���8|«���8|�����|��}��|�k8�}|Ek}k �Ö® J>qPsPªgu6qPª�s�tS¦$tS����s�w�t`u�egi_�Át`�W�P��¦{v{qPqPv{o�~g|Ehji6sP~}v{o�~
tSog�?s�i6~}vxw`o?~}s�wN¢«v{o�~&hjwG��i6¦x�%� �)D �Ö|�tSog�¾¯Æi6¢ hjwG��i6¦x�.t`�.tWu_w`h���v{o�tSqPvxw`oÀwS¯E�Pq�tSqPvx�PqPvxu�tS¦BtSog�
��i6q�i6sPhWv{o�vx��qPvxu«q�i_u�e�o�vxu_��� ��O8|`�r� �ge�t_¥�i�tS¦x��wµ��i_i6oW��i6¥�i6¦xw`�0i_�¤¯ w`s�v{hItS~�i�u6¦Xt`���Pv©¨�u�tSqPvxw`oD®'&Rª�q�|
q�w;w`ª�sµÅGogw�¢«¦xi_�8~�i}|+¥�i6sP½¾¯Æi6¢(¢£w`sPÅ8�µe�t_¥�i��0i_i6o¼u_w`og�8ªgu6q�i_�¼v{o¼qPegi)¨�i6¦x�¼wS¯Ru6¦Xt`����v©¨�u�tSqPvxw`o
�>½&qPegiZªg��i�wS¯�¥}tSsPvXtSqPvxw`o�tS¦bhjwG��i6¦x��®
( w}�Pq�wS¯BqPegi�v{hItS~�i_�$¢£i�tSs�iZ��i�tS¦{v{o�~&¢«v{qPe�ogi_i_�¾q�wW�0iµs�i_�Pq�w`s�i_�?��i_u�tSªg��i�wS¯�qPegi���s�i_��i6ogu_i
wS¯Eogw`vx��i}®��(¦xw`qµwS¯Ä¥`tSsPvXtSqPvxw`o�tS¦�hjwG��i6¦x�$e�t�¥�i���i_i6oÃ��i6¥�i6¦xw`��i_�¬¯Æw`s�s�i_�Pq�w`s�tSqPvxw`o¼¢«v{qPe¼i_�8~�i
��i6q�i_u6qPvxw`oD®.mpo?hItSor½ÃtS����¦{vxu�tSqPvxw`og��|Dt`�$��tSq�i6¦{¦{v{q�i�v{hItS~}v{o�~g|�qPegi)~�w�tS¦\vx�$q�w&w`��q�tSv{oÀtIs�i6~}vxw`o
��i6~}hji6orq�tSqPvxw`o¡v{oÀt`���8v{qPvxw`oÀq�wÁs�i_�Pq�w`s�tSqPvxw`oD®�d�egi���sPv{ogu6v{��¦xi¤vx�.��t`��i_�¼w`o¼��tSsPqPv{qPvxw`o�v{o�~¾qPegi
v{hItS~�i¤v{o¡�8v �+i6s�i6orq�tSs�i�t`�I±Kvz®³i}®�v{o¡�8v �0i6s�i6o>q�u6¦Xt`����i_��¹T|bi�t`u�e»tSs�i�tÁ�0i6v{o�~�u�e�tSs�t`u6q�i6sPv{�i_�§�r½
t?¯Æi�tSqPª�s�i}®»d�egi&¯Æi�tSqPª�s�i¾u6sPv{q�i6sPvxw`o ¢£i�tSs�iÁv{o>q�i6s�i_�Pq�i_�´v{o"vx�¤qPegi¾�P��tSqPvXtS¦«�8vx�PqPsPv{��ª�qPvxw`o¿wS¯
v{o>q�i6og�Pv{qÖ½�®.��¯�u_w`ª�s���i}|�w`qPegi6s$�8vx��u6sPv{hWv{o�tSorq.¯ i�tSqPª�s�i_�$qPe�tSo?v{o>q�i6og�Pv{qÖ½¬u�tSo?�0i�ªg��i_�¾�>½�u_w`o8y
��vx��i6sPv{o�~j�Pª�v{q�tS��¦xiµ��tSs�tShji6q�i6s���®�Çºv{qPe�v{o¾qPe�vx�R¯Ks�tShji6¢Rw`sPÅ�|gt�s�i6~}vxw`o¾¢«v{¦{¦0�0iµ��iT¨gogi_��t`��qPegi
��i6q�wS¯���v©¸�i6¦x���0i6¦xw`o�~}v{o�~jq�wWqPegiZ��tShji�u6¦Xt`����|�tSog�?t¤u6¦Xt`���«vx��u�e�tSs�t`u6q�i6sPv{�i_�?�>½&��tSs�tShji6q�i6s��
¦{v{o�Å�i_�§q�w�qPegiÁ�P��tSqPvXtS¦£�8vx��qPsPv{��ª�qPvxw`o¶wS¯«v{orq�i6og��v{qÖ½¡¯Æw`sZv{og�Pq�tSogu_i¼±Khji�tSo¶tSog�¶�Pq�tSog�gtSs��»��iTy
¥GvXtSqPvxw`oÀv©¯Ä¢Ri¤hItSÅ�ijt)(ZtSªg���PvXtSo§t`���Pª�hW��qPvxw`o�¹T®   i6ogu_i}|0¢£i¤v{orqPs�wG�8ªgu_iIt&ogi6¢(¯ ª�ogu6qPvxw`o�tS¦
¯Æw`s£u6¦Xt`���Pv©¨�u�tSqPvxw`o;v{ogu6¦{ªg�8v{o�~Ws�i_�Pq�w`s�tSqPvxw`o;¢«v{qPeÁi_�8~�i.s�i6~}ª�¦XtSsPv{NtSqPvxw`oD®Äd�egi�¨go�tS¦�s�i_�Pª�¦{q��«tSs�i
qPegi)v{hItS~�i�wS¯Äu6¦Xt`����i_��|�qPegi�s�i_�Pq�w`s�i_�Ãv{hItS~�i�tSog�¬qPegi)hItS�ÃwS¯Äs�i6~}ª�¦XtSsPv{�i_�¼�8vxu_w`o>qPv{orª�v{qPvxi_��®
d�egi&��w`¦{ª�qPvxw`o¶¢«v{¦{¦£�0iWhIt`��iÁwS¯�egw`hjw`~�i6ogi_w`ªg�)s�i6~}vxw`og�N|�w`s)u6¦Xt`����i_�N|\��i6��tSs�tSq�i_�»�r½¡��e�tSsP�
s�i6~}ª�¦XtSsPv{�i_�?��w`ª�og�gtSsPvxi_�N®
mpo"hji_u�e�tSo�vxu_��|£hItSor½´tSª�qPegw`s��We�t�¥�i¾�PqPªg�8vxi_�"qPegi¾�Pq�tS��v{¦{v{qÖ½"wS¯.��½G�Pq�i6hj�Wu_w`o>q�tSv{o�v{o�~§��i6¥>y
i6s�tS¦\v{og�Pq�tS��¦xi�u_w`hW�0w`ogi6orq��.qPe�s�w`ª�~}eÃqPegi Ï tSoÃ��i6s�Ç§t}tS¦x�°y ��tSe�o8y   v{¦{¦{vXtSs��ÃqPegi_w`sP½�wS¯B��e�t`��i
qPs�tSog��v{qPvxw`og�%�{�}|%OG|��8|��8|D��k8|D�6��|D���8|���D�|�k�88|�k}��|��g�}|��r�8|��}�g|��r� �Ö®£d�egi_��i�u_w`hW�0w`ogi6orq��$hIt_½
�0iµ¦{v��>ª�vx����e�t_¥Gv{o�~&�8v �+i6s�i6orq$¦xi6¥�i6¦x��wS¯E��i6og�Pv{qp½;�8vx��qPsPv{��ª�qPvxw`oD®Rd�egi��Pq�tS��¦xiZu_w`o8¨g~}ª�s�tSqPvxw`oÃvx�
��s�wN¥�i6ojq�wµ�0i«u_w`hW��w`ª�og�jwS¯�egw`hjw`~�i6ogi_w`ªg�Es�i6~}vxw`og�£��i6��tSs�i6q�i_�W�r½¤�Pe�tSsP�Wv{o>q�i6s°¯Æt`u_i_�Äe�t_¥Gv{o�~
hWv{o�v{hItS¦\¦xi6o�~}qPeD®�Ç¡i���s�w`�0w}��i�q�wItS����¦{½ÁqPegi_��i�s�i_��ª�¦{q���q�wjt¤¥}tSsPvXtSqPvxw`o�tS¦bhjwG��i6¦+¯Æw`s«v{hItS~�i
u6¦Xt`���Pv©¨�u�tSqPvxw`oD®
!�v{s��Pq�|rqPegi���s�w`��¦xi6h �Pq�tSq�i6hji6orqRvx�Äu_w`og��vx��i6s�i_�+®�Ç¡i�qPegi6o&s�i_u�tS¦{¦�qPegi Ï tSoÁ��i6sÄÇ§t}tS¦x�°y ��tSe�o8y

* é�ä * Ü



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- �

  v{¦{¦{vXtSs��¼qPegi_w`sP½¼wS¯£��e�t`��i�qPs�tSog�Pv{qPvxw`og��v{o>qPs�w>�8ªgu_i_�¡v{oÀhji_u�e�tSo�vxu_��®�Ç¡ijtS¦x��w;iT¸gtShWv{ogi¤qPegi
s�i6¦XtSqPvxw`og��e�v{�Á�0i6qÖ¢Ri_i6o;qPe�vx�£hjwG��i6¦+tSog�&v{hItS~�i.u6¦Xt`���Pv©¨�u�tSqPvxw`oD|���qPs�i_���Pv{o�~�qPegi.�Pv{hWv{¦XtSsPv{qPvxi_�«wS¯
qPe�vx��qPegi_w`sP½Á¢«v{qPeÃt�s�i6~}vxw`o?��i6~}hji6orq�tSqPvxw`oÃv{ogu6¦{ªg�8v{o�~&t¤s�i_��q�w`s�tSqPvxw`o���s�w>u_i_����®
mpoÃqPegi)ogiT¸8q���i_u6qPvxw`oD|0¢£i���s�w`�0w}��iWtjogi6¢ ¯ ª�ogu6qPvxw`o�tS¦E��i6¥�w`q�i_�¼q�wIv{hItS~�iWu6¦Xt`���Pv©¨�u�tSqPvxw`oÀv{o
t`���8v{qPvxw`o?q�wjtSo?tSo�vx��w`qPs�w`��vxuZ�PhjwGw`qPe�v{o�~Iu�tS��tS��v{¦{v{qÖ½�® &R½Iv{orqPs�wG�8ªgu6v{o�~Át�ogi6¢·q�i6sPh	s�i6¦XtSq�i_�
q�w¤qPegiµs�i6~}vxw`o���i6~}hji6orq�tSqPvxw`oD|g¢Riµv{hW��w}��iZt�¦xi6¥�i6¦Du_w`og�PqPs�tSv{orq�|gi�t`u�e�¦xi6¥�i6¦+�0i6v{o�~Ws�i6¦XtSq�i_�¾q�w
t��P�0i_u6v©¨�u$u6¦Xt`���N®\Ç¡iµtS¦x��w��8vx��u6ªg����tS��w`ª�qRqPegi$��i6e�t�¥>vxw`ª�s«wS¯DqPe�vx�£q�i6sPh�®Ed�egi.tS¦{~�w`sPv{qPe�h ¢Ri
ªg��i�q�wÁhWv{o�v{hWv{�i¤qPe�vx�$¯Kª�ogu6qPvxw`o�tS¦�vx�.��t`��i_�Ãw`o¼qPegi�e�tS¦©¯3y �>ª�t`�8s�tSqPvxu¤hji6qPegw>�Ã��s�i_��i6o>q�i_�¼v{o
�{�+OG|��}�8|8�)8��Ö®
mpo¶qPegiI¦Xt`�Pq¤��i_u6qPvxw`oD|�¢RiÁq�i_�Pq)qPegiÁ��s�w`�0w}��i_�»hjw>��i6¦«w`o"�P½>o>qPegi6qPvxu�tSog�»��tSq�i6¦{¦{v{q�i&v{hItS~�i_�N®
d�egi_��i�s�i_�Pª�¦{q��µtSs�iZiT¸�tShWv{ogi_�¼tSog��u_w`hW��tSs�i_�¬¢«v{qPe?qPegi)w`ogi_��w`��q�tSv{ogi_�¬¢«v{qPeÃtW�Pq�wGu�e�t`��qPvxu
tS����s�w�t`u�e?��t`��i_�?w`o?t¤�\w`qPq��$hjw>��i6¦z®

� � #�����
��E� g�������E���E���
���	� 
������������
d�egiZogw`q�tSqPvxw`o�ªg��i_�¾egi6s�i�t]¯ q�i6s$tSs�iµqPegiµ¯Æw`¦{¦xw�¢«v{o�~��
(�i6ogi6s�tS¦Dogw`q�tSqPvxw`o��
��� vx��tSo?w`�0i6o¾��w`ª�og��i_�¬�Pª��g��i6q�wS¯�� ��|�"! tSog�$#¼tSs�iZi6¦xi6hji6o>q���wS¯�%'&)( �+* �$,�|��-/. ( 002143 *2565656* 007178 ,�9�vx�«qPegi�~}s�t`�8vxi6o>q$w`�0i6s�tSq�w`s�|��:�;�< (�#=, .?> �@BA & 04C0217D vx��qPegi��8v{¥�i6sP~�i6ogu_i�w`�0i6s�tSq�w`s$tS����¦{vxi_��q�wE#B®� d�egiZdbw`q�tS¦ Ï tSsPvXtSqPvxw`o"± d Ï ¹RwS¯F#Ãvx����iT¨gogi_�?t`�)�

GIH (�#=, .KJML N O # N�.?P)!�Q�R4JSL # 5T:�;�< (VU�,XWYU[Z]\ &^ ( �+* � � ,`_ba :]N U�(dc�, NMe?f�g�5
mz¯�#hZ]\i&2( � ,ÄqPegi6o GIH (�#=, .?j L N - # N ®��k H ( � ,Evx�«qPegi��P��t`u_i�wS¯\¯ ª�ogu6qPvxw`og��¢«v{qPe &Rw`ª�og��i_��q�w`q�tS¦ Ï tSsPvXtSqPvxw`o¶± & Ï ¹ �Þ�S� �	�

k H ( � , .lR #¼��ªgu�e�qPe�tSq GIH (�#=,nmporq g�5
d�e�vx���P��t`u_i)u_w`orq�tSv{og�$qPegi�¯ ª�ogu6qPvxw`og��¢«e�vxu�e¼u�tSo��0iZ�8vx��u_w`o>qPv{orªgw`ªg�µqPe�s�w`ª�~}e¬u6ª�sP¥�i_�N|
tSog��qPegi6s�iT¯Æw`s�iÄqPe�vx���P��t`u_i£vx�b�Pª�v{q�tS��¦xiÄ¯Æw`s\qPegi£�PqPªg�8½ZwS¯�¯Ks�i_iR�8vx��u_w`o>qPv{orª�v{qÖ½)¥`tSsPvXtSqPvxw`o�tS¦
��s�w`��¦xi6hj�$t`�«qPegiZ��i6~}hji6orq�tSqPvxw`o¬w`ogi}®

ä\ä	à�Q#RTS�æ�R



8 	 -)$.�G�T� ��('- � � ��� �T������� ��� $ �	�B����%��
���T$*�������	� � ��� ���B&������.$T����� ��������� �	���.$����T���

� d�egiµ��i6sPv{hji6q�i6s.wS¯\qPegiZ��i6q���� � vx����iT¨gogi_�?t`������� L (	� , . G+H (	
��F,E¢«egi6s�i
��§vx�
qPegi�u�e�tSs�t`u6q�i6sPvx�PqPvxu�¯Kª�ogu6qPvxw`o¬wS¯���®

��� (	�r,�vx��qPegi a�� f �8v{hji6og��vxw`o�tS¦   tSªg����w`s �¶hji�t`�Pª�s�iIwS¯���|btSog�Àv©¯£qPegi¤�0w`ª�og�gtSsP½
� � wS¯�� vx����hjw>w`qPe¾¢Ri�e�t_¥�i��

� ( � ��� � , . ����� L (	�r, . G+H (	
 � , 5
�£¦Xt`���Pv©¨�u�tSqPvxw`o�ogw`q�tSqPvxw`o��
��� .lR4P�g�� A &������ � qPegi���i6q�wS¯B��v{q�i_��|� % � s�i6��s�i_��i6orq���qPegiZ¦XtS��i6¦btSqPqPsPv{��ª�q�i_�?q�wWqPegi��Pv{q�i P |
��� qPegiZ��i6q�wS¯�t`�8hWvx����v{��¦xi�¦XtS��i6¦x�N|! _"� :#��.%$ tSog� % � Z � |
� \ @ vx�«qPegi ; 9'&¤u6¦Xt`����u�e�tSs�t`u6q�i6sPv{�i_�?�>½¾t�¦XtS�0i6¦Dv{o � ®

�$i6hItSsPÅG�)�
� Ç¡iµ¢«v{¦{¦b��w`hji6qPv{hji_��ªg��i #Ãv{og�Pq�i�t`��wS¯F#�(dc�,E¢«egi6o�ogwWu_w`o8¯ ªg�Pvxw`o�vx�«�0w}���Pv{��¦xi}®
� Ç¡i¤ªg��i¤qPegi¤q�i6sPhWv{ogw`¦xw`~}½)(p�Pv{q�i+*¤w`s,(Ö��v©¸�i6¦-*�|b��i6ogw`qPv{o�~ÃtÁ��w`v{o>qZwS¯RqPegi¤v{hItS~�i}|\i6¥�i6o
v{o¬qPegi¤u_w`orqPv{o>ªgw`ªg��u�t`��i)v{oÀw`s���i6sµq�wIhItSÅ�iWtÁu_w`o�ogi_u6qPvxw`oÀ��i6qp¢£i_i6oÀqPegi)¥`tSsPvXtSqPvxw`o�tS¦
u6¦Xt`���Pv©¨�u�tSqPvxw`oÃ±K��tSsPqPv{qPvxw`o�v{o�~�v{ojs�i6~}vxw`og�/. @ ¹�tSog�j�8vx��u6s�i6q�i��Pq�wGu�e�t`�PqPvxu�¦XtS��i6¦{¦{v{o�~;±K��tSs°y
qPv{qPvxw`o�v{o�~Ãv{o´u6¦Xt`����i_� \ @ ¹T®À��¦{¦RqPegiÁi6¦xi6hji6orq��jwS¯$t¬s�i6~}vxw`o�. @ ��i6¦xw`o�~¼q�w¬qPegi;��tShji
u6¦Xt`����®

� Ç¡iµ¢«v{¦{¦bi6v{qPegi6s���t�½0(pu6¦Xt`���Pv©¯K½;t¤�Pv{q�i+*�w`s1(îtSqPqPsPv{��ª�q�i)t�¦XtS�0i6¦Dq�w¤qPe�vx���Pv{q�i+*�®
��� � 243��65�798;: <4���=8>:?8 ��
( w}�PqRwS¯0qPegi�v{hItS~�i_�Ä¢Ri.tSs�i$��i�tS¦{v{o�~)¢«v{qPe;tSs�i�u_w`sPsPª���q�i_�&�r½j�8v �+i6s�i6orq���w`ª�s�u_i_�RwS¯0ogw`vx��i}®
d�egi$u_w`¦{¦xi_u6q�i_�&�gtSq�t)u_w`orq�tSv{o&¯ztS¦x��i�v{o8¯Æw`sPhItSqPvxw`og�RqPe�tSqÄh�ªg��q£�0i�s�i6hjwN¥�i_�&w`sR��wS¯Kq�i6ogi_�+® �bi6q
t`���Pª�hji�qPe�tSq.qPegi)ogw`vx��i�@BAM� �DC �Ã|�±da .FE w`sHG�¹T|�e�t`��tI¢«e�v{q�i�~rtSªg����vXtSoÃ�8vx�PqPsPv{��ª�qPvxw`o
wS¯Bv{orq�i6og��v{qÖ½�®ÄmÖ¯I@Ávx��tSo?t`���8v{qPv{¥�i�ogw`vx��i}|�qPegiµ¦{v{ogi�tSs���i6~}s�t`�gtSqPvxw`oÃhjwG��i6¦+vx��wS¯�qPegi�¯ w`sPh �

J (dc�, . #�(dc�,�o�@ (dc�, *LK c]Z �+* ±°�N¹

¢«egi6s�i J ��i6ogw`q�i_��qPegi$u_w`¦{¦xi_u6q�i_�;�gtSq�t8®Ed�egi$~�w�tS¦+wS¯bqPegi�s�i_��q�w`s�tSqPvxw`o¾��s�w>u_i_���£vx�Rq�w�s�i6qPsPvxi6¥�i# ¯ s�w`h J qPe�s�w`ª�~}e´qPegi;hWv{o�v{hWv{NtSqPvxw`oºwS¯$qPegiÁ¯ ª�ogu6qPvxw`o�tS¦HMF(�#=, . j LON #�(dc�,�� J (dc�,QP�R : c
¯Æw`s�v{og�Pq�tSogu_i}®Àd�e�vx�¤��s�w`��¦xi6h vx�)~�i6ogi6s�tS¦{¦{½»v{¦{¦©yz��w}��i_� ±Kv{o"qPegiÁ��i6og��i;wS¯   t`�gtShItSs��$�Þ��8 �K¹T|

* é�ä * Ü



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- O

tSog�;qPegiZs�i6~}ª�¦XtSsPv{NtSqPvxw`o?qPegi_w`sP½Á¦xi�t`���«q�wIt�¢£i6¦{¦©yz�0w}��i_�;¯Æw`sPh�ª�¦XtSqPvxw`oD®£d�egiµ��t`�Pvxu�vx��i�t¤wS¯Et
s�i6~}ª�¦XtSsPv{NtSqPvxw`o¼hji6qPegwG�¬u_w`og��vx�Pq���wS¯Ev{hW�0w}�Pv{o�~;��w`hji�u_w`og�PqPs�tSv{o>q��µw`o?qPegi���w`¦{ª�qPvxw`oh#B|�tSog�
��w¬qPegi¾����t`u_i¾wS¯µt`�8hWvx���Pv{��¦xi¾��w`¦{ª�qPvxw`og�Wvx�¤s�i_�PqPsPvxu6q�i_�+®�!gw`sjv{og�Pq�tSogu_i}|Äq�wÀw`��q�tSv{o¿�PhjwGw`qPe
��w`¦{ª�qPvxw`og��|Ät¬d�e�v{Å�w`ogw�¥¶s�i6~}ª�¦XtSsPv{NtSqPvxw`o´q�i6sPh j L N - #�(dc�, N R : c u�tSo"��i&v{orqPs�wG�8ªgu_i_�"v{o¶qPegi
¯ ª�ogu6qPvxw`o�tS¦ M � �r���Ö®
NÄ�8~�i_�µtSs�i)��s�w`��tS��¦{½?qPegi)hjw}�Pq$v{hW��w`sPq�tSo>q�¦xw�¢ ¦xi6¥�i6¦\¯Æi�tSqPª�s�i_�$v{o¬v{hItS~�i���s�wGu_i_���Pv{o�~g|0tSog�
tSs�i�ªg�Pª�tS¦{¦{½W��iT¨gogi_�Át`��t��Pe�tSsP�&qPs�tSog�Pv{qPvxw`o;wS¯0v{o>q�i6og�Pv{qÖ½I¦xi6¥�i6¦z®�d�egi6s�iT¯ w`s�i}|>qPegi�s�i_�Pq�w`s�tSqPvxw`o
hji6qPegwG����h)ªg�PqZ�0ijtS��¦xiWq�w¾s�i6hjw�¥�ijogw`vx��iW¢«e�v{¦xiW��s�i_��i6sP¥Gv{o�~�qPe�v{o§��qPsPªgu6qPª�s�i_��®jd�v{ÅGegw`ogw�¥
s�i6~}ª�¦XtSsPv{NtSqPvxw`o§v{og�8ªgu_i_��tSo¼vx��w`qPs�w`��vxuW�PhjwGw`qPe�v{o�~g|btSog�¼i_�8~�i_��tSs�i�ogw`q���s�i_��i6sP¥�i_�+®)mpoÃqPegi
¨�i6¦x�;wS¯b¥}tSsPvXtSqPvxw`o�tS¦DtS����s�w�t`u�egi_��|ghItSor½ÁtSª�qPegw`s���e�t�¥�i.¢£w`sPÅ�i_�¾w`o�tSo�vx��w`qPs�w`��vxuµ�PhjwGw`qPe�v{o�~
t`��v{o � 88|8�}�}|8�+OG|}kS��|}k}�8|`k,OG|}k}��|]�)8��8¯Æw`sBiT¸gtShW��¦xi}®Bd�egiRhItSv{oWvx��i�t�vx�Bq�wµ��iT¨gogi�t�¯ ª�ogu6qPvxw`o�tS¦
¢«egw}��i�hWv{o�v{hWv{NtSqPvxw`o¡��s�wN¥>vx��i_�ZtIs�i_�Pq�w`s�i_�¼��w`¦{ª�qPvxw`o¼¢«v{qPeÃ��s�i_��i6sP¥�i_�Ài_�8~�i_��®µ��o�vx��w`qPs�w`��vxu
��hjw>w`qPe�v{o�~;h�ªg��q.�0i¤tS��¦xi¤q�wIs�i6hjwN¥�i¤ogw`vx��i�¢«v{qPegw`ª�qZ�Phjw>w`qPe�v{o�~;qPegi¤i_�8~�i_��®���u_w`hWhjw`o
tSo�vx��w`qPs�w`��vxu«�Phjw>w`qPe�v{o�~�hjwG��i6¦8vx����t`��i_�Ww`o¤qPegi£hWv{o�v{hWv{NtSqPvxw`o&wS¯�qPegi£¯ w`¦{¦xwN¢«v{o�~�¯ ª�ogu6qPvxw`o�tS¦
� 88|+�}�r|+�+OG|�k,O �	�

M�(�#=, . J L N #�(dc�,I� J (dc�, P R : c o � R J L�� ( N - #�(dc�, N , : c 5 ±Æ��¹

d�egi � ¯Kª�ogu6qPvxw`oD| � A�� C ���£|Be�t`�WtSq¤¦xi�t`�Pq¤qPegi&qÖ¢£wÃ¯Æw`¦{¦xw�¢«v{o�~À��s�w`�0i6sPqPvxi_��± ��i_i !�v{~g®
�N¹ �Bv©¯��`Z � vx�«u6¦xw}��iµq�w¤�i6s�w�| � (�� ,Evx� �>ª�t`�8s�tSqPvxuZw`s�ogi�tSsP¦{½��rª�t`�8s�tSqPvxuI± �.��������-)�����µi��+i_u6q�¹T|
tSog�´¯ w`sW¦XtSsP~�i¾¥}tS¦{ªgi_�jwS¯	�T| � (�� ,�vx�j¦{v{ogi�tSsIw`sI�Pª��8yz¦{v{ogi�tSs¬±�� ���)��
 (%$ �.�2�.$�
������Ài��+i_u6q�¹T®"Ç¡i
tS¦x��w¾e�t_¥�i&qPegiW��t`�PvxuÁt`�Pª�hW��qPvxw`og�)w`o � � K � Z"�¬| � (�� ,����� � (��b, . ��� � (�� , .�� (���� ,��
� u_w`orqPv{o>ªgw`ªg�P¦{½´�8v �0i6s�i6o>qPvXtS��¦xi�tSog� K �����8| ��� (�� ,����8®Àd�egi � ¯Kª�ogu6qPvxw`og�jtSs�iÁªg�Pª�tS¦{¦{½
u6¦Xt`���Pv©¨�i_�¶v{o¶qp¢£w¡u�tSq�i6~�w`sPvxi_�N|EqPegi¾u_w`or¥�iT¸´w`ogi_�jtSog�¶qPegi;ogw`ogu_w`or¥�iT¸ w`ogi_��®ÀÇºegi6o � vx�
u_w`o>¥�iT¸0|�qPegi?qPegi_w`sPvxu�tS¦$�PqPªg�8½¿tS�0w`ª�qjqPegi?hWv{o�v{hWv{NtSqPvxw`oºwS¯ M ¦xi�t`���Iq�w¡s�i_�Pª�¦{q��&�Pªgu�e t`�
qPegiÀiT¸8vx�Pq�i6ogu_i¡wS¯¤hWv{o�v{hWv{�i6s���® �$o·qPegi¡w`qPegi6s�e�tSog�+|.¯Æw`s?t¶ogw`ogu_w`or¥�iT¸·¯ ª�ogu6qPvxw`oD|µqPegi
qPegi_w`sPvxu�tS¦\�PqPªg�8½Ivx��h)ªgu�e�hjw`s�i��8v©ÂIu6ª�¦{q)±Kogw`o¾ª�o�v��>ªgi6ogi_����wS¯�qPegiµhWv{o�v{h�ª�h�|�v©¯�v{q�iT¸Gvx��q���¹T®
#.i6¥�i6sPqPegi6¦xi_����|�ogw`ogu_w`or¥�iT¸�¯Kª�ogu6qPvxw`og�EtSs�i�wS¯ q�i6oWªg��i_���0i_u�tSªg��iRqPegi6½�ªg��ª�tS¦{¦{½���s�w�¥Gvx��i��0i6qPq�i6s
s�i_��ª�¦{q���®�d\tS��¦xi�����s�i_��i6orq��$�8v �0i6s�i6o>q � ¯Kª�ogu6qPvxw`og�$u_w`hWhjw`o�¦{½¾ªg��i_�+®

d�egi ( ª�h¤¯ w`s��Gy J>e�tSe¬¯Kª�ogu6qPvxw`o�tS¦ �Þk}����vx��ÅGogw�¢«oÀt`�$qPegi�hjw}�Pqµ�P½GorqPegi6qPvxu�u6sPv{q�i6sPvxw`oÃ¯ w`s$qPegi
��i6~}hji6orq�tSqPvxw`o���s�wGu_i_����®bÇ¡iEu�tSoµ¨gog��hItSo>½.��ª���¦{vxu�tSqPvxw`og�BtS�0w`ª�qDqPegi�hItSqPegi6hItSqPvxu�tS¦>��w`ª�og�Gy
ogi_���«wS¯\qPe�vx��hjwG��i6¦z|8¢«e�vxu�e¾�0i6¦xw`o�~��«q�w�qPegiµ¢«vx��iµ¥`tSsPvxi6qp½ÁwS¯\¯Ks�i_iµ�8vx��u_w`o>qPv{orª�v{qÖ½¾��s�w`��¦xi6hj�N|
t`��¢£i6¦{¦Bt`��hItSor½ÃtS����¦{vxu�tSqPvxw`og�%�Þk�|g�g|%88|�kS��|�k}��|�k,OG|g�)8 �Ö®�mpo¬t`���8v{qPvxw`oÃq�wWs�i_�Pq�w`s�tSqPvxw`oD|�qPegi
ogw`qPvxw`o¤wS¯���i6~}hji6o>q�tSqPvxw`oD|�vz®³i}®\~�i6qPqPv{o�~µtSo�v{hItS~�iÄ��tSsPqPv{qPvxw`oD|�vx�bv{o>qPs�w>�8ªgu_i_�+®�d�egiRiT¸G��s�i_���Pvxw`o
wS¯BqPegi ( ª�h¤¯ w`s��Gy J>e�tSe?¯Kª�ogu6qPvxw`o�tS¦Dvx�)�
M�����(�# * k , . J L N #�(dc�,�� J (dc�,QP R : cEo � R JML��! N - #�(dc�, N R : c o � ( k , * # Z k H ( � ,b±Æk�¹

ä\ä	à�Q#RTS�æ�R



� 	 -)$.�G�T� ��('- � � ��� �T������� ��� $ �	�B����%��
���T$*�������	� � ��� ���B&������.$T����� ��������� �	���.$����T���

0

ϕ

edge-preservingsmoothing

|grad(f)|

edge-preserving

!�v{~}ª�s�ij�����������	��
�������������������	����� �"!#�$�	%�
&�'�(��%*)

¢«v{qPe k ��i6ogw`qPv{o�~)qPegi���i6qEwS¯+�0w`ª�og�gtSsPvxi_�$±Kª�o�ÅGogw�¢«o&¯Ks�i_i«�8vx��u_w`orqPv{orª�v{qPvxi_�T¹T®Äd�egi�¨gs��PqÄq�i6sPh
v{o§±Æk�¹�tSv{hj�$tSq�Å�i_i6��v{o�~jqPegi���w`¦{ª�qPvxw`o?u6¦xw}��iµq�w¤qPegi��gtSq�t8®Ed�egiZ��i_u_w`og�;q�i6sPh�|�¢Ri6v{~}erq�i_�?�r½
qPegi�s�i6~}ª�¦XtSsPv{NtSqPvxw`o&��tSs�tShji6q�i6s � |`��s�w�¥Gvx��i_�£tµ�PhjwGw`qPe�v{o�~���s�wGu_i_���Ew`oWegw`hjw`~�i6ogi_w`ªg�£tSs�i�t`�N®
d�egi.¦Xt`�Pq«q�i6sPh ¦xi�t`����q�w��0w`ª�og�gtSsPvxi_�«e�t_¥Gv{o�~jhWv{o�v{hItS¦+¦xi6o�~}qPeD®�JGw�|8qPegiµiT¸8��i_u6q�i_�¾��w`¦{ª�qPvxw`o
vx�Bu_w`hW�0w`ª�og�WwS¯�egw`hjw`~�i6ogi_w`ªg�RtSs�i�t`����i6��tSs�tSq�i_�¤�r½��Pe�tSsP�¤s�i6~}ª�¦XtSsPv{�i_�ji_�8~�i_�7�Bt���vxi_u_i6¢«vx��i
u_w`og��q�tSorq���w`¦{ª�qPvxw`oD®�d�egi)hWv{o�v{hWv{NtSqPvxw`o¡wS¯ M����¬vx�.tI�8v©ÂIu6ª�¦{qµq�t`�PÅ¾��i_u�tSªg��i�qPegi���i6q k vx�
ª�o�ÅGogw�¢«oD®ÄmÖoÁqPegi$¨�i6¦x�ÁwS¯b¯Ks�i_iµ�8vx��u_w`o>qPv{orª�v{qÖ½;��s�w`��¦xi6hj��|8qPegi_w`s�i6hj�«wS¯,++yÖu_w`or¥�i6sP~�i6ogu_i�u�tSo
�0iZªg��i_��q�w;tS����s�w_¸8v{hItSq�i0M����?¢«v{qPeÀtI��i �>ªgi6ogu_i�wS¯Äi6¦{¦{v{��qPvxuZ¯ ª�ogu6qPvxw`o�tS¦x��|+t`��¯Æw`s�v{og��q�tSogu_i
v{o �Þkg|8�g|gkS��|gk}�8|��)8 �Ö®

mpo�t`���8v{qPvxw`o?q�w¤qPegiµs�i_�Pq�w`s�tSqPvxw`oÃtSog����i6~}hji6orq�tSqPvxw`o¬��s�w`��¦xi6hj��|�¢Ri�¢RtSo>q�q�wW��iT¨gogi�t�¥}tSsPv©y
tSqPvxw`o�tS¦£hjw>��i6¦RtS¦x��w¾��i6¥�w`q�i_�¡q�w�u6¦Xt`���Pv©¨�u�tSqPvxw`oD®   i6s�i6v{oD|\t�u6¦Xt`���Pv©¨�u�tSqPvxw`o§��s�wGu_i_����hji�tSog�
t¡��i6~}hji6orq�tSqPvxw`oº¢«v{qPeºt¡¦XtS��i6¦{¦{v{o�~g|�vz®³i}®ºi6¥�i6sP½ i6¦xi6hji6orq��ÁwS¯�t¼��tSsPqPv{qPvxw`o��0i6¦xw`o�~§q�w¡qPegi
��tShji)u6¦Xt`���N®$d�e�vx�.hjwG��i6¦\h)ªg�Pqµ¦xi�t`�?q�w&qPe�s�i_i¤�Pv{h�ª�¦{q�tSogi_w`ªg�µ��s�wGu_i_����i_�7�«��i6ogw`vx��v{o�~g|+i_�8~�i
��s�i_��i6sP¥`tSqPvxw`o?tSog�¾u6¦Xt`����v©¨�u�tSqPvxw`o»± $ � ������� ������� �.�'� �,�������8¹T®EmÖo¾w`qPegi6s�¢Rw`s�����|8¯Æw`s«i�t`u�e?�Pv{q�i P
¢Riµh�ªg�Pq���i�tS��¦xiµq�wW��i6q�i6sPhWv{ogi�v©¯ P vx��t�ogw`vx�P½&��v©¸8i6¦z|8v©¯ P vx��tSo�i_�8~�i�i6¦xi6hji6o>q$tSog�;¢«e�vxu�e
u6¦Xt`��� P �0i6¦xw`o�~���q�w�-»±Kvz®³i}®�¢«e�vxu�e¬vx�«qPegiµ¦XtS�0i6¦�% � Z � wS¯ P -]¹T®
!�w`s�qPegi���tSÅ�iZwS¯��Pv{hW��¦{vxu6v{qÖ½�|�¢£i�hItSÅ�iZqPegiµ¯ w`¦{¦xwN¢«v{o�~&t`���Pª�hW��qPvxw`og�)�

  ½G�0w`qPegi_�Pvx�Z±   ¹

. NÄt`u�eÃ�Pv{q�iµvx��u�e�tSs�t`u6q�i6sPv{�i_�¬�r½;v{q��«v{o>q�i6og�Pv{qÖ½¾¦xi6¥�i6¦Ä±K~}s�i6½;¦xi6¥�i6¦3¹T®
. NÄt`u�eÀu6¦Xt`���+\ @0/ @BA &���� � e�t`��t (ZtSªg���PvXtSo¼�8vx�PqPsPv{��ª�qPvxw`oÀwS¯Äv{orq�i6og�Pv{qp½21 (43 @ *5 @ ,
¢«egi6s�i"3 @ tSog� 5 @ tSs�i.s�i_�P�0i_u6qPv{¥�i6¦{½IqPegi.hji�tSo�tSog�ÁqPegi.��q�tSog�gtSs��¾��i6¥>vXtSqPvxw`o¾wS¯

* é�ä * Ü



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- �

qPegi�u6¦Xt`��� \ @ ®BÇ¡i�¢«v{¦{¦+ªg��iµ¥�i_u6q�w`s$ogw`q�tSqPvxw`o��
3 .lR 3 @ g @6A &���� � tSog� 5].lR�5 @ g @BA &���� � 5

. d�egi¤o>ª�h��0i6s $ tSog�ÃqPegi¤��tSs�tShji6q�i6s�¥�i_u6q�w`s�� 3´tSog� 5 wS¯£qPegiWu6¦Xt`����i_�µtSs�i
Å>ogwN¢«o»±Kvz®³i}® � �+(#�.$�
�� �2� �)u6¦Xt`���Pv©¨�u�tSqPvxw`o�¹T®

d�e�vx�$hjwG��i6¦\s�i6¦{vxi_�µw`oÃqPegi�hWv{o�v{hWv{NtSqPvxw`o¡wS¯£tIogw`ogu_w`or¥�iT¸¬¯Kª�ogu6qPvxw`o�tS¦«± w`s �T� �.$�� � ¹�¢«egw}��i
~�i6ogi6s�tS¦D¯ w`sPh)ª�¦XtSqPvxw`o?vx�7�

MF(�#=, . J L N #�(dc�,�� J (dc�, P R : c o � R J L�� ( N - #�(dc�, N , : c o @ R J L H (�#�(dc�,XW&3 *5 , : c 5 ±K�>¹
d�egi�¨gs��Pq$qÖ¢£wÁq�i6sPhj�.��s�w�¥Gvx��i¤tjs�i_�Pq�w`s�tSqPvxw`oÃ¢«v{qPe¼i_�8~�iTyz��s�i_��i6sP¥`tSqPvxw`oD®µd�egi)¦Xt`�Pq�q�i6sPh H
v{o ±K�>¹�vx�¤t¾�0w`q�i6orqPvXtS¦�v{og�8ªgu6v{o�~¡t�u6¦Xt`���Pv©¨�u�tSqPvxw`o¶u_w`og��qPs�tSv{orq�®ÃmÖq)q�tSÅ�i_�)v{o>q�wÃt`u_u_w`ª�o>q¤qPegi
v{o>q�i6og�Pv{qÖ½;tSog�jqPegi$��tSs�tShji6q�i6s��«wS¯DqPegi$u6¦Xt`����i_�E¯Æw`sÄqPegi.u6¦Xt`���Pv©¨�u�tSqPvxw`o;wS¯bi�t`u�e4(Ö��v©¸�i6¦-*Yc\® H
e�t`�$~�w`q�t`��hItSo>½�hWv{o�v{hItjqPe�tSoÃqPegi)orª�h��0i6s�wS¯Äu6¦Xt`����i_�µtSog�?v{hW�0w}��i_�µtW¦xi6¥�i6¦Bu_w`og�PqPs�tSv{orq
w`oÀqPegiI��w`¦{ª�qPvxw`oD®jd�egiWs�i�tS¦E��tSs�tShji6q�i6s�� � tSog� @¬�0i6sPhWv{qZq�w�t`�S�°ªg�PqZqPegi¤¢Ri6v{~}erq¤wS¯�i�t`u�e
q�i6sPh�®
mpo qPegi?ogiT¸GqÁ��i_u6qPvxw`oD|�¢£i¬¢«v{¦{¦$��i_i?qPe�tSqIqPe�vx�&hjw>��i6¦$vx�Iu6¦xw}��i?q�w¡qPegi?��e�t`��i�qPs�tSog�Pv{qPvxw`og�
��s�w`��¦xi6h �PqPªg�8vxi_�¾v{o�hji_u�e�tSo�vxu_��®

� !¶�$� �)��#�� ����
�����¿��*����	� ��
�
�����# � �0*�����#�
 �� '�*)���� ��#��$������
�����$��

d�egi Ï tSo���i6s&Ç§t}tS¦x�°y ��tSe�o8y   v{¦{¦{vXtSs���qPegi_w`sP½�wS¯µ��e�t`��i?qPs�tSog�Pv{qPvxw`og�&e�t`�Á�Pegw�¢«oºq�w¡�0i
iTÂIu6vxi6o>q¤¯ w`s¤qPegi;�PqPªg�8½§wS¯$hji_u�e�tSo�vxu�tS¦��P½8�Pq�i6hj��hIt`��iÁª��´wS¯µt?hItSq�i6sPvXtS¦�u_w`hW��w`ª�og�´wS¯
v{og��q�tS��¦xiZ��e�t`��i_��®£d�e�vx��hItSq�i6sPvXtS¦�hIt_½;�0iZi6v{qPegi6s$��w`¦{vx�?w`s�¦{v��rª�vx�+®�!gw`s$qPegiZ��tSÅ�iZwS¯Eu6¦XtSsPv{qÖ½�|
¢RiµiT¸G�0w}��i.qPegi.qPegi_w`sP½&u_w`ogu_i6sPo�v{o�~WqÖ¢RwW��e�t`��i_��|�tSog�¾tSo¾iT¸Gq�i6og��vxw`oÁq�w�qPegi ( ��e�t`��i_�«u�t`��i
u�tSo¾�0i$¯ w`ª�og�Á¯Æw`s«v{og�Pq�tSogu_iµv{o � O �Ö®Ed�e>ªg��|8qPegiµqÖ¢RwWv{og�Pq�tS��¦xi���e�t`��i_�«hIt_½Ás�i6��s�i_��i6orq$i6v{qPegi6s
tÁu�egi6hWvxu�tS¦£tS¦{¦xw�½Àt`��� � J aB� ��� !�� ; a !�� �{���Ö|+w`sµqPegiW�8vx�PqPsPv{��ª�qPvxw`o¡¦xi6¥�i6¦x��wS¯«t��gª�vx� �Þk�8��Ö®
d�egi¤u_w`hWhjw`o¼��s�w`��¦xi6h�v{oÃqPegi_��i¤�8v �0i6s�i6o>q�tS����¦{vxu�tSqPvxw`og�Zvx�$q�wÁu�e�tSs�t`u6q�i6sPv{�ijqPegi���q�tS��v{¦{v{qÖ½
wS¯��Pªgu�e¶t;�P½G��q�i6h�®�d�e�vx��qPegi_w`sP½¬¦xi�t`���Zq�w¾qPegiW��i_��u6sPv{��qPvxw`o§wS¯�qPegiW�Pq�tS��¦xiju_w`o8¨g~}ª�s�tSqPvxw`og�
tSog�&q�wZqPegiµtSo�tS¦{½8�Pvx��wS¯DqPegi�v{o>q�i6s°¯Æt`u_i.�0i6qÖ¢£i_i6o;qPegi$qÖ¢Rw)��e�t`��i_�Ä¢«e�v{¦xi.qPegi.�P½G��q�i6h�s�i�t`u�egi_�
v{q����Pq�tS��v{¦{v{qÖ½�®
!�v{s��Pq�|BqPegi Ï tSo´��i6s)Ç§t}tS¦x�Py ��tSe�o8y   v{¦{¦{vXtSs��´qPegi_w`sP½§vx�)��sPvxi��g½»��i_��u6sPv{��i_�+®Àd�egi6oD|B¢RiÁ¢«v{¦{¦
��qPs�i_���.qPe�tSq.v©¯R¢£i¤u_w`og�Pvx��i6s�qPegi�v{hItS~�i¤v{orq�i6og��v{qÖ½Àt`�µt&hItSq�i6sPvXtS¦z|+qPe�vx�µhji_u�e�tSo�vxu�tS¦EqPegi_w`sP½
s�i6hItSv{og��ªg��iT¯ ª�¦0¯ w`s«v{hItS~�iZ��i6~}hji6orq�tSqPvxw`oD®

ä\ä	à�Q#RTS�æ�R



��D 	 -)$.�G�T� ��('- � � ��� �T������� ��� $ �	�B����%��
���T$*�������	� � ��� ���B&������.$T����� ��������� �	���.$����T���

W

u0

ba

!\v{~}ª�s�i)� �����	��� �	�(� ����� ���	�������
	,��(�������'��%�� �(����� )

��	� � 8;7	��=8����[�63�� <
�Rw`og��vx��i6sµtW�8½Go�tShWvxu�tS¦B�P½G��q�i6h hIt`��i�wS¯Ätj��v{o�~}¦xi��gª�vx��¢«egw}��i (.v{���g��¯Ks�i_i)i6ogi6sP~}½�|��0i6s
ª�o�v{q«¥�w`¦{ª�hji}|gvx��t�¯Kª�ogu6qPvxw`o H wS¯\qPegi���i6og��v{qÖ½¾�8vx�PqPsPv{��ª�qPvxw`o ! ® H�e�t`�«qp¢£wWhWv{o�v{hIt8|�tSog�
vx�$ÅGogw�¢«oÀt`�.t �,�����.� ��
����.���%( ��� �.�%�������b± ��i_i%!�v{~g®$��¹T®�d�e�vx� �gª�vx�¬vx�.�Pª�����w}��i_��q�w&��i�ª�og��i6s
vx��w`qPegi6sPhItS¦\u_w`og�8v{qPvxw`og�µtSog��u_w`orq�tSv{ogi_�?v{o¬t¤�0w`ª�og��i_�?��w`hItSv{o � ®Ed�egiZ�Pq�tS��¦xiZu_w`o8¨g~}ª�s�t]y
qPvxw`og�«wS¯\qPe�vx�«�P½G��q�i6h tSs�iµw`��q�tSv{ogi_�;�r½Á��w`¦{¥Gv{o�~)qPegi$¯Æw`¦{¦xw�¢«v{o�~j¥}tSsPvXtSqPvxw`o�tS¦0��s�w`��¦xi6h ���$±Æt`�
¯Æw`s�iT¸gtShW��¦xi�v{o � O8|g�8|g��D�|gk�8�|8�}�g|8�r���K¹ �

���
���� ���
� �"!$#�%&� ( ! , *%'� ( ! , .?j L)(+* N - ! (dc�, N R o & � H ( ! (dc�, ,-, : c *
¢«v{qPe ! �Pª��8�Pi_u6q�q�w¤qPegiZu_w`og�PqPs�tSv{o>q7� j L ! (dc�, : c . �h* ±Æ��¹

¢«egi6s�i � vx�ÄtSojw`�0i6oj��w`ª�og��i_�I�Pª��g��i6qEwS¯ � ��¢«v{qPe��+v{�g��u�e�v{qP.u_w`orqPv{o>ªgw`ªg�£�0w`ª�og�gtSsPvxi_��|GtSog�
� vx�ZqPegi¤q�w`q�tS¦EhIt`���ZwS¯�qPegi �gª�vx�+® N - ! (dc�, N s�i6��s�i_��i6orq��ZqPegij~}s�t`�8vxi6orq�hjwG�8ª�¦{ªg�ZwS¯ ! (dc�,�®
H Ap� C � �ºvx�)t?u_w`orqPv{o>ªgw`ªg�)ogw`o»ogi6~rtSqPv{¥�ij¯ ª�ogu6qPvxw`o§¢«v{qPe¶iT¸�t`u6qP¦{½¼qp¢£w¬hWv{o�v{hIt]_
tSog�/.;± _ m0.6¹µ�Pªgu�e§qPe�tSq H/(�_�, . H (�.7, . �8® !�ª�sPqPegi6sPhjw`s�i}| H vx� �rª�t`�8s�tSqPvxuÁtSs�w`ª�og�_¾tSog�1.]|�tSog�?vx��~}s�wN¢«v{o�~�tSq$¦xi�t`�Pq$¦{v{ogi�tSsP¦{½¬tSq.v{o8¨go�v{qÖ½�|+��i_iZ¯ w`s$v{og�Pq�tSogu_i �Þ��D��b¯Æw`s$iT¸8��¦{vxu6v{q
u_w`og�8v{qPvxw`og�.w`o H ± d�e�vx����qPªg�8½¾tS¦x��w¤egw`¦x����¯Æw`sMH A �32�C ���£|�t`��v{q�vx��iT¸8�0w}��i_�;¯Æw`s«v{o8y
��q�tSogu_i�v{o � OG|���D8|8�}� �K¹T®Ed�egi Ï tSo���i6s�Ç§t}tS¦x�°y ��tSe�o8y   v{¦{¦{vXtSs��?qPegi_w`sP½;e�t`�«¦xi_�¾q�w¤v{o>qPs�w>�8ªgu_i
qPegi&�0i6sPqPª�sP��tSqPvxw`o´q�i6sPh * N - ! N R |B¢«v{qPe * �PhItS¦{¦z|B¢«e�vxu�e u_w`o>qPsPv{��ª�q�i_�¤q�w¼��w`¦{¥�iIqPegiI¯ztSv{¦{ª�s�i
u_w`ogu_i6sPo�v{o�~WqPegi.ª�o�v��>ªgi6ogi_���«wS¯bqPegiµ��w`¦{ª�qPvxw`o ! wS¯�qPegi$��s�w`��¦xi6h �4� �"! # j L H ( ! (dc�, , : c¬¢«v{qPe! �Pªgu�e?qPe�tSq j L ! (dc�, : c . � ®

* é�ä * Ü



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- �}�

�Rw`ogu_i6sPo�v{o�~»qPegi¾�PqPªg�8½´wS¯$qPegi¾��s�w`��¦xi6h � � tSog�´v{q��j��w`¦{ª�qPvxw`og�It`� * C � �R|�tSª�qPegw`s��IwS¯
�Þ�8|���D�|�k�88|��}���bªg��i_��qPegi +DyÖu_w`or¥�i6sP~�i6ogu_i�qPegi_w`sP½¾��i6¥�i6¦xw`��i_�?�r½ � i (.vxw`sP~}v �Þ�}k��Ö®ÄmÖ¯ � tSog�
H ¥�i6sPv©¯ ½ÁqPegiµ��s�i6¥Gvxw`ªg�P¦{½;��s�i_��u6sPv{�0i_��u_w`og�8v{qPvxw`og��|�qPegiZhItSv{o�s�i_�Pª�¦{q���tSs�i��
� %&� ++yÖu_w`or¥�i6sP~�i_��q�w % ^ ¢«v{qPe��

% ^ ( ! , . ��� ����� L (	. & , v©¯ ! (dc�,`Z R _�W . g t8®³i}®orq w`qPegi6sP¢«vx��i}|

¢«v{qPeB. & . R c Z ��� ! (dc�, . _ g tSog� � ��iT¨gogi_�Ãt`�7�
� . E � �"!��� J &	 &�
 H (VU ( P , , N U � ( P , N :SP W UÁ��vxi_u_i6¢«vx��i \ & |SU�(�� f , . _�|SU ( f , . .� 5

� mz¯ ! �£vx�.tj��i �>ªgi6ogu_i�wS¯�hWv{o�v{hWv{�i6s��µwS¯�%&���Pªgu�e?qPe�tSq ! �Ru_w`or¥�i6sP~�i_�.q�w ! ^ v{o]% & ( � ,�|
qPegi6o ! ^ vx��tW��w`¦{ª�qPvxw`o?wS¯�qPegiµ��s�w`��¦xi6h �

� � !# ����� L (	. & , ¢«v{qPe
��� �� ! Z k H ( � , *H ( ! (dc�, , . ��_ 5 � 56*j L ! (dc�, : c . �

� ��o>½I��i �>ªgi6ogu_i ( < �X,���ªgu�eÁqPe�tSq %'� ( < �X, e  J a P � _ba � mpq K * |>t`�8hWv{q���t)�Pª��g��i �>ªgi6ogu_i
u_w`or¥�i6sP~}v{o�~Iv{o]%'&7( � ,.± u_w`hW��t`u6qPogi_����v{o %'&)( � ,î¹T®

#.w`q�i«qPe�tSqEqPegi�s�i�t`u6qPvxw`o8yÖ�8v ��ªg��vxw`o&��s�w`��¦xi6h s�i6¦XtSq�i_�jq�w���\vx�E��t`��i_�jw`oIqPegi�¯ w`¦{¦xwN¢«v{o�~�� � N
± (µv{o�_��ª�sP~`y �btSog�gtSªÃi �>ª�tSqPvxw`o�¹ �

���
� � . *�� � � f * H � ( � , * ¢«egi6s�i �£vx�«qPegi�i6¥�w`¦{¥>v{o�~jqPv{hjiZ��tSs�tShji6q�i6s 5 ±�8�¹

( tSor½WtSª�qPegw`s��£e�t_¥�i��PqPªg�8vxi_�jqPe�vx�Ä� � N�|rt`�Ev{o �Þ�8|��6��|`�r� �Ö|>tSog�je�t_¥�i��PegwN¢«oIqPe�tSqEqPegi���w`¦{ª8y
qPvxw`o � � (dc * � ,BwS¯£±�8�¹Ät`� * C ��vx�Ä��vxi_u_i6¢«vx��i.u_w`og�Pq�tSo>q£¢«v{qPeÁqÖ¢Rw�t`�8hWvx����v{��¦xi�¥}tS¦{ªgi_�`_WtSog� .]®
( w`s�i_w�¥�i6s�|`qPegiRi6¥�w`¦{ª�qPvxw`o¤wS¯gqPegiÄv{o>q�i6s°¯Æt`u_i£��i6qp¢£i_i6o¤qPegi£qÖ¢£w$s�i6~}vxw`og� R c Z ��� � � (dc * � , . _ g
tSog� R c"Z ��� � � (dc * � , . . g vx�Zt ����������� � � � � ��� ��� $ 
E�,� ��$��pyzqÖ½G�0i �{��|+�8|+k�D8|��g��|��r� �Ö|0v{o8y
�8ªgu6v{o�~Át¤u_i6sPq�tSv{o?s�i6~}ª�¦XtSsPv{qÖ½�wS¯BqPegiµv{orq�i6s°¯zt`u_i}®

d�egiÃ��w`ª���¦xiTyz¢£i6¦{¦µ�0w`q�i6orqPvXtS¦ H u�tSoº��i?v{orq�i6sP��s�i6q�i_� t`�;tÀ¦xi6¥�i6¦µu_w`og�PqPs�tSv{orq;q�i6sPh�|�¯Æw`s�uTy
v{o�~ ! q�wWq�tSÅ�i)w`ogiZwS¯�qPegiZqp¢£wj¥}tS¦{ªgi_� _Áw`s'.]®Rd�e�vx��u_w`og�PqPs�tSv{o>q�e�t`�.tSo?v{ogu6s�i�t`�Pv{o�~&¢£i6v{~}erq
t`� * C �8®�d�egi$�0i6sPqPª�sP��tSqPvxw`o;q�i6sPh * N - ! N R e�t`�«tZs�i6~}ª�¦XtSsPv{NtSqPvxw`o¾i��+i_u6qRw`oÁqPegi$��w`¦{ª�qPvxw`o !

ä\ä	à�Q#RTS�æ�R



��� 	 -)$.�G�T� ��('- � � ��� �T������� ��� $ �	�B����%��
���T$*�������	� � ��� ���B&������.$T����� ��������� �	���.$����T���

�>½Ãt�¥�w`vx�8v{o�~¾qPegi�¯Æw`sPhItSqPvxw`o¡wS¯£�Pv{o�~}ª�¦XtSsPv{qPvxi_�ZtSog�Ã�>½?s�i_�PqPsPvxu6qPv{o�~¾qPegi¤�P��t`u_i¤wS¯£��w`¦{ª�qPvxw`og�N®
d�e�vx�¤�0i6sPqPª�sP��tSqPvxw`o´q�i6sPh ¥`tSo�vx��egi_�jt`� * C �8®¡d�e�vx�W�PqPªg�8½¡vx�¤��s�i_��i6orq�i_�"egi6s�i6v{o"v{o"qPegi
��w`ª���¦xiTyz¢Ri6¦{¦Eu�t`��i}|�i6¥�i6oÃv©¯Ä��i6¥�i6s�tS¦�tSª�qPegw`s��.e�t�¥�i)¢Rw`sPÅ�i_�¼w`o¬qPegi)h�ª�¦{qPv{��¦xiTyz¢Ri6¦{¦Äu�t`��i¤tSog�
h)ª�¦{qPv{��¦xi��gª�vx��� �Þ�g|'OG|+��k�|8�g��|8�r� �Ö®

�� � � �n� 7��������]� ��l� : ���68	� 7	� < < ��
�� ��������
Ç¡i¤u�tSoÃqPs�tSog�P�0w}��i�qPegi_��i)��s�i6¥Gvxw`ªg�.¢£w`sPÅ8�.q�w&v{hItS~�i���s�wGu_i_���Pv{o�~&¯ w`s�tIs�i6~}vxw`o¼��i6~}hji6o8y
q�tSqPvxw`o tSog�»s�i_�Pq�w`s�tSqPvxw`o´��s�wGu_i_����® �Di6q � � � R����� ��i;tSo´w`��i6o¶�0w`ª�og��i_�¶��w`hItSv{oD|£tSog�#�A � C � t&¯Kª�ogu6qPvxw`oÀqPe�tSqZs�i6��s�i_��i6orq���¯Æw`s�v{og�Pq�tSogu_iWqPegi¤v{o>q�i6og�Pv{qÖ½¡wS¯�i�t`u�e§��v{q�i}® �Rw`o8y
��vx��i6sµtj¯ i�tSqPª�s�i¤u6sPv{q�i6sPvxw`oÀwS¯£u6¦Xt`����v©¨�u�tSqPvxw`oD|+w`o�¦{½?��t`��i_�¬ª���w`oÃqPegi¤�8vx�PqPsPv{��ª�qPvxw`o¡wS¯Ev{orq�i6o8y
��v{qÖ½�|�tSog�¡¦xi6q)qPegijv{hItS~�ij�0iIu_w`hW�0w`ª�og�§wS¯�qp¢£w¬s�i6~}vxw`og��. & . R c Z � � #�(dc�, . _ g tSog�. R . R c Z � � #�(dc�, . . g ®��Di6q J A � C ����i6ogw`q�iIqPegiIw`�g��i6sP¥�i_�»�gtSq�t8|\u_w`sPsPª���q�i_�§�r½
tSo�t`���8v{qPv{¥�iµ¢«e�v{q�i (�tSªg����vXtSoÁogw`vx��i,@�|8�Pªgu�e¾qPe�tSq�qPegi.¦{v{ogi�tSs���i6~}s�t`�gtSqPvxw`o¾hjwG��i6¦+vx�RwS¯\qPegi
¯Æw`sPh J (dc�, . #�(dc�,�o @�(dc�, *�K c]Z � ® �Di6q�����£�0iµqPegi.¯ w`¦{¦xwN¢«v{o�~&�P½8�Pq�i6h �

����
���� ���
� � � C �%'� (�#=, *
�%&� (�#=, .?j L ( * N - #�(dc�, N R o & � H (�#�(dc�, , , : c *
¢«v{qPe]#Ã�Pª��8�Pi_u6q�q�w¤qPegiZu_w`og�PqPs�tSv{o>q7� j L (�#�(dc�, � J (dc�, , R : c e 5 R

± O}¹

¢«egi6s�i 5 vx��qPegi��Pq�tSog�gtSs��¾��i6¥GvXtSqPvxw`o�wS¯\qPegiµ¢«e�v{q�i (ZtSªg���PvXtSo¾ogw`vx��i @�|gtSog� H vx��t`����s�i6¥Gv©y
w`ªg��¦{½I��i_��u6sPv{�0i_�Ã± ��i_iµ�Pª��g��i_u6qPvxw`o;k8®{�N¹T®Ed�egi.u_w`og�PqPs�tSv{o>q«v{o¼± O}¹Äv{hW�0w}��i_�RqPegi$��w`¦{ª�qPvxw`o #?q�w
s�i6hItSv{o¬u6¦xw}��i�q�w¤qPegiZw`�g��i6sP¥�i_�?�gtSq�t8®
�«u_u_w`s��8v{o�~µq�w$qPegiR��s�i6¥>vxw`ªg��s�i_�Pª�¦{q���|}t`� * C ��qPegiR��w`¦{ª�qPvxw`oE#jwS¯�����+u_w`o>¥�i6sP~�i_��q�w.t$�PhjwGw`qPe
��i6~}hji6orq�i_�Áv{hItS~�i.¢«egw}��iµ�Pv{q�i_�£w`o�¦{½I��i6¦xw`o�~¤q�w . & w`s�. R ±Æt8®³i}®í¹T|GqPegi_��i�qp¢£w¤s�i6~}vxw`og�R�0i6v{o�~��i6��tSs�i6q�i_�¼�r½¼�Pe�tSsP�Às�i6~}ª�¦XtSsPv{�i_�§i_�8~�i_�I±KqPegiW��hItS¦{¦xi_�Pq * |0qPegiW�Pe�tSsP�0i_�Pq�qPegi¤qPs�tSog�Pv{qPvxw`og�T¹T|
tSog��qPegi���i6q�wS¯��0w`ª�og�gtSsPvxi_��e�t�¥>v{o�~;t�hWv{o�v{hItS¦b�0i6sPv{hji6q�i6s)± ��i_i	!�v{~g®Äk�¹T®

Çºegi6o * vx��¨�¸8i_�+|�¦xi6q�iT¸�tShWv{ogi&qPegij¯ ª�ogu6qPvxw`o�tS¦��%&�X(�#=,.q�w?~}v{¥�iÁtSo»v{o>q�i6sP��s�i6q�tSqPvxw`o wS¯«qPegi
v{o��gªgi6ogu_i�wS¯Bi�t`u�e?q�i6sPh	w`o¾qPegiZ��w`¦{ª�qPvxw`o?wS¯ � � � C �%&� (�#=,�®

�%'� (�#=, .?J L ( * N - # N R
� ��� �

�����! �"$#��&%(')#�*+%(,!-.*+���&/

o f * H (�#=,
� ��� �

"(�102��"43�,!-�5&*+��#�%(-6*

, : c ±Æ��¹

d�egiZ¨gs��Pq�q�i6sPh v{o»±Æ��¹���s�i6¥�i6o>q��.qPegi���w`¦{ª�qPvxw`o¬¯Ks�w`h	qPegi)tS����tSsPv{qPvxw`o¼wS¯Ee�v{~}e?¦xi6¥�i6¦\�8vx��u_w`o8y
qPv{o>ª�v{qPvxi_��®jmpoÀqPegi¤¨�i6¦x�¡wS¯�v{hItS~�iWs�i_�Pq�w`s�tSqPvxw`oD|bqPe�vx�Zq�i6sPh v{og�8ªgu_i_��t��Pq�tSog�gtSs��¡d�v{ÅGegw`ogw�¥
s�i6~}ª�¦XtSsPv{NtSqPvxw`o·± uT¯P®&��i_u6qPvxw`o¶�8®Þ�?tSog� � �r���K¹T®Ád�e�vx�Zs�i6~}ª�¦XtSsPv{NtSqPvxw`o¶��s�wG�8ªgu_i_��tSo¡vx��w`qPs�w`��vxu

* é�ä * Ü



���������
	��������� ����������������������� �"!#��$������������%���'&�()(%$*�+�,�.- ��k

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Ω

R2

R1

R1

R1

antiphase boundaries

!�v{~}ª�s�i�k ��� �
	 � ��%�� � � � � ��	�� 	�� � � � 	 � � �
	��(��%����� ��% ����� )
��hjw>w`qPe�v{o�~g®�#.i6¥�i6sPqPegi6¦xi_����|bqPegiW��i_u_w`og�Àq�i6sPh�¯Æw`s�u_i_��qPegiW��w`¦{ª�qPvxw`o§q�w¾q�tSÅ�iWw`o�¦{½¼qPegi¤qÖ¢£w
¥}tS¦{ªgi_�Äu�e�tSs�t`u6q�i6sPv{_v{o�~¤qPegi�s�i6~}vxw`og� . & tSog�4. R |rqPegi_��i�qp¢£w)¥`tS¦{ªgi_�N|b_¤tSog� .]|GtSs�i�qPegi�¦XtS�0i6¦x�
wS¯O. & tSog� . R ®   i6ogu_i}|Äi6¥�i6o»v©¯�qPegi&s�i6~}ª�¦XtSsPv{NtSqPvxw`o vx���PqPs�w`o�~g|�qPegi&¦xi6¥�i6¦«u_w`og�PqPs�tSv{orq H��egw`ª�¦x�¾��i6sPhWv{q�tS¦{¦bqPegiZ�Pv{q�i_�«q�wW�Pq�t�½Á��ª8ÂIu6vxi6orqP¦{½�u6¦xw}��iµq�wWqPegiZ¦xi6¥�i6¦x��_&tSog� .N®
d�egi�u_w`or¥�i6sP~�i6ogu_i.w`o * v{og�8ªgu_i_�RtSoIi6¥�w`¦{ª�qPvxw`o&wS¯+qPegi«¢Ri6v{~}erq£wS¯+i�t`u�e&q�i6sPh�®�d�egi«¥}tS¦{ªgi�wS¯ *
vx�Ev{o�v{qPvXtS¦{¦{½�e�v{~}e¼±'(Öe�v{~}e *«v{ojqPegi���i6og��i��Togw`o&ogi6~}¦{v{~�i�tS��¦xi���¹T®Ed�egi6s�iT¯Æw`s�i}|�qPegi«s�i6~}ª�¦XtSsPv{NtSqPvxw`o
��s�wGu_i_����vx��¨gs��PqP¦{½¼��s�i6��w`og��i6s�tSo>q�®Á�.� * C � ��|bqPegiWv{o��gªgi6ogu_iIwS¯�qPegiW¦xi6¥�i6¦Ru_w`og�PqPs�tSv{orq)vx�
v{ogu6s�i�t`��v{o�~À¢«e�v{¦xi¾qPegi¾�PhjwGw`qPe�v{o�~Àq�i6sPh vx�W¥`tSo�vx��e�v{o�~g®¶�$w`ª�~}e�¦{½»�P�0i�tSÅGv{o�~g|EqPegi¾u_w`or¥�i6s°y
~�i6ogu_i�w`o * �0i6sPhWv{q��$v{o¬qPegiZ¨gs��Pq.��q�i6�g��q�wIs�i6hjw�¥�i�qPegi�ogw`vx��i�tSog�?qPegi6oD|�¢«egi6oÃqPegi)v{hItS~�i
vx���Pª8ÂIu6vxi6orqP¦{½;s�i_�Pq�w`s�i_�+|�¢Ri�u�tSo��Pq�tSsPq�qPegi�u6¦Xt`���Pv©¨�u�tSqPvxw`o?¢«v{qPe¬i6ogw`ª�~}e?u_w`o8¨���i6ogu_i}®
( w`s�i_w�¥�i6s�|b¯ s�w`h qPegiWs�i�t`u6qPvxw`o8yÖ�8v �0ªg�Pvxw`o»��s�w`��¦xi6h�u_w`sPs�i_�P�0w`og�8v{o�~?q�w§±�8�¹T|b¢£ijÅGogw�¢�qPe�tSq
qPegi$v{orq�i6s°¯zt`u_iµ�0i6qÖ¢£i_i6o . & tSog� . R e�t`�«t ����������� � � � � ��� ��� $ 
���� ��$���
 � � (>�6®�d�e�vx�£s�i���i_u6q��
qPegiµ~�i_w`hji6qPsPvxu�tS¦�s�i6~}ª�¦XtSsPv{NtSqPvxw`o¬w`�0i6s�tSq�i_��w`o�qPegi�i_�8~�i_��®
d�egi�u_w`og�PqPs�tSv{o>q�v{o"± O}¹�hji�t`�Pª�s�i_�µqPegi��8vx��u6s�i6��tSogu6½?�0i6qÖ¢Ri_i6oÀqPegi)��w`¦{ª�qPvxw`o¡tSog�ÃqPegi��gtSq�t8®
JGw�|0qPegi)¨go�tS¦Bv{hItS~�i¤¢«v{¦{¦B��i)��vxi_u_i6¢«vx��iWu_w`og�Pq�tSo>q�¢«v{qPe¼s�i6~}ª�¦XtSsPv{�i_�À��w`ª�og�gtSsP½"±Ke�t_¥Gv{o�~?t
hWv{o�v{hItS¦b��i6sPv{hji6q�i6s�¹T|�tSog�¾¢«v{¦{¦+q�tSÅ�i�v{orq�wÁt`u_u_w`ª�orq$qPegiZt`u_u_w`s��gtSogu_iZ¢«v{qPe�qPegiZ�gtSq�tj��i6q�®
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&«t`��i_�?w`o�qPegiZ��s�i6¥Gvxw`ªg����i_u6qPvxw`og�N|�¢£i�v{orqPs�wG�8ªgu_iZqPegiZ�0i6sPqPª�sP��tSqPvxw`o?��tSs�tShji6q�i6s * v{o¶±K�>¹
�>½Á��iT¨go�v{o�~��
M � (�#=, .?JSL N #�(dc�,�� J (dc�, P R : c

� � � �� #�*+# *��)�&/

o * � R J L�� ( N - #�(dc�, N , : c
� ��� �
�&��5�*�,!�+#�*�%(,!- *+���&/

o @ R* JSL H (�#�(dc�,XW&3 *5 , : c
� ��� �
"(�102��" 3�,!-�5�*��+#�%(-2* *�����/

5 ±Æ��¹
d�egi�u_w`sPs�i_�P��w`og�8v{o�~I��s�w`��¦xi6h	¢£i)tSs�iµv{orq�i6s�i_�Pq�i_�?v{o�vx�«q�w�¨gog�?t¤��w`¦{ª�qPvxw`o �#¼�Pªgu�e�qPe�tSq

�# .
	 � ���� ^� (������
� � �C M � (�#=, , 5 ±°��D�¹

d�egij¨gs��Pq�qp¢£wÃq�i6sPhj��wS¯)±Æ��¹T|\v©¯ * vx��¨�¸8i_�+|�tSs�iIqPegi&w`ogi_��wS¯«qPegiIs�i_�Pq�w`s�tSqPvxw`o¶¢«v{qPe"i_�8~�iTy
��s�i_��i6sP¥`tSqPvxw`oÃ¯ ª�ogu6qPvxw`o�tS¦«±Æ��¹T®µd�egi�¦Xt`�Pq.q�i6sPh vx�µtI¦xi6¥�i6¦�u_w`og�PqPs�tSv{orqµv{og�P��v{s�i_�Ã�>½?qPegi Ï tSo
��i6sµÇ§t}tS¦x�°y ��tSe�o8y   v{¦{¦{vXtSs��ÀqPegi_w`sP½ÃwS¯£��e�t`��i�qPs�tSog�Pv{qPvxw`og��|+��ªgu�eÀqPe�tSq H tSqPqPs�t`u6q���qPegi�¥}tS¦©y
ªgi_��wS¯ #�(dc�,µq�w�¢�tSs����¤qPegiI¦XtS�0i6¦x��wS¯�qPegi&u6¦Xt`����i_��®?mpo»w`ª�sWtS����s�w�t`u�eD|E��v{ogu_iÁt?u6¦Xt`���E\ @ vx�
u�e�tSs�t`u6q�i6sPv{�i_�;�r½Wv{q��£hji�tSo 3 @ tSog�Á�Pq�tSog�gtSs��Á��i6¥>vXtSqPvxw`o 5 @ |>¢£i$e�t_¥�i.u�egw}��i6o;q�w���i_��v{~}o \ @
�>½&qPegiZ¦XtS��i6¦ 3 @ ®   i6ogu_i}|�qPegi���i6q�wS¯Et`�8hWvx���Pv{��¦xi�¦XtS�0i6¦x� � vx�«qPegiµ¥�i_u6q�w`s 3�®
mpo�t`u_u_w`s��gtSogu_i�¢«v{qPe;qPegiµer½G��w`qPegi_��vx�I( � ,Ä�Pq�tSq�i_�Áv{o���i_u6qPvxw`o��8®Þ�8|8qPegiµ�0w`q�i6orqPvXtS¦ H A�� C� � h�ªg�PqRq�tSÅ�i�v{o>q�w�t`u_u_w`ª�o>q�qPegi (�tSªg����vXtSoI�8vx�PqPsPv{��ª�qPvxw`o;��s�w`��i6sPqp½jwS¯DqPegi�u6¦Xt`����i_��® Hne�t`�
v{q�� $ hWv{o�v{hIt�w`ojqPegi�¥}tS¦{ªgi_� 3 @ �Pªgu�eIqPe�tSq H (43 @ , . � * K]; ®�Ç¡i�e�t_¥�i�u_w`og��qPsPªgu6q�i_�&tµ�0wSy
q�i6o>qPvXtS¦�H �Pªgu�eÁqPe�tSq H Z$\i&7(d� ,ÄtSog� H vx�Ä��vxi_u_i6¢«vx��i$��tSs�tS�0w`¦{vxu}® !�s�w`h !�v{~g®B�g|�tSs�w`ª�og�
3 @ |%H vx��wS¯�qPegiµ¯Æw`sPhIH (dc�, . � @ (dc�, .�� D� D�� (dc � 3 @ , R |8¢«egi6s�i�� @ vx��t¤�0w}�Pv{qPv{¥�i�¢Ri6v{~}erqPv{o�~
u_w`og��q�tSorq�®�d�egi6oD|�¢£i)u_w`og�PqPsPªgu6q$qPegi �rª�t`�8s�tSqPvxu���vxi_u_i6¢«vx��i�� @ (dc�, .�� @ �  @ (dcD� Q @ , R qPe�tSq
�Pw`v{og�� @ tSog� � @ �=& s�i_�P�0i_u6qPv{¥�i6¦{½ÀtSq�qPegij��w`v{o>q���� @ tSog� � @ ±!� @ vx��t (#��$*� � ��� ���#"���� �2�������G¹T®d�egij��tSs�tShji6q�i6s��$� @ |%� @ | � @ |  @ ±	 @'& ��¹�tSog� Q @ tSs�iju_w`hW��ª�q�i_�À¯ s�w`h�qPegijiT¸8��s�i_���Pvxw`o¡wS¯
� @ tSog� � @ �=& ®(� @ �Pw`v{og��� @ tSog�B� @ �=& ±�\ &2(d�$,Æy{�îª�ogu6qPvxw`o�¹��Pªgu�e¬qPe�tSq*) � @ * � @�+ vx��t`���PhItS¦{¦�t`��0w}���Pv{��¦xiµq�wj~�i6q$t¤�0w`q�i6orqPvXtS¦ H ¢«egw}��i���tSs�tS��w`¦{vxu_� � @ tSs�i,(Ö��s�i_��w`hWv{o�tSo>q *�v{o?u_w`hW��tSsPvx��w`o
¢«v{qPe§qPegij��tSs�tS�0w`¦{vxu��°ª�ogu6qPvxw`og��® !�w`s)i�t`u�e¶��i6q�wS¯���tSs�tShji6q�i6s��[(43 *5 ,�|b¢Rij~�i6q)t¾�8v �+i6s�i6orq
�0w`q�i6orqPvXtS¦ H ® H vx� �>ª�t`�8s�tSqPvxu)tSs�w`ª�og�¬v{q���hWv{o�v{hItÁtSog��vx��~}s�wN¢«v{o�~I¯zt`�Pq�i6s$qPe�tSo?¦{v{ogi�tSsP¦{½
tSq«v{o8¨go�v{qp½§± iT¸G�0i_u6q�i_�¾��s�w`�0i6sPqPvxi_��¯Æw`s H ��iT¨gogi_�?v{o���i_u6qPvxw`o¬k8®{�N¹T®
Ç¡iÁt`���Pª�hjiIqPe�tSq � vx��t¾s�i6~}ª�¦XtSsPv{NtSqPvxw`o¶¯Kª�ogu6qPvxw`o ±Æt`��qPegi&w`ogi_�)wS¯�d�tS�D®?��¹µe�t�¥>v{o�~¬qPegi
u�e�tSs�t`u6q�i6sPvx�PqPvxu_�.iT¸G�0w}��i_�;v{o���i_u6qPvxw`o¬�8®Þ�ItSog���Pegw�¢«o¬w`o !\v{~g®��}®
�bi6q * �0i�¨�¸8i_�+®E� hWv{o�v{hWv{�i6s�wS¯ M � |Gv©¯bv{q«iT¸8vx�Pq���|>vx�«t)��w`¦{ª�qPvxw`o # � ��tSqPvx�°¯K½Gv{o�~�qPegi.iT¸8�0i_u6q�i_�
��s�w`�0i6sPqPvxi_�7��s�i_�Pq�w`s�i_�+|+i_�8~�iTyz��s�i_��i6sP¥�i_� ±Kv©¯ � vx�µ�8v �0i6s�i6o>q$¯ s�w`h t (pd�v{ÅGegw`ogw�¥"*)s�i6~}ª�¦XtSsPv{Nt]y
qPvxw`o§¯Kª�ogu6qPvxw`oD|B��i_i&d\tS�D®?��¹�tSog�§¦xi6¥�i6¦©yÖu_w`og��qPs�tSv{ogi_�+®?�.� * C �8|B�8ª�sPv{o�~¬qPegij¨gs��Pq)��q�i6�g�
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wS¯\qPegi�u_w`or¥�i6sP~�i6ogu_i�qPegiµ¢Ri6v{~}erq�wS¯\qPegi.¦xi6¥�i6¦Du_w`og�PqPs�tSv{o>q�q�i6sPh vx� �rª�v{q�i.v{og�Pv{~}o�v©¨�u�tSo>q ��w`o�¦{½
qPegijs�i_�Pq�w`s�tSqPvxw`o§��s�wGu_i_����wGu_u6ª�s���®&�$�Z��qPs�i_����i_�¼v{o§qPegij��s�i6¥>vxw`ªg�)��i_u6qPvxw`oD|�t`� * ��i_u6s�i�t`��i_�N|
¢RiW��s�w`~}s�i_���Pv{¥�i6¦{½Ã~�i6q)t;��wS¯ q�i6ogi_�§tSo�vx��w`qPs�w`��vxuI�8v ��ªg�Pvxw`oÀ¢«e�v{¦xijs�tSvx�Pv{o�~�qPegiju6¦Xt`����v©¨�u�tSqPvxw`o
��s�wGu_i_����®
#.w`q�i�qPe�tSq�qPegiW��w`¦{ª�qPvxw`oÀ¢£ijtSs�i¤¦xwGw`ÅGv{o�~;¯ w`sµvx�Zt;u_w`orqPv{o>ªgw`ªg�Z¥}tSsPvXtS��¦xi�±Æt`��qPegi�v{orq�i6og�Pv{qp½
¦xi6¥�i6¦0¯Æw`s«iT¸�tShW��¦xiN¹�tSog�;ogw`q�t)�8vx��u6s�i6q�i�w`ogiZt`�«v{o�t¤�Pq�w>u�e�t`�PqPvxuµ¦XtS�0i6¦{¦{v{o�~ �{��D�|0����|0����|��}���Ö®
d�egi$u6¦Xt`���Pv©¨�u�tSqPvxw`o;vx�£v{hW��¦{vxu6v{qP¦{½I��iT¨gogi_�IqPe�s�w`ª�~}eÁqPegi$¦xi6¥�i6¦�u_w`og�PqPs�tSv{o>q�q�i6sPh�v{oÀ±Æ��¹B¢«e�vxu�e
tSqPqPs�t`u6q���qPegiZt`�8hWvx���Pv{��¦xi�¥}tS¦{ªgi_��wS¯BqPegi���w`¦{ª�qPvxw`o�q�wN¢RtSs����$qPegi $ ¦XtS��i6¦x��wS¯BqPegiZu6¦Xt`����i_��®

�ÁÉ 	§������� v{o¶qPegij¯Æw`¦{¦xw�¢«v{o�~g|�¢RiÁ¢«v{¦{¦Rw`hWv{q�qPegi&u_w`o>¥�i6sP~�i6ogu_i;��tSs�tShji6q�i6s * v{og��iT¸Gv{o�~ #B|
qPe>ªg� # � ¢«v{¦{¦D��iµs�i6��¦Xt`u_i_���r½ #B|���i6ogw`qPv{o�~jqPegiZ��w`¦{ª�qPvxw`o¬wS¯�qPegi�hWv{o�v{hWv{NtSqPvxw`oÃwS¯/M � ®
�n� � � 5'� �� �� 8 � 7�� <=< �1
 � � ��	���? 8!3": �

�bi6q��Pª�hWhItSsPv{�ijqPegi¤��s�w`�0i6sPqPvxi_��wS¯�qPegiW¦xi6¥�i6¦Äu_w`og��qPs�tSv{orq��0w`q�i6orqPvXtS¦ H ¢£ijiT¸8��i_u6q�|\t`uTy
u_w`s��8v{o�~)q�wZqPegi�t`���Pª�hW��qPvxw`og� ( � ,\¢Ri�hIt`��i$w`oIqPegi�u6¦Xt`����i_��|>tSog�I¢«v{qPeIs�i_�P�0i_u6qEq�wZqPegi Ï tSo
��i6s«Ç§t}tS¦x�Py ��tSe�o8y   v{¦{¦{vXtSs��¬qPegi_w`sP½��
�}®�� �
	Ã� É � Í%@ 	 3 1 3 	¡�+� H q�tSÅ�i_�$v{orq�w;t`u_u_w`ª�orq.qPegiZo>ª�h��0i6sµtSog�?qPegiZ��tSs�tShji6q�i6s��
wS¯�qPegi�u6¦Xt`����i_��®

�8®��EÍ ��� &�3	���8�+3 Í 1 Í'@ �+= É 	 3 1 3 	§�+� ¯Æw`s $ u6¦Xt`����i_��| H h)ªg�Pq¤e�t_¥�i $ hWv{o�v{hIt¬w`o
i6¥�i6sP½¬�Pv{q�i P ��ªgu�e¼qPe�tSqr#�( P ,�vx��u6¦xw}��i�q�w 3 @ ®)mÖoÀw`qPegi6s�¢Rw`s�����|+qPegi�¦XtS��i6¦�wS¯«t&u6¦Xt`���\ @ vx��qPegi�u_w`sPs�i_�P�0w`og�8v{o�~jhji�tSo 3 @ ®��«u_u_w`s��8v{o�~jq�wW��i_u6qPvxw`oÃk8®{�}|gt�s�i6~}vxw`oB. @ ¢«v{¦{¦+�0i
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��iT¨gogi_�&�Pªgu�eÁt`��. @ . R chZ � � #�(dc�, . 3 @ g tSog�Ái�t`u�e;i6¦xi6hji6orq«wS¯6. @ �0i6¦xw`o�~��£q�w \ @ ®
k8® : � & � É � Í%@ �+= É 	 3 1 3 	¡�+� H vx�bu_w`og�PqPsPªgu6q�i_���Pªgu�e)qPe�tSq H (43 @ , . � * K ;�.lf�565 $ ®
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