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¨zo=k�ka©1he`pmn^ahe]�bn�$bnf�m�d�]��=u�ª«k�o=]�unov¬��®[mgª�]¯h�°±]�r²mgu�k�f³`cbnr´m�d�k�h²bgfµª�bR¶z¬
`ek�d�b�ª«®=he]�bn��]�r²mgu�kUdZ]�d²mn�·]�r|�Wb�`�hpmg��h²�=`cbns=ª�k�r¸¶lo=]_^po¢mg`c]�dekUdZ]���¹[kUª�t[d
d�®W^poºmndµ`ekUrZbnhekZd�kU�[d�]��=uWw�de®=`c»nk�]�ª�ª�mn�[^ak�w[r|kUtv]_^�mnªH]�r²mgu�]«�=u¼mg�[t�hco=kZka©1¬
he`pmn^ahe]�bn�ºbnf½d�he]�ª«ªD]�r²mgunk�d"f³`cbnr¾»1]_tvk�bW�B¨½°��[]�^UmgªDmg�=�[`eb�mn^po=k�dµmg`ckZs[mndekUt
bn�Lhco=k�®[dek�bgf"^�`eb�ded�¬¿^�bn`c`ekUª�mghe]�bn��hcbÀ`ck�un]_d�hek�`Eheo=k�]�r²mgu�kUd�f³b�ª«ª�bR¶½k�t�s�°
heo=k�]«�1»nkU`cde]�bn��bgfzheo=k�he`pmg�[d�f³bn`cr²mRhe]�bn��f³`cbnrÁheo=k¼®=�=Â1�=bR¶l�Lo=]�uno±`ckUdebg¬
ª«®=he]�bn��]�r|mnunk�heb�heo=k.b�s[d�kU`e»�kUt¼ª«bR¶3`ckUdebnª�®vhe]�bn��]«r²mnunkUdUw=®[de]��=u²`ekUun®=ª_mg`e¬
]«Ã�mRhc]«b���heb¼`ek�d�b�ª«»�k.heo=kZ]�ª«ª«¬Ä��b�dekUtÀ�[mRhc®=`ekPbgfÅhco=kZ]«�1»nkU`cde]�bn���=`cbv^akUdcdU�µÆ��
heo=]_dÅ�Wmg��k�`Å¶@kµtvkU»nk�ª�bn�²m x m°nk�d�]_mg�Phe`ckUmgher|k���hÅbnf�hco=kµde®=��k�`e¬Ä`ckUdebnª�®vhe]�bn�
�=`cbns=ª�k�r´]��Ç¶lo=]�^poÇhco=k�ª«]�ÂnkUª«]�o=b1bvt$f³®=�W^Èhe]�bn�Çf³b�`|heo=k�]�r²mgunk�`ck�un]_d�he`pmR¬
he]�bn�$�Wmg`pmgr|kahck�`pd.]�dBs[mndekUtLb���m�r²mg`cun]��[mnª«]�ÃUmghe]�bn�LbR»nkU`.heo=k¼®=�=Â1�=bR¶l�
o=]�unov¬¿`ek�d�b�ª«®=he]�bn�Ç]«r²mgu�kn�É¨zo=]_d�mg�=�[`eb�mn^po¢mgª�ª«bR¶"d²®Wd|heb$k�d�hc]«r²mghek�hco=k
®=�=Â1�=bR¶l�¼�Wb�]«��h"d��[`ek�mnt²f³®[�[^Èhc]«b���w[mg�Wt�]_dz`ekU�[tvkU`ek�t²he`pmn^ahcmns=ª«k�heo[`eb�®=uno
heo=kP]«��hc`ebvtv®[^ahe]�bn��bnf-m�Ê�mg®[dcde]�mn���=`ebv^�kUdcd"�=`c]«b�`"bR»nkU`"]�r|mnunk�d��"jlk�d�®[ª¯hpd
]«�Wtv]�^UmRhckEmZde]�un�=]«¹W^�mn��hz]�r|�=`cbR»nk�r|kU��hzbR»nkU`@hekU^po[�=]��®=k�dls[m�d�k�t�b���\ÀË�Ì
Í r²mR©v]�rB®=rÎmR¬¿�Wb�d�hck�`c]«b�`e]iÏl��bn]���h�b��vhe]�r|]«Ã�mRhc]«b��ºbgf½heo=k²o[]«u�oº`ckUdebnª�®vhe]�bn�
]«r²mnunk.mg�[t�mndcdeb1^�]�mghek�t�`ck�un]_d�he`pmRhe]�bn�¼�[mg`pmgr|k�hek�`pdU�
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¨zo=k�hcm�d�Â±]��¢d�®=��k�`e¬¿`ek�d�b�ª«®vhc]«b��$]_dBhcb±^abnrPs=]��=k�m�dekah²bgf�ª«bR¶×`ckUdebnª�®vhc]«b��$]«r²mnunkUdZbnfµheo[k
dcmgr|k�dc^akU�=k�]��Çbn`ptvk�`Pheb�bnsvhpmg]��·m�d�]��=u�ª«k¼]«r²mgu�k¼bnfµo=]�uno=kU`P`ckUdebnª�®vhc]«b����$ÌÅ`cbR»1]�tvk�tLheo[k
]��[tv]�»�]_tv®[mnª1ª«bR¶$`ckUdebnª�®vhc]«b��.]«r²mgu�kUd;o[m»�k-d�®[sv¬Ä�[]¯©vk�ªvtv]_de�=ª�m�^akUrZkU��hcd;`ekUª�mghe]�»nkDhcb�k�mn^poPbgheo[k�`�w
]«h@]_d@�Wb�dede]«s[ª«kµhebZka©1he`pmn^ah½o=]�uno²f³`ckU�®=kU�[^a°²tvk�hcmn]«ª_d@bgf�hco=k�dc^akU�=kµ¶@k�ª�ª�sWkU°nbn�Wt²heo[k�Øµ°1�®=]_d�h
ª�]«r|]«h"bgf;heo=k.]��[tv]�»1]�tv®WmgªÙdebn®=`p^ak�]�r|mnunk�d��
Æ�tvk�mgª�ª«°Zheo[k�ª�bR¶Ú`ek�d�b�ª«®=he]�bn��]�r²mgunk�dÅ¶@bn®=ª_t�tv]«ÛÜk�`zbn�=ª�°Zheo=`cbn®[uno�der²mgª�ª Í d�®=s=¬Ä�=]«©vk�ªiÏDhc`cmn�[d�¬
ª_mRhe]�bn�Wd�w[mn�[t�¶½b�®=ª_t¼s�k.bghco=k�`c¶l]_d�k.]_tvk���hc]�^UmgªÄ�ÅÆ����=`pmn^Èhc]�^�knw1hco=k.he`pmg�Wd�f³b�`er²mRhc]«b��[d@r²m°�s�k
r|bn`ckPde®=s[d�hcmn��hc]�mnªDmg�[tº]«�1»nb�ª«»�kB`cbghpmRhe]�bn�Wdµb�`�r|bn`ck|^abnr|�=ª�ka©Àu�k�b�rZk�he`c]�^Ptv]_d�hcbn`ehe]�bn�[dU�.Æ��
mnt[tv]¯hc]«b��Àhco=k²de^�k��=kZ]¯hpd�kUª¯f@r²m°�^poWmg�=u�knw�f³bn`�]��[d�hpmg�[^�kP]«f-hco=k|d�b�®=`c^�kB]�r²mgunk�d�mg`ckPde®[^�^�kUd�¬
de]«»�k�f³`cmnrZk�d"]��Àm²»1]�t=k�b�dekU�®=k��W^akn�lÝµk�`ckE¶½kEf³b1^�®[dµmgh�hck���he]�bn��b���d�hcmghe]_^Edc^ak��[kUd"]���¶lo=]_^po
heo[k"he`pmg�Wd�f³b�`er²mRhc]«b��[dD`ck�ª_mRhc]«�=u�hco=k�debn®[`c^�kl]«r²mgu�kUd½^abn`c`ckUde�Wb��[tPheb.hc`cmn�[d�ª_mRhc]«b��[dÅmn�[t²`cbghcmg¬
he]�bn�Wd�w[de®[^po�mnd"^Umg��sWkBbnsvhpmg]��=kUt¼s1°�hcmnÂ1]«�=u²dek�»�k�`pmgªÜ]«r²mnunkUdz]���d�®W^�^ak�dede]�bn��®[d�]��=u�mZo[mn�[t
o=kUª�t�tv]�un]«hcmgªD^Umgr|k�`pm=�PÞ�®=`.mn�=�=`cb�mn^po�]_d�`ckUmnt=]«ª�°�ka©1hekU�[tvkUtºheb�r|bn`ckBu�k��=kU`cmnªH�[`ebnß�kU^Èhc]«»�k
he`pmg�Wd�f³b�`er²mRhc]«b��[dÅ]«fHtvk�d�]�`ckUtà�IáÙmn`eu�k�`½^poWmg�=u�kUdÅ]���^Umgr|k�`pmE��b�de]¯hc]«b���bn`½bn`c]«kU��hcmRhc]«b���^�mn��s�k



o[mn�[tvª�kUt�®[de]«�=u�hckU^po=�=]_�®=kUd�bnf½`cbns=®Wd�h�f³kUmghe®=`ck|r²mRhc^po[]«�=uWwÙ^ab��[d�he`pmg]��=kUt s1°�heo=k²kU�=]��Wb�ª�mn`
unkUbnr|kahc`e°�w1s=®vh�de®[^po�d�b��=o=]_d�hc]�^UmRhe]�bn��]_dz®=�=�=k�^akUdcdcmg`c°²]«��heo[k.�=`ek�d�kU��hl^�bn��hek�©1hU�
\�b�d�h.�=`ck�»1]�bn®[d�mg�=�[`eb�mn^po=k�d�w�f³bn`.k�©=mgr|�=ª�k ��� w��1w y�� wÙ�WkU`�f³b�`er mn� ]��=]«he]_mgªD`ck�un]_d�he`pmRhe]�bn�ºbgf
heo[klª«bR¶$`ckUdebnª�®vhc]«b��B]�r|mnunk�dI¶l]¯hcoP`ckUde�Wk�^ÈhIheb.k�mn^poPbgheo[k�`�wnmg�[tBheo[k��|ÂnkUk��Ehco=]_dD`ekUun]_d�hc`cmghe]�bn�
¹=©vkUt���¨zo=k�°ºheo=kU�Lf³bn`crB®=ª_mRhck|�=`eb�s[mgs[]«ª�]�d�he]_^|r|bvtvk�ª_d.bgf@heo[k²]«r²mgu�k²unkU�=k�`pmRhc]«b��º�=`cbv^akUdcdUw
mg�WtE®[dekzr|mg©v]«rP®=r)ª«]�ÂnkUª«]�o=b1bvt.hcb�tvk�hekU`er|]��=k@heo=k@�=]«©1kUªv]«��hck��[de]¯hc]«k�d;]«�Pheo=kzo=]�unoP`ek�d�b�ª«®=he]�bn�
]�r|mnunk��;Ë¢r|bn`ckl^ab���»1]��[^a]��=u.mg�[�=`eb�mn^po � � � ]�dDhebEtvk�hek�`cr|]«�[kµd�]�rB®[ª¯hpmg�=kUbn®[deª«°BsWbnheoZheo=kµª«bR¶
`ckUdebnª�®vhe]�bn�²]�r²mgunkµ`ekUun]_d�hc`cmghe]�bn�²�[mn`cmnrZk�hekU`cdÅmn�[t|hco=k��[]¯©vk�ª�»Rmgª�®=kUd½bgfàhco=kµo[]«u�o�`ek�d�b�ª«®=he]�bn�
]�r|mnunk�w=mgu�mn]«��heo=`cbn®[uno�r|mg©v]«rP®=r ª�]«Â�k�ª�]«o[b�bvtà�
Ë"�²b�s1»�]�bn®WdÅtv]�	²^�®=ª«h�°Pbnf�hco=kUdeklhckU^po=�=]_�®=kUd-]�dDheo[mgh½]«f�hco=k"o=]�uno²`ckUdebnª�®vhc]«b��Z]�r²mgu�klo[mndIhcb1b
f³k�¶Ú�[]¯©vk�ª_dDhco=k��²�[bgh@mnª«ª[bgfàheo[kµm»Rmg]�ª�mns=ª«klo[]«u�o|f³`ek��®[k��[^�°P]��vf³bn`cr²mRhc]«b��²]�d-ka©1he`pmn^ahekUtPf³`cbnr
heo[k�b�s[dek�`c»nkUt$]«r²mgu�kUdUwÅ¶lo=kU`ek�mndZ]¯f�]¯h²o[m�dZheb1b�r|mn�1°±�=]¯©vkUª�dZhco=k�r|mg©v]«rP®=r¸ª«]�ÂnkUª«]�o=b1bvt
debnª�®vhe]�bn� sWk�^abnr|k�d�]�ª�ªI^�bn�[t=]¯hc]«b��=kUtà�P¨zo=]�d�]_d�h�°��[]�^Umgª�ª«°�`ckUdebnª�»nk�t�s1°�heo=kZ]«��hc`ebvtv®[^ahe]�bn� bgf
��k��[mnª¯h�°�hekU`er²dBheb�`ekUun®=ª_mg`c]�Ã�k|heo[k¼r²mR©v]�rB®=r ª�]«Â�k�ª�]«o[b�bvt$debnª�®vhc]«b���wD¶lo=k�`ck�hco=k�`ekUun®=ª_mg`e¬
]�ÃUmRhc]«b��·^�b�k
	�^a]�k���hcd|r²m°LsWkÀdekah|s1°�^a`cb�dcd�¬Ä»Rmgª�]_t=mRhc]«b����$¨zo=k�`ekUun®=ª_mg`c]«Ã�mRhc]«b��±hekU`er²d|mg`ck
bgfihck��Úr|bghc]«»RmghekUtÇ]��¢hekU`er²d²bnf�mL�=`c]�bn`�tv]_d�hc`e]�s=®vhc]«b��¢bR»nk�`|hco=k�o=]�unoÚ`ckUdebnª�®vhe]�bn�Ç]�r|mnunk�w
]��$¶lo=]_^po$^�mndek|heo[k¼debnª�®vhe]�bn�$^Umg�±s�k�]���hck�`c�=`ckahek�t±mndEmº\ÀËµÌ Í r²mR©v]�rB®=r mR¬¿�Wb�d�hck�`c]«b�`e]iÏ
bn�=he]�rZ]�ÃUmghe]�bn���
x mgÂ�k�`Bmn�[t$�.mg�Wmntvk � � � o[m»nk|hc`e]�kUt±hebº]�r|�=`cbR»nk|heo[k���k�`ef³bn`cr|mn�[^ak�bgfµde®=�WkU`�¬¿`ckUdebnª�®vhe]�bn�
mgª�unb�`e]«heo[r|d�s1°Àtvk�»�k�ª�bn�=]��=u�tvbnr²mg]��v¬�d���kU^�]¯¹�^B]�r²mgunkZ�=`c]«b�`cdUwÜmg�=�=ª�]_^�mgs[ª«kPheb¼fGmn^�kUd�bn`�hek�©1h
f³bn`�ka©=mgr|�=ª�knw�¶lo=]_^poºmg`ckEª�kUmn`e�=k�t�f³`eb�r t[mRhcm[�µÆ���hco=]_d�^Umndek.heo=kZmgª�unb�`e]«heo=r ]_d"kaÛÜkU^ahe]�»nkUª«°
o[mnª«ª�®[^a]��[mghe]��=uB��k�`p^akU�vhe®[mnª«ª�°Z�=ª�mn®[de]«s=ª�kµo[]«u�o²f³`ek��®=k��[^�°Zf³kUmRhc®=`ckUdU�;Ýµk�`ckµ¶@k"f³bv^a®[d½bn��unk��=¬
k�`pmgª��=®=`c��b�dek½mgª�unb�`e]«heo[r|d;mg�[�=ª«]_^�mns=ª�kÅheb�mg�1°��[mghe®=`pmgª�]«r²mnunknw�f³b�`;¶lo[]�^poBheo=k@�=`c]«b�`Ùk��W^abvtvkUd
bn�[ª«°�o[]«u�o�ª�k�»�k�ªà]��vf³bn`cr²mRhc]«b���de®[^po�mnd@heo[kE^abn`c`ck�ª_mRhe]�bn��bgfI�=kUmn`es1°²�=]«©vk�ª_d��
¨zo=k½Ânk�°.tvkU»nkUª«b��=r|k���hH]��Ehco=]�dH�[mn�WkU`UwR¶lo=]_^poBtv]_d�he]��=un®=]_deo=kUdH]¯h;f³`cbnrÉ�=`ck�»1]«b�®[dÙmn�=�=`cb�m�^po=kUdUw
]_d"hco=kB®[dekEbnf x m°�kUde]�mn��w=`pmRhco=k�`µheo[mn�ºd�]�r|�=ª�°�\ÀË�ÌIw[hckU^po=�[]��®=k�dµs1° ��g�8�g�i����� �����i�1� bR»nkU`
heo[k.®=�=Â1�=bR¶l��o=]�uno�`ek�d�b�ª«®vhc]«b��¼]�r²mgu�k�]���bn`ptvk�`@hcb�tvkahck�`crZ]��=k�hco=k.ª«bR¶ `ek�d�b�ª«®=he]�bn��]«r²mgu�k
`ck�un]_d�he`pmRhe]�bn�B�[mg`pmgr|kahck�`pd��IÞ�®=`Ùf³b�`erP®=ª_mRhe]�bn�Zmgª_d�b�mgª�ª«bR¶"dÙheo[kz^po[bn]_^ak@bgfW^�bn��he]��1®=bn®[dH»Rmgª�®=kUd
f³bn`Ihco=k"®=�=¬¿dcmgr|�=ª�]«�[u��[`ebv^ak�dedUwnm�dI¶½kUª«ªvhco=k"deo=]¯fih-mn�[tZ`ebnhcmghe]�bn�Z�[mg`pmgr|kahck�`pd;unbR»nkU`e�[]«�=u�heo[k
]�r|mnunk�`ck�un]_d�he`pmRhe]�bn�Ù�
¨zo=k�unkU�=k�`pmRhc]«»�k"�=`cb1^�kUdcd-s1°²¶lo=]_^po²hco=k�o=]«u�o�`ckUdebnª�®vhe]�bn�²]�r²mgu�k�]_d½der|b1bgheo[kUt²hcbPb�svhcmn]«�¼m
ª�bR¶±`ek�d�b�ª«®vhc]«b��.]«r²mnunkÅ]_dHt=kUdc^a`c]«s�kUtBs�°�m"��bn]���hIde�=`ckUm�t�f³®=�[^Èhc]«b�� Í Ì�� } ÏÈ�Æ¿h;o[mndHbgfihck��Bs�k�kU�
mndcde®=r|kUt�hco[mRh�heo=kZ��bn]���h.de�=`ek�mnt�f³®[�[^Èhc]«b��º]_d�Â1�=bR¶l�º]«��mntv»Rmg�W^aknw�¶lo=]_^poº]_d�®=�=`ckUmgª�]_d�hc]�^n�
�1b�rZkEmn®vheo[bn`pd � y�� o[m»nk�kUd�he]�r²mRhckUt¼heo=kEÌ�� } ]���mntv»Rmn�[^ak.®[de]��=u|bn�=ª�°�hco=k.ª«bR¶ `ek�d�b�ª«®=he]�bn�
]�r|mnunkBt[mRhcm[wWmn�[t�heo[k��ÀÂ�k��vh"hco=]_dµk�d�hc]«r²mRhck.¹=©vkUtÀ¶lo=]«ª�kEk�©�hc`cm�^Èhc]«�=u�heo=kPo=]«u�o�`ek�d�b�ª«®=he]�bn�
]�r|mnunk��·Ë ÂnkU°$mntv»Rmn��hpmgu�k¼bnf�bn®[` x m°�kUde]�mn�$r²mg`cun]��[mgª�]«Ã�mRhc]«b��$]�dZhco[mRh²]«h�mgª�ª«bR¶"dP®[dZhcb
tvk�hek�`cr|]«�[kzheo=k"��bn]���h½de�=`ek�mntBf³®=�[^ahe]�bn��mgª�bn�[u�de]�tvkzs�bghco|heo=kl`ck�u�]�d�he`pmRhc]«b��P�[mn`cmnr|kahekU`cdImn�[t
heo[k.o=]«u�o¼`ckUdebnª�®vhc]«b��¼]�r²mgunk�]���mZde]��=unª�knw=^�bno=kU`ekU��hl]��vf³k�`ck��W^ak�f³`cmnr|k�¶@bn`cÂ��
Ëµd�¶@k²d�o[bR¶6ª�mghekU`Uw�]«f½¶@k²mRhehek�r|�vh.hcb�t=kahekU`er|]��=k|heo[k|Ì�� } m�d�¶@k�ª�ªÅmnd�hco=k|`ekUun]_d�hc`cmghe]�bn�
�[mn`cmnrZk�hekU`cd�mn�[t.hco=k-o[]«u�oE`ek�d�b�ª«®=he]�bn�.]�r|mnunk½s�°@ß�b�]«��hHb��vhe]�r|]«Ã�mRhc]«b���w¶½k½bnsvhpmg]��Eo=]�uno=ª�°�s=]¯¬
mndekUt Í bR»�k�`e¬8¹[h�hek�t[ÏÙ`ek�d�®=ª«hcdU� x °Br|mn`eu�]«�Wmgª�]«ÃU]«�=u�bR»nkU`Ùhco=kl®=�=Â1�=bR¶l�Zo=]�unoZ`ek�d�b�ª«®=he]�bn�Z]«r²mgu�k
¶@kBmg`ckEmgs=ª�k.hcb�tvkahck�`cr|]«�=kEheo=kZÌ�� } mg�[t�hco=kB`ck�u�]�d�he`pmRhc]«b��¼�Wmg`pmgr|kahck�`pd"mn^U^a®=`pmRhck�ª�°nw[mn�[t
heo[k�`ck�s1°�`ckU^ab��[d�he`c®[^Èhzheo[k�o[]«u�o�`ckUdebnª�®vhc]«b��¼]�r²mgunk�¶l]«heo�d�®[svß�kU^ahe]�»nk�ª�°�»�k�`c°²unb1bvt¼�®[mnª«]«h�°n�
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� S - 6 � - � 6 � wHmn�[t hebÀtvb�hco=]_d.¶½k²oWm»nk�^ab�r|�[mg`ckUtºh�¶½bÀmn�=�=`cb�m�^po=kUdU��¨zo=k|¹[`pd�hP]�d�hcb�®[dekheo[kEka©v��kU^ÈhpmRhc]«b��v¬Är²mg©1]�r|]«Ã�mRhc]«b�� Í ;-\ºÏzmnª«u�bn`c]¯hco=r��ÅÆ���heo=k ;Å¬¿d�hekU�¼¶@k.k�»Rmnª«®[mghek�hco=kE��b�d�¬
hekU`e]�bn`�t=]�d�he`c]«s[®vhe]�bn�ÚbR»�k�`|heo[kÀo=]�uno¢`ek�d�b�ª«®=he]�bn�¢]«r²mnunk�un]�»nkU�¢s�° Í � { ÏÈ� Æ��¢heo=k \�¬¿d�hekU�
¶@kºr²mR©v]�rZ]�Ã�kÀheo=k�ka©v��kU^ÈhpmRhc]«b��'bR»nkU`1�)bgf.hco=k ª�bnu�bgf.heo[k ^ab�r|�=ª«k�hek�t=mRhpm±ª«]�ÂnkUª«]�o=b1bvt Í�� 6 ��� � S - 6 � - � 6 � ÏIbnsvhpmg]��=kUt�f³`eb�r*heo=k��=`cb1t=®[^Èh@bgf�hco=k��[`e]�bn` Í � Ï½mg�Wt|heo=k�ª�]«Â�k�ª�]«o=b1bvt Í!� ÏÈ�
¨zo=]_d.r²mR©v]�rZ]�ÃUmghe]�bn�L]_dEtvbn�[k²®[d�]��=u�hco=k�de^Umgª�kUtL^ab��Rß�®=u�mRhek|u�`cm�tv]«kU��hcd.mgª�unb�`e]«heo[r Í � q Ê.Ï
� 	 � �I¨zo[kµd�k�^ab��[t²mg�=�[`eb�mn^po|]�dÅhebPr|mg©v]«r|]�Ã�klhco=kµr²mg`cun]��[mnª=ª«]�ÂnkUª«]�o=b1bvt Í ��� ÏDtv]�`ckU^Èhcª«°Z®[de]«�[u
� q ÊZ��;-r|�=]«`c]_^�mgª�ª�°À¶½k|¹W�[t heo[mghPtv]�`ek�^ÈhEbn�=he]�rZ]�ÃUmghe]�bn��]�d.fGmnd�hek�`Eheo[mn� ;½\±w�mg�Wt�deb�o[m�d
s�k�k���®[dekUt¼hcbZb�svhcmn]«�¼heo[k.`ek�d�®=ª«hcdz`ck���bn`ehek�t�]���heo=]_dl�[mn�WkU`U�
�1]��[^ak¼]«� Í � � Ï.¶@k�rP®[d�h|^ab�rZ�[®vhek " wD¶lo[]�^po$]_d �� �±wI]����=`pmn^ahe]_^ak�¶@k�b��vhe]�r|]«ÃUk�heo[k
deo=]¯fih�wH`cbghpmRhc]«b���mn�[t Ì�� } ¶l]_t1hco��Wmg`pmgr|kahck�`pd�sWmndekUt�bn�Lmg�±mg�[�=`eb��=`c]�mghek�ª�°�¬¿de]�Ã�kUtºd�®=sWd�k�h
bgfDhco=kB]�r²mgu�kBbn�[ª«°���¨zo=kZ^abnr|�=ª�kahckBo=]�unoº`ek�d�b�ª«®vhc]«b���]«r²mnunkE]_d"hco=k��ºf³bn®=�WtÀmndµheo=kPr|b1t=k
bgfàhco=k�f³®=ª«ªÜ��b�d�hekU`e]�bn`-t=]�d�he`c]«s[®vhe]�bn��w1b�svhcmn]«�=k�t²]«hek�`pmRhc]«»�k�ª�°Ps1°|r²mR©v]�rZ]�Ã�]��=uBheo=k��1®=r|k�`pmRheb�`
]�� Í!� Ïaw[mgu�mg]���®[de]«�[u � q Ê6b��vhe]�r|]«Ã�mRhe]�bn�Ù�
� � �H£�Õ $�¤=£
Æ���b�`ct=k�`ÅhcbPkU»Rmgª�®[mRhckµbn®[`@mn�=�=`cb�mn^po|¶@kµ¹W`cd�h@mn�=�=ª�°Z]«hzhebZmBdekahzbgfÙª�bR¶Ú`ek�d�b�ª«®=he]�bn�²]�r|mnunk�d
de°���hco=kahc]�^Umgª�ª«°�t=bR¶l�v¬¿dcmgr|�=ª�kUt Í s1°�m|ª«]��=kUmn`"de^Umgª�]«�[uZbnf � hcb � w=b�` � 	 �=]«©1kUª�dlheb � Ï½f³`cbnr m
Â1�=bR¶l�Zo=]«u�ov¬¿`ek�d�b�ª«®vhc]«b��E]�r|mnunklmnd;f³b�ª«ª�bR¶"dU� } b�`DkUm�^poB]�r|mnunkz¶@k@¶l]_deoBhcb�u�k��=kU`cmghek@¶½k@¹[`pd�h
mg�[�=ª«° m�deo=]«fihEtv`cm¶l� f³`cbnr m�®=�=]«f³bn`crÁtv]_d�hc`e]�s=®vhc]«b�� bR»�k�`�heo[kZ]���hekU`e»Rmgª Í � � 6 �nÏµ]«�L®=�=]«hcd
bgf�o=]«u�o�`ckUdebnª�®vhe]�bn���=]¯©vkUª�d Í ª_mg`cunkU`Pdeo=]«fihcd|^ab�®=ª�t�]«�·�=`c]«�[^�]«�[ª«k�sWk�`ckUtv®W^akUt±heb heo=]_d|ª«kU»nkUª
s1°��=`cka¬¿`ekUun]_d�hck�`c]«�=u|hco=k|ª«bR¶)`ckUdebnª�®vhc]«b��º]�r|mnunk�d�mnu�mg]��[d�h�k�mn^poÀbnheo=kU`pÏ�mg�[tÀheo=kU��mn�=�=ª�°�m
`cbghcmghe]�bn�ºt=`cm¶l� ®=�=]«f³bn`crZª�°�bR»nkU`µhco=k|]«��hck�`c»mnª Í � � 6 � Ïµ]«��®=�=]«hcd�bnf½tvk�u�`ekUkUdU� } ]«�[mnª«ª�°�¶@k
tvk�hek�`cr|]«�[k�hco=k�»mnª«®[k�mgh@k�mn^po¼�=]¯©vkUªàbgf�hco=k�ª«bR¶'`ckUdebnª�®vhc]«b���]«r²mnunk�s�°�^�bn�1»nb�ª«®=he]�bn��bnfÙheo[k
bn`c]�un]��[mgªW]«r²mgu�kµ¶l]«heo�heo=k��Wb�]«��hld��[`ek�mnt|f³®=�W^Èhe]�bn� Í ^�k���he`ckUt�bn�²hco=k�ª�bR¶Ú`ckUdebnª�®vhe]�bn���[]¯©vk�ªiÏÈw
¶l]«heo�¶l]_t1hco��[mn`cmnrZk�hekU` � 5 � 8 { � } `cbnr×mBo=]«u�ov¬¿`ek�d�b�ª«®vhc]«b��²]«r²mnunkµbnf y � �  � ��	 ¶½k�^po=b�dek
heb|®[dekEm|d�k�h"bgf � 	 ]«r²mnunkUdzbnfH`ckUdebnª�®vhe]�bn� � 	  	�� �
Æ���bn`ptvk�`zhcb²ª«]�r|]¯hµheo=kE^�bnr|�=®vhpmRhe]�bn�Wmgª�^ab�d�h"¶@k.®[dek��[mRhp^po=kUdzf³`cbnr heo=kE^�k���he`ck�bgf;heo=kBª«bR¶
`ckUdebnª�®vhe]�bn��]�r²mgu�k�bnf;de]«ÃUk �  � ]«�¼bn`ptvk�`½heb²tvk�hek�`cr|]«�[kµhco=k�»mnª«®[kUd@bgfHheo=k.deo=]¯fih�wv`ebnhcmghe]�bn�
mg�Wt Ì�� } ¶l]_t1heoL�[mn`cmnrZk�hekU`cdU�*'�k�d�k�h�hco=k|`ek�d�b�ª«®=he]�bn�ºbnf½hco=k²d�®[�WkU`�¬¿`ek�d�b�ª«»�kUt�]�r²mgu�kBhcb
o[m»�k � 	 hc]«r|kUd@mnd-r²mg�1°P�[]¯©vk�ª_d-m�dDhco=kµª�bR¶¢`ek�d�b�ª«®vhc]«b��²]«r²mnunkUdÅ¶lo=]�^poÙw�mnª«ª�bR¶l]«�[u.f³bn`@d�o=]«fihcd
mg�Wtºhco=k�de®=�=��bn`ehEbgfzheo[k��Wb�]«��hBde�=`ckUmnt f³®=�W^Èhe]�bn�ÙwHu�]«»�kUd � 5 � {  � { �¼¨zo=k�Ê�mn®[dede]_mg�
�=`cbv^akUdcd��=`e]�bn`�]�d�^po=b�d�kU��heb�o[m»�kE¶l]�tvheo��[mg`pmgr|kahck�` * 5 � 8 { wÜ»Rmg`c]_mg�[^�kE�[mg`pmgr|k�hek�`6� 5



{ 8 { � w�mn�[t�hco=k|�=bn]_dekB�=`cbv^akUdcd�]�d�un]�»nkU� m�d�hcmn�[t=mn`ctÀt=k�»1]�mghe]�bn�Àbnf { 8 { � �.Ø"bghckBhco[mRh�heo[kUdek
»Rmgª�®=kUdl^Umg��sWkEdekahµdek��Wd�]�s=ª�° ���Ü�È�G�R�È� mg�[t��=kUkUt��=bghls�k�he®=�[kUt¼heb|hco=kEt=mRhpm=�
¨zo=k�de^Umgª�kUt$^�bn�Rß�®=u�mRhck�un`pmnt=]«kU��hPbn�vhc]«r|]�ÃUmRhc]«b��$]_dB]��=]«he]_mgª�]�dekUt±s1°±dekah�hc]«�[uºhco=k¼deo=]«fih|mn�[t
`cbghcmghe]�bn���[mg`pmgr|k�hek�`pd½kU�®[mgª�heb|Ã�kU`ebWwv¶lo=]«ª�k�heo=kEÌ�� } ¶l]_t1hco � ]�dz]��=]«he]_mgª�]«ÃUkUt¼heb � 8 { d�]��[^�kheo[]�d|]_dZheo=k�®=�WdemnrZ�[ª«]��=u�fGmn^ahebn`|¶@k¼oWm»nk�^po=b�dek��·sWk�h�¶½kUk��Çª«bR¶×`ckUdebnª�®vhc]«b��·mg�Wt·de®=��k�`e¬
`ckUdebnª�»nkUtL]�r²mgu�kUdU� ' k¼¹[`pd�h|bn�vhc]«r|]�Ã�k�bn�=ª�°Lheo[k�deo=]«fihcdUwÅheo[k���¶@k�bn�vhc]«r|]�Ã�k�sWbnheo¢d�o=]«fihcd
mg�Wt|`ebnhcmRhc]«b��[dUw�mg�Wt|¹[�[mnª«ª�°P¶@k"b��vhe]�r|]«ÃUk�deo=]¯fihpd�w�`cbghcmghe]�bn�[d½mg�[t²Ì�� } ¶l]�tvheo�w�]«��kUmn^po�^Umndek
`c®=�=�=]��=u|®=��he]�ªÙm|d�®[]¯hpmgs=ª�kE^ab���»�k�`cunkU�[^akµhebnª�k�`pmg�W^ak�]�dl`ckUm�^po=kUt��
Æ�� } ]�un®=`ck ��Í m�ÏI¶@kµdeo=bR¶Çheo=k�bn`c]«u�]«�Wmgª=]�r²mgunk�wnhcbnu�kaheo[k�`-¶l]«heo¼mg�²ka©=mnrZ�[ª«k"ª�bR¶¢`ek�d�b�ª«®=he]�bn�
]�r|mnunkÅ]�� } ]�un®=`ck ��Í sWÏa� } ]«u�®=`ck ��Í ^UÏÙd�o=bR¶"dàheo=kzd�®[�WkU`�¬¿`ek�d�b�ª«»�kUt�]«r²mnunk-b�svhcmn]«�[kUt�®[de]«�[uµbn®[`
x m°nk�d�]_mg��mg�=�=`cb�m�^po���'�kEdek�k�heoWmRhzheo=kEde®=��k�`e¬Ä`ckUdebnª�»nk�t�]�r²mgunk�]_dzbgfItv`cmnr²mRhe]_^�mnª«ª�°�s�kahehek�`
�®[mgª�]«h�° hco[mg�$heo=k�ª«bR¶X`ckUdebnª�®vhc]«b��±]«r²mgu�kUdBf³`eb�r ¶lo=]�^po�]¯h|]�dZ]��vf³k�`c`ckUtà�L¨zo=k¼^�bn�1»nkU`eu�kUt
»Rmgª�®=k�f³bn`lhco=kEÌ�� } ¶l]�tvheo��[mg`pmgr|k�hek�`z]_d � 5 � 8 ��� wv^�ª«b�d�k�heb|hco=k�he`c®=k�»Rmgª�®=k � 8 { �
(a) Original image

(c) Super−resolved image (Bayesian) (d) Super−resolved image (MAP)

(b) Low−resolution image (1 of 16)
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& IsVWeyJ�IsmvJMV��xVlu�OTJMVWIse�YiV}JMN \ML�QHmzL�f9JqJMI�JMNoL^QHkomzLc\ ��\ML�QHIsUW_`L#XnV�� OKtsL
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Ø"bnhe]_^akDhco[mRhàhco=k�`ck-mn`ekDdebnr|kÅd�r²mnª«ª�kUtvu�kDkaÛÜkU^Èhpdà]���heo=k-de®=��k�`e¬Ä`ckUdebnª�»nk�t"]�r²mgunkÅmn`e]_de]«�=u@f³`cbnr
heo[k.fGmn^ah"heo[mgh"heo[kUdekE�=]«©1kUª�d"bn�=ª�°�`ckU^�k�]�»nk.k�»1]_tvk��W^ak�f³`cbnr m²d�®=sWd�k�h"bgfIheo=kBª«bR¶3`ek�d�b�ª«®=he]�bn�
]�r|mnunk�dEtv®=k|hcb�heo=k�]«r²mgu�k�d�o[]¯fihpd���¨zo1®[d.�=]«©vk�ª_d.�=kUmn`.heo[k�kUtvu�k²bgfzheo[k�o=]�unoL`ek�d�b�ª«®=he]�bn�
]�r|mnunk.mg`ck�tvkahck�`crZ]��=k�t¼�[`e]�r²mg`c]«ª�°�s1°²heo[k.�=`e]�bn`��



} b�`B^ab�r|�[mg`c]�debn�L¶@k�d�o[bR¶.wH]�� } ]«u�®=`ek ��Í tWÏÈw;heo=k¼^abn`c`ckUde�Wb��[tv]��=u�d�®=��k�`e¬¿`ek�d�b�ª«»�kUt ]«r²mgu�k
bns=hcmg]��=k�t±s1°���k�`ef³bn`cr|]«�[uºmº\ÀË�Ì6b��vhe]�r|]«Ã�mRhe]�bn��¶l]¯hco�`ckUde�Wk�^ÈhBhcbÀhco=k¼o[]«u�o$`ek�d�b�ª«®=he]�bn�
]�r|mnunk��;¨zo=]_d@]�d@bnfÙd�]�un�=]«¹W^Umg��heª�°|�Wb1bn`ck�`@�®[mgª�]¯h�°Zhco[mg��heo[mgh@b�svhcmn]«�=k�t|f³`cbnr bn®=` x m°nk�d�]_mg�
mg�[�=`eb�mn^po��H¨zo=k"^ab���»�k�`cunk�t.»Rmgª�®=kzf³bn`Ihco=k"Ì�� } ¶l]�t1hco²]«�Zhco=]�dD^Umndekz]�d � 5 { 8 � y ]��[tv]_^�mRhc]«�[udek�»nkU`ek�bR»nkU`�¬Ä¹=hehe]��=u[�
Æ�� } ]«u�®=`ek���¶@kld�o=bR¶·�=ª�bghcdÅbgf[hco=klhc`e®=klmn�[tZkUd�he]�r|mghek�tP»Rmnª«®=k�d;f³bn`Dhco=k"deo=]¯fih@mg�[tP`ebnhcmghe]�bn�
�[mn`cmnrZk�hekU`cd@®[de]«�[uZb�®=` x m°nk�d�]_mg��mg�=�=`cb�m�^po¼mn�[t¼mnª�deb|®[de]«�=u²\ÀË�Ì¢bn�vhc]«r|]�ÃUmghe]�bn���ÅËµu�mg]��
¶@k"d�kUk½hco=kµdek�»�k�`ck½bR»�k�`e¬8¹=hehe]��=u�`ek�d�®[ª¯hc]«�=u�f³`cbnrOß�bn]���hÅb��vhe]�r|]«Ã�mRhc]«b���w�mn�[tPheo=k"de]«u��=]«¹W^�mn��hcª«°
s�kah�hck�`"`ckUde®=ª«hcdzb�svhcmn]«�=k�t�f³`cbnr heo=k x m°�kUde]�mn��mg�=�[`eb�mn^po��
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} ]«�Wmgª�ª«°�w�¶@k½mn�=�=ª�°�b�®=`�hckU^po=�[]��®=k-hebµm�d�k�hÙbgf=]�r²mgunk�d�b�svhcmn]«�=k�t�s1°�hpmgÂ1]��=u � 	 f³`pmgr|k�d�®[de]«�[u
m�o[mn�[tZo=k�ª_t²tv]�un]«hcmgªW^�mgr|kU`cm�]�� , rP®=ª¯hc]¯¬�deo=bghs-gr|b1t=k Í �=`ckUdcdÅmn�[tZo=bnª_tPheo=kµdeo1®vh�hck�`Å`ck�ª�kUm�d�kÏ
¶lo=]_^po|hcmnÂnkUd½mgs�bn®vh � ��dekU^�bn�[t=dU�IË"��k�©vmnr|�=ª«kµ]«r²mgu�knw�heb�unkahco=k�`-¶l]¯hco²heo=k�d�®[�WkU`�¬¿`ek�d�b�ª«»�kUt
]�r|mnunk�bns=hcmg]��=k�t�®[de]��=u|bn®=` x m°nk�d�]_mg��mgª�unb�`e]«heo=r�w1]_d"d�o[bR¶l�¼]�� } ]�un®=`ck y �
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Æ��$hco=]_dB�[mn�WkU`P¶@k�o[m»nk��[`eb��Wb�d�k�t±mÀ�=kU¶ mg�=�[`eb�mn^po�heb heo=k��=`cbns=ª�k�r bgf�]«r²mgu�k¼de®=��k�`e¬
`ckUdebnª�®vhe]�bn��w�s[m�d�k�t�bn�Bmlr²mn`eu�]«�[mnª«]�ÃUmghe]�bn��bR»nkU`àheo=k½®=�=Â1�=bR¶l�Eo[]«u�o.`ek�d�b�ª«®vhc]«b��.]«r²mnunkD®[de]«�[u
m²Ê�mg®[dcde]�mn���=`cbv^akUdcd@�=`c]«b�`U�-Þ�®=`z`ckUde®=ª¯hpdltvk�r|b��[d�hc`cmghek�mZ¶½b�`�hco�¶lo[]«ª�k�]�r|�=`cbR»nk�r|kU��hzbR»nkU`
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(a) Low−resolution example (70x70) (b) Super−resolved image (280x280)
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