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¿7698�:<;#¿9=>:
É�YxXZj}_�� � Ê � Ï j}^�X@?�j}_-?#gZe2Y]\A?�jlgi_=XZ|±uv\WY]\W�rYxXZ|��r|lg9gn`CB=gED `fjl�H[HYHj}�rmr[Hjlgi_�~LY � É Ó ��jl�,XFD�\W|}|�\v�][xXZ�r|}jl�Hwo\v`
e�mr_ouW[Hjlgi_=XZ|�j}^�X@?�j}_-?�^�\W[Hwogn`GDÒwrjluxw�jl�HDÒjl`r\W|JI�mo�]\v` j}_�X:�iXZYHjl\W[+I�gZe,uW|}j}_rjlu�XZ|zXZ_o`�Y]\v�]\�XZY]u]w �x\W[H[Hj}_-?��
ehgiY�[Hwo\�Xi�]�x\v�]�H^�\W_F[�gZe,_ogiYH^�XZ|,XZ_o` XZ�r_ogiYH^�XZ|�_o\WmrY]gi|lg�?�jlu�XZ|qe�mr_ouW[Hjlgi_ � �zg�DO\W��\WY��Òj}_ V=XZYH[���\vu�XZmo�]\
gZe�[Hwo\#�]u�XZ[H[]\WYHj}_-?�gZez\W^&j}[H[]\v`�Vrwogi[]gi_o�¡j}_rwo\WY]\W_n[&[]g�[Hwrjl�¡j}^�X@?�j}_-?�VrY]gnuv\v�x���2XZ^�gi_-?��H[)gi[Hwo\WY]� u�XZmo�x\v���
�rYxXZj}_ � � Ê � Ï j}^�X@?�\v�C?�\W_o\WYxXZ|}|JI \�Ô9wrj}�rj}[�V{g9giY��HV=XZ[HjBXZ|tY]\v�]gi|}mr[Hjlgi_ XZ_o` |lg�D �HjJ?�_=XZ|æ��[]gZ��_ogijl�]\ YxXZ[Hjlg �
Ï¸wrjl�z|l\�Xi`r�z[]g��Hmr�o�H[xXZ_n[HjBXZ|�\WYHY]giY]�zj}_:^�\�Xi�HmrY]\W^�\W_F[]�tgZe2Y]\A?�jlgi_=XZ|D�rYxXZj}_�YxXi`fjlg�XiuW[Hj}�9j}[�I:uvgi_ouv\W_F[HYxXZ[Hjlgi_o���
^�XZ¤9j}_-?�`fjLK�uWmr|}[�[]g�uvgi^�\:mrVMDÒj}[Hw Y]\W|}jBXZ�r|l\��tXiuvuWmrYxXZ[]\�XZ_o` gi�"N \vuW[Hj}��\�gi�o�]\WYH��XZ[Hjlgi_o� � bd_'giY]`r\WY#[]g
j}^&VrY]g���\¥[Hwo\tY]\v�]gi|}mr[Hjlgi_�gZe�[Hwo\v�]\tj}^�X@?�\v��XZ_o`�[Hwo\WY]\�ehgiY]\t[]g)e�XiuWj}|}j}[xXZ[]\t[Hwo\Wj}Y�j}_F[]\WYHVrY]\W[xXZ[Hjlgi_´�DO\pwo\WY]\Wj}_
VrY]giV�g��]\OXZ_ giYHjJ?�j}_=XZ|9\�Ôf[]\W_o�Hjlgi_¡gZeo[Hwo\OËzÍt�F�dsqb Ó `r\vuvgi_F��gi|}mr[Hjlgi_)[]\vuxwr_rjlkFmo\¸gZe%O,mr_o`fmrY�XZ_o` �,XZ[QPvj}_=XZ¤�g��
R �TSd� Ï¸w=XZ[�\�Ôf[]\W_o�Hjlgi_ XZ|}|lg�D���[Hwo\�Y]\vuvgi_o�][HYHmouW[Hjlgi_ VrY]g9uv\v�]��[]g ��\�uvgi_o�H[HYxXZj}_o\v`'�'I'XZ_=XZ[]gi^&jlu�XZ|)XZ_o`
?�\vgi^�\W[HYHjlu�XZ|=j}_fehgiYH^�XZ[Hjlgi_�\�Ôf[HYxXiuW[]\v`&e�Y]gi^%X�wrjJ?�w�Y]\v�]gi|}mr[Hjlgi_�XZ_=XZ[]gi^&jlu�XZ|{VrY]gnuv\v`fmrY]\��]mou]w�Xi�2^�X@?�_o\W[Hjlu
Y]\v�]gi_=XZ_ouv\qj}^�X@?�j}_-?#~��:sqbH� � bd[�XZ|l�]gtw=Xi�2[Hwo\�Xi`f�iXZ_n[xX@?�\zgZeQ\TK�uWjl\W_F[H|JI�j}_ouvgiYHV{giYxXZ[Hj}_-?o�/DÒj}[Hwrj}_�[Hwo\zËzÍt�F�
sqb Ó ^�\W[Hwog9`Q�oX¡Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^UDÒwrjlu]w��H[xXZ�rj}|}jJP�\v��[Hwo\zj}_n��\WY]�]\t�]gi|}mr[Hjlgi_ � bG_#gimrYÒXZVrVr|}jlu�XZ[Hjlgi_´�o[Hwrjl�
XZ_=XZ[]gi^&jlu�XZ|æ���=Xi�]\v`&Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ mo�]\v��[Hwo\�Y]\v�Hmr|}[±gZe�XZ_)mr_o�HmrV�\WYH�njl�]\v`)��XZYH¤�g��9jBXZ_��]\A?�^�\W_F[xXZ[Hjlgi_
gi�r[xXZj}_o\v`¡X�e�[]\WY7X¸VrY]\W|}j}^&j}_=XZYQItY]\A?�jl�H[HYxXZ[Hjlgi_ �H[]\WVt��\W[�DO\v\W_¡[Hwo\2�:s XZ_o`¡� � Ê � Ï `oXZ[xX¸��gi|}mr^�\v�0gi�r[xXZj}_o\v`
e�Y]gi^-[Hwo\¥�xXZ^�\pV=XZ[Hjl\W_F[ � Ï¸wrjl��^�\W[Hwog9`�w=Xi�q�{\v\W_��Hmouvuv\v�]� e�mr|}|JI�[]\v�][]\v`�gi_ 30 V=XZj}Y]�zgZe±�rYxXZj}_��:sqb¸XZ_o`
� � Ê � Ï"Xiuvknmrjl�Hj}[Hjlgi_o�¡eLY]gi^Ñ`fjLV�\WY]\W_n[&�Hmr�"N \vuW[]�)XZ_o` gi_ ��g@V{^�XZ_ XZ_o` �FXi�WP�uAP5XZ¤�� � Ê � Ï Vrw=XZ_F[]gi^�� �
Ï¸wo\q\�ÔfV�\WYHj}^�\W_F[]��Y]\WV{giYH[]\v`�j}_�[Hwrjl�OV=XZV{\WY�`r\W^�gi_o�H[HYxXZ[]\z[Hw=XZ[Ì[Hwo\q`fjl�xuWmo�]�]\v`�^�\W[Hwog9`�V�\WY ehgiYH^��Ì��\W[H[]\WY��
j}_�[]\WYH^��pgZe��]jJ?�_=XZ|æ��[]gZ��_ogijl�]\)YxXZ[Hjlgr�Q[Hw=XZ_ X�uW|BXi�]�Hjlu�XZ|±�HmrV�\WYH�njl�x\v`�Y]\v�][]giYxXZ[Hjlgi_ XZVrVrY]g�Xiu]w�mo�]j}_-?�X��:\W[QP
X |}[]\WY � Íz|l�]gr�9[Hwrjl�¸^�\W[Hwogn`�\W_rw=XZ_ouv\v�quvgi_F[HYxXi�H[qgZeD[Hwo\¥� � Ê � Ï Y]\v�H[]giY]\v`#j}^�X@?�\v�YDÒj}[Hw�|}j}[H[H|l\,j}_ouWY]\�Xi�]\,j}_
^�gi[H[H|l\ �
Z È0À0Â�[\:OÂFÁ�]�Ã�^�_"`�acbYd�egfih�j�kTlTm)ncoqpresfFhEj'kTltm@n<u)vxwTyzes{|}|�kQ~W��{0�)��yz�/��e���{-n��'{-�T�E�%kTlt��e��EkQ|��Ek�j��
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Ï¸wo\ �HV=XZ[HjBXZ|�Y]\v�]gi|}mr[Hjlgi_�XZ_o`��HjJ?�_=XZ|æ��[]gZ��_ogijl�x\¡YxXZ[Hjlg#`fjl�HVr|BXEI�\v`:��I��rYxXZj}_��Hj}_-?�|l\ Vrwogi[]gi_�\W^&jl�]�Hjlgi_�uvgi^)�
Vrmr[]\v`�[]gi^�g�?�YxXZVrw�I ~�� � Ê � Ïq��j}^�X@?�\v�#jl��YxXZ[Hwo\WY#|}j}^&j}[]\v`Q�YDÒwo\W_'uvgi^&V=XZY]\v` DÒj}[Hw [Hw=XZ[�e�Y]gi^ gi[Hwo\WY
e�mr_ouW[Hjlgi_=XZ| ~ � Ê2Ït�2e��:sqbH� giY�XZ_=XZ[]gi^&jlu�XZ|�[]\vu]wr_rjlknmo\v�:~��:sqb�� � Ï-�]u�XZ_r_rj}_-?n� � Ï¸wrjl��ehXiuW[�|}j}^&j}[]��[Hwo\
V�gi[]\W_F[HjBXZ|Òmo�]\#gZez�rYxXZj}_ � � Ê � Ï j}^�X@?�\v� � Ó giY&j}_o�H[xXZ_ouv\��2j}[)jl�)_ogi[&\�Xi�QI�[]g�`fjLVQ\WY]\W_F[HjBXZ[]\�|lg�D [HYxXiuv\WY
mrVr[xXZ¤�\�`fmo\Ò[]g¡XzeLmr_ouW[Hjlgi_=XZ|{`r\ X uWj}[���DÒwo\WY]\Ò�rYxXZj}_�[Hjl�x�Hmo\Ò�H[Hj}|}|ojl�ÌXZ_=XZ[]gi^&jlu�XZ|}|JI&j}_n[xXiuW[���e�Y]gi^ |lgED mrVr[xXZ¤�\
?�\W_o\WYxXZ[]\v`��'I�ehg9u�XZ|7XZ[HY]giVrw�I��%DÒwo\WY]\¥[Hjl�]�Hmo\,jl�Ò|lg��][qXZ_o`�Y]\WVr|BXiuv\v`���I�uv\WY]\W�rY]g��HVrj}_=XZ|�Bomrjl` ~ � � Ó � R �)Sd�
�9\W��\WYxXZ|�^�\W[Hwog9`r�)w=Xv��\#��\v\W_ VrY]giV�g��]\v` []g:j}^&VrY]g���\�[Hwo\��HV=XZ[HjBXZ|ÒY]\v�xgi|}mr[Hjlgi_�gZet� � Ê � Ï-j}^�X@?�\v� �

Ï¸wo\v�]\¥^�\W[Hwogn`r�zu�XZ_���\t�HVr|}j}[qj}_n[]g�[�D�g�^�X)NHgiYzuW|BXi�]�x\v���r_=XZ^�\W|JI�^�\W[Hwog9`r��j}_ouW|}mo`fj}_-?�Y]\v�H[]giYxXZ[Hjlgi_�[]\vuxwf�
_rjlknmo\v��`fmrYHj}_-?�giYqX�e�[]\WYÒ[Hwo\tY]\vuvgi_o�H[HYHmouW[Hjlgi_�VrY]gnuv\v�]�ÒeLY]gi^-VrY]g@NH\vuW[Hjlgi_o� �
Íz^�gi_-?��H[,[Hwo\ X Y]�][,uW|BXi�x��gZe��Hmou]w�^�\W[Hwog9`r����DO\)u�XZ_�uWj}[]\¡[Hwo\ ÉÒX I�\v�HjBXZ_�[]gi^�g�?�YxXZVrwrjlu)Y]\vuvgi_o�][HYHmou��

[Hjlgi_�[]\vu]wr_rjlknmo\v� � Ï¸wo\v�]\�^�\W[Hwogn`r�)�H[xXZ[Hjl�H[Hjlu�XZ|}|JI�j}_ouvgiYHV�giYxXZ[]\���j}_F[]g�[Hwo\�[]gi^�g�?�YxXZVrwrjlu�Y]\vuvgi_o�][HYHmouW[Hjlgi_
VrY]gi�r|l\W^��r��gi[Hw�_ogijl�]\,^�g9`r\W|7XZ_o` hc�lte���lTe ¤9_ogEDÒ|l\v`"?�\¡XZ�{gimr[�[Hwo\,[+InV�\v��gZe�Y]\vuvgi_o�H[HYHmouW[Hjlgi_�Y]\v�]mr|}[]�qXiu��
uv\WVr[xXZ�r|l\zXi�Ì\v�H[Hj}^�XZ[]\v�OgZe�[Hwo\qXiuW[Hm=XZ|{�HV=XZ[HjBXZ|=`fjl�H[HYHj}�rmr[Hjlgi_�gZe´XiuW[Hj}�9j}[�I � Ó giY2[Hwog��]\qXZVrVrY]g�Xiuxwo\v���9j}_�giY]`r\WY
[]g¡X���gijl`:~L[]g¡�]gi^�\�\�Ôf[]\W_F[ �Ìg���\WY �d�H^�g9gi[Hwrj}_-?&gZe´\v`"?�\v��XZ_o`�`r\W[xXZj}|l���n�xgi^�\�VrYHjlgiY]�Ow=Xv��\���\v\W_��]V{\vuWj X u�XZ|}|JI
VrY]giV�g��]\v`�ehgiY,� � Ê � Ï � Íz^�gi_-?�[Hwo\W^��DO\ u�XZ_�uWj}[]\¥[Hwo\ ?�\W_o\WYxXZ|}jJP�\v`��tXZmo�]�]jBXZ_���XZYH¤�g���YxXZ_o`rgi^ X \W|l`
VrYHjlgiY�^�g9`r\W| R � Sd� Ï¸wrjl��^�g9`r\W|´j}_ouW|}mo`r\v�zX�pXZmo�]�HjBXZ_��:s Ó XZ_o`�XZ_�XZ�o�xgi|}mr[]\����iXZ|}mo\¥V{gi[]\W_n[HjBXZ|7e�mr_ouW[Hjlgi_
DÒwrjlu]w���XZYHjl\v��XiuvuvgiY]`fj}_-?)[]gp[Hwo\z��XZ|}mo\qgZe0XZ_�j}_n[]\WYH_=XZ|�V=XZYxXZ^�\W[]\WY��'DÒwrjluxw#j}_�e�XiuW[Ouvgi_F[HY]gi|l��[Hwo\�`r\A?�Y]\v\zgZe
�H^�g9gi[Hwr_o\v�]�,gZeÌ[Hwo\¡Y]\vuvgi_o�H[HYHmouW[Hjlgi_ XZ_o`��ZgiY,[Hwo\ �]w=XZYHVr_o\v�]�,gZe2[Hwo\ \v`"?�\v��[]g��{\¥ehgiYH^�\v`�j}_:[Hwo\¡Y]\vuvgi_f�
�H[HYHmouW[]\v`:j}^�X@?�\ ��� \)u�XZ_�XZ|l�]g�^�\W_F[Hjlgi_�[Hwo\)^�\v`fjBXZ_�VrYHjlgiYt[]\WYH^���VrY]giV�g��]\v`:��I:Íq|l\W_rj}mo� kA�$h�yJ� j}_ R §�S
DÒwo\WY]\pX V�\W_=XZ|}[�I�[]\WYH^"jl�Ò�]\W[�XiuvuvgiY]`fj}_-?�[]g [Hwo\t`r\W�njBXZ_ouv\tgZe±X VrjæÔf\W|{e�Y]gi^"[Hwo\z|lg9u�XZ|Q^�\v`fjBXZ_´�=XZ|}|lg�DÒj}_-?
ehgiYÒ�{gi[Hw�_ogijl�x\,Y]\v`fmouW[Hjlgi_:XZ_o`�\v`"?�\tVrY]\v�x\WYH�iXZ[Hjlgi_ �
yz_o\ D�X I�[]g&j}^&VrY]g���\ [Hwo\p�HV=XZ[HjBXZ|0Y]\v�]gi|}mr[Hjlgi_�gZe�[Hwo\)� � Ê � Ï j}^�X@?�\v� ~�`fmrYHj}_-?�[Hwo\pY]\vuvgi_o�][HYHmouW[Hjlgi_

VrY]g9uv\v�]� �Duvgi_o�Hjl�H[]�2j}_�[xXZ¤nj}_-?¥j}_F[]g¥Xiuvuvgimr_n[Ì[Hwo\��]u�XZ[H[]\WYO\TV�\vuW[2j}_rwo\WY]\W_n[Ì[]gt[Hwrjl�2j}^�X@?�j}_-?¥VrY]g9uv\v�]� �Ee�h ��ehgiY
\�ÔoXZ^&Vr|l\��FX�V{gij}_n[2�HVrY]\�Xi`¡eLmr_ouW[Hjlgi_&j}_ouW|}mo`fj}_-? XZ|}|fuvgi|}|}j}^�XZ[]giY�XZ_o`&`r\W[]\vuW[]giYÌ\TV�\vuW[]� � Ï0g,[Hwrjl�±\W_o`&�]\W��\WYxXZ|
XZ|J?�giYHj}[Hwr^ ehgiY2�]u�XZ[H[]\WYÌuvgi^&V�\W_o�xXZ[Hjlgi_�j}_&�rYxXZj}_�� � Ê � Ï w=Xv��\���\v\W_&VrY]giV�g��]\v`&j}_&[Hwo\Ò|}j}[]\WYxXZ[HmrY]\ R ¢ � � �F 9�
� � Î � ��£)Sd� Íz_ogi[Hwo\WY�D�XEI)uvgi_o�]jl�H[]�±j}_�[xXZ¤9j}_-?tj}_F[]g Xiuvuvgimr_F[Ì[Hwo\Ò`fjl�][xXZ_ouv\��d`r\WV{\W_o`r\W_n[�uvgi|}|}j}^�XZ[]giYO�r|}mrYHYHj}_-?
XZ_o`Q�0XZ[ X��H^�XZ|}|l\WY¥\�Ôf[]\W_F[��0[Hwo\)j}_F[HYHj}_o�Hjlu�`r\W[]\vuW[]giY¥Y]\v�]gi|}mr[Hjlgi_ � Ï7g�[Hwrjl�¡\W_o`Q�0X��]mouvuv\v�]� e�mr|2uvgiYHY]\vuW[Hjlgi_
^�\W[Hwog9`Q�Qmo�Hj}_-?#[Hwo\ eLY]\vknmo\W_ouAIn�d`fjl�H[xXZ_ouv\)VrYHj}_ouWj}Vr|l\ R ���TS R ���@S w=Xi�,�{\v\W_�VrY]giV�g��]\v` � Íq_ogi[Hwo\WYpXZVrVrY]g�Xiu]w
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jl�#[Hwo\�`fj}Y]\vuW[�j}_ouvgiYHV�giYxXZ[Hjlgi_ gZe¡[Hwo\�uvgi|}|}j}^�XZ[]giY��r|}mrYHYHj}_-? j}_�[Hwo\�Y]\vuvgi_o�][HYHmouW[Hjlgi_ VrY]gnuv\v�x�#��I�mo�Hj}_-?
� �tXZmo�]�]jBXZ_f�d`fjLV{mo�Hjlgi_ � R � � S ~hXZ|}|lg�DÒj}_-?�[]g�gi�r[xXZj}_�[Hwo\:XZVrVrY]giVrYHjBXZ[]\:�r|}mrYHYHj}_-?�DÒj}[Hw��H^�XZ|}|,uvgi_F��gi|}mr[Hjlgi_
¤�\WYH_o\W|l� � � Í uvgi^&V=XZYHjl�]gi_��{\W[+DO\v\W_�[Hwo\v�x\,[�DOg��H[HYxXZ[]\A?�jl\v��w=Xi���{\v\W_�Y]\WV�giYH[]\v`�j}_ R �W§�Sd�
Í �]\vuvgi_o`�D�XEI�[]g#XiuvuWmrYxXZ[]\W|JI�^�g9`r\W|�XZ_o`�j}_ouW|}mo`r\ [Hwo\¥VrYHjlgiY�j}_fe�giYH^�XZ[Hjlgi_�uvgi_ouv\WYH_rj}_-?#[Hwo\ �HV=XZ[HjBXZ|

VrY]giV�\WYH[Hjl\v�#~hXZ_=XZ[]gi^>Ir�¡gZe�[Hwo\#XiuW[Hm=XZ|O�rYxXZj}_���gi|}mr^�\��{\Wj}_-?�j}^�X@?�\v`���I�� � Ê � Ï%[Hw=XZ[ w=Xi�)XZ|l�]g���\v\W_
VrY]giV�g��]\v`�mr[Hj}|}jl�]\v�,[Hwo\)Y]\A?�jl�H[HYxXZ[Hjlgi_�gZet~LwrjJ?�w�Y]\v�]gi|}mr[Hjlgi_��tXZ_=XZ[]gi^&jlu�XZ|z~ � Ï giYp�:s���j}^�X@?�\v�cDÒj}[Hw�[Hwo\
~L|lgED Y]\v�]gi|}mr[Hjlgi_��pe�mr_ouW[Hjlgi_=XZ|¥~�� � Ê � Ï giY � Ê2Ïq�¥j}^�X@?�\v�¡eLY]gi^Ñ[Hwo\#�xXZ^�\�V=XZ[Hjl\W_F[ � bG_ [Hwo\v�]\�^�g9`r\W|l�
R ��¢ � ��� � �  9� ���)S �7VrYHjlgiY¡XZ_=XZ[]gi^&jlu�XZ|Oj}_fe�giYH^�XZ[Hjlgi_ ~Lj � \ � �0�][HYHmouW[HmrYxXZ|Ìj}_fehgiYH^�XZ[Hjlgi_ gi_�[Hwo\&VrY]\v�]\W_ouv\�XZ_o`
|lg9u�XZ[Hjlgi_�gZe�j}^&V�giYH[xXZ_F[�XZ_=XZ[]gi^&jlu�XZ|��d|BXZ_o`f^�XZYH¤9� � �Hmouxw Xi�)|lgnu�XZ|�`fjl�xuvgi_F[Hj}_Fmrj}[Hjl\v��giY&[Hwo\#VrY]\v�]\W_ouv\�gZe
\�Ôf[]\W_o`r\v`�wogi^�g�?�\W_o\vgimo�¸Y]\A?�jlgi_o�¸Xi�O�x\v\W_�ehgiYÌj}_o�H[xXZ_ouv\�gi_#XZ_���s XZ_=XZ[]gi^&jlu�XZ|�j}^�X@?�\5�±jl�Oj}_ouvgiYHV�giYxXZ[]\v`
j}_F[]g,[Hwo\¸[]gi^�g�?�YxXZVrwrjlu�Y]\vuvgi_o�H[HYHmouW[Hjlgi_&VrY]gnuv\v�x��j}_)giY]`r\WY±[]g�YHjJ?�wn[H|JI uvgi_o�H[HYxXZj}_&[Hwo\¸Y]\vuvgi_o�][HYHmouW[]\v`&j}^�X@?�\
XZ_o`�[HwFmo�Ò[]g j}^&VrY]g5��\,j}[]�Ò�HV=XZ[HjBXZ|�Y]\v�]gi|}mr[Hjlgi_ � Ï¸wo\v�]\�^�g9`r\W|l�¸mo�Hm=XZ|}|JI�\�ÔfVrY]\v�]�¸[Hw=XZ[��/DÒj}[Hwrj}_�X `r\W[]\vuW[]\v`
XZ_o`��x\A?�^�\W_F[]\v`��dmr_rjæe�giYH^ � XZ_=XZ[]gi^&jlu�XZ|�Y]\A?�jlgi_´��_o\WjJ?�wF��giYHj}_-?#VrjæÔf\W|l�zj}_�[Hwo\peLmr_ouW[Hjlgi_=XZ|Dj}^�X@?�\¥[]\W_o`�[]g
w=Xv��\Ò�]j}^&j}|BXZY	?�Y]\AI¡|l\W��\W|r��XZ|}mo\v��~L|lgnu�XZ|rwogi^�g�?�\W_o\Wj}[+Ir�±giY�e�gi|}|lg�D X �pXZmo�]�HjBXZ_�`fjl�H[HYHj}�rmr[Hjlgi_FDÒj}[Hw�X�mr_rjlknmo\
^�\�XZ_���XZ|}mo\�~g?�|lgi�=XZ|´wogi^�g�?�\W_o\Wj}[+Ir� R ��Î � ��£ � �f�TSd�
Í-�x\vuvgi_o` uW|BXi�]�)gZe�^�\W[Hwog9`r� j}_ouW|}mo`r\v�)Y]\v�H[]giYxXZ[Hjlgi_ giY `r\vuvgi_n��gi|}mr[Hjlgi_�[]\vu]wr_rjlknmo\v�)mo�]\v` X�eL[]\WY [Hwo\

Y]\vuvgi_o�H[HYHmouW[Hjlgi_�VrY]g9uv\v�]� � bd_ [Hwrjl�&u�XZ[]\A?�giYQI���D�\�u�XZ_ uWj}[]\ R ���)S DÒwo\WY]\�s�X)NHXZ�rj kA�>h�yJ� uvgi^&V=XZY]\v`�ehgimrY
DÒjl`r\W|JIpmo�]\v` X |}[]\WY]�Ò~Lj � \ � �Z�,XZ_r_rj}_-?o��É�mr[H[]\WYQDOgiYH[Hw´���:\W[QPÒXZ_o` � jl\W_o\WY �Qj}_¡^ I�g9u�XZY]`fjBXZ|rÏ7u Î�Î ^)�d�]\v�H[xXZ^&j}�rj
� � Ê � Ï �H[Hmo`fjl\v� � bG_ R � � S X _ogi_f��_o\A?FXZ[Hj}�9j}[�I XZ_o` �]mrVrV{giYH[�uvgi_o�H[HYxXZj}_n[]��Y]\vuWmrY]�]j}��\�j}_F��\WY]�]\ X |}[]\WYHj}_-?
~�Ë�Í,�F�dszb Ó �OXZ|J?�giYHj}[Hwr^-VrY]giV{g��x\v`��'I9O,mr_o`fmrYqXZ_o`��,XZ[QPvj}_=XZ¤�g�� R �AS �/D�Xi�Ò\�Ôf[]\W_o`r\v`#[]g [Hwo\p�iT � � Ê � Ï
j}^�X@?�j}_-? Y]\v�][]giYxXZ[Hjlgi_ uvgi_F[]\�Ôf[ � Ï¸wo\�Ë�Í,�F�dszb Ó �r|}j}_o`�`r\vuvgi_n��gi|}mr[Hjlgi_�[]\vuxwr_rjlkFmo\�jl��Y]\W|l\W��XZ_F[�[]g XZ_�I
�Hj}[Hm=XZ[Hjlgi_o�#j}_5DÒwrjlu]w XZ_ gi�"N \vuW[�gZe X _rj}[]\:\�Ô9[]\W_o`�jl��j}^�X@?�\v`'X@?FXZj}_o�H[�X�mr_rjæehgiYH^&|JI ?�Y]\AI ~�giY�_ogijl�QIo�
�=Xiu]¤/?�Y]gimr_o` R �TSd� Ï¸wrjl�¡^�\W[Hwogn`�u�XZ_�[HwFmo�¡�{\�\TK�uWjl\W_F[H|JI \�ÔfVr|lgij}[]\v` j}_ �rYxXZj}_�� � Ê � Ï j}^�X@?�j}_-?��Hj}_ouv\
[Hwo\¡[HYHmo\¥mr_o`fjl�H[]giYH[]\v`:Y � É Ó ^�XZV�gZe�X�wFmr^�XZ_��rYxXZj}_�uvgi_o�Hjl�H[]��gZeOX X _rj}[]\)�HmrVrV�giYH[qj}^�X@?�\v`�X@?FXZj}_o�H[tX
_ogijl�QI �=Xiu]¤/?�Y]gimr_o`�~L[Hwo\¸�=Xiux¤'?�Y]gimr_o`��{\Wj}_-?p�]\vuvgi_o`oXZYQI)[]g,[Hwo\ � gijl�]�]gi_�_ogijl�x\¸Vrwo\W_ogi^�\W_ogi_�j}_rwo\WY]\W_F[O[]g
j}^�X@?�j}_-? DÒj}[Hw�YxXi`fjlg�XiuW[Hj}��\q\W|l\W^�\W_F[]���9gi[Hwo\WYO�]gimrY]uv\v�ÌgZe��=Xiu]¤/?�Y]gimr_o`�j}_&[Hwo\�j}^�X@?�\v�Ì`rgt_ogi[Ìuvgi_ouv\WYH_�[Hwo\
j}_rwo\WY]\W_F[ � gijl�]�]gi_ _ogijl�]\±e�Y]gi^ [Hwo\OXiuW[Hm=XZ|f�HV=XZ[HjBXZ|9`fjl�H[HYHj}�rmr[Hjlgi_ gZerYxXi`fjlg�XiuW[Hj}�9j}[�Io� � Ï¸wo\Ìgi_r|JItj}_fehgiYH^�XZ[Hjlgi_
Y]\vknmrj}Y]\v`)e�giY�[Hwrjl�2`r\vuvgi_n��gi|}mr[Hjlgi_�VrY]g9uv\v`fmrY]\Òjl��[Hwo\¸_ogi_f��_o\A?FXZ[Hj}�9j}[�I�gZe{[Hwo\Ò[HYHmo\¸j}^�X@?�\qXZ_o`)[Hwo\Ò�HmrVrV�giYH[
gZe7[Hwo\�gi�"N \vuW[�[]g �{\qY]\v�H[]giY]\v` � bG_ R � � S �n[Hwrjl�¸�HmrVrV�giYH[ D¸Xi�ÒXiuvuWmrYxXZ[]\W|JI�`r\W[]\WYH^&j}_o\v`#��I�XZ_�mr_o�HmrV�\WYH�9jl�]\v`
�iT �:XZYH¤�g5�njBXZ_:�]\A?�^�\W_F[xXZ[Hjlgi_�[]\vu]wr_rjlknmo\¡XZVrVr|}jl\v`�[]g�[Hwo\¡� � Ê � Ï ��gi|}mr^�\ �

�



bG_t[Hwrjl�´V=XZV�\WY��ED�\2VrY]giV�g��]\�[]g�\�Ôf[]\W_o`t[Hwo\�^�\W[Hwogn`pVrY]\v�]\W_F[]\v`¥j}_ R � � S ��I�j}_F[HY]g9`fmouWj}_-?o�Zj}_F[]gq[Hwo\2ËzÍt�F�
sqb Ó XZ|J?�giYHj}[Hwr^��ÌX�_o\AD%�HV=XZ[HjBXZ|}|JIn�GXi`oXZVr[Hj}��\#Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_ []\WYH^ ehgiY)� � Ê � Ï%j}^�X@?�\�`r\vuvgi_F��gi|}mr[Hjlgi_ �
Ï¸wrjl��Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ XZ|}|lg�D���[]g \TK�uWjl\W_F[H|JI�j}_ouW|}mo`r\:XZ_=XZ[]gi^&jlu�XZ|,XZ_o` ?�\vgi^�\W[HYHjlu�XZ|�j}_fehgiYH^�XZ[Hjlgi_
\�Ôf[HYxXiuW[]\v`�e�Y]gi^ X)wrjJ?�w�Y]\v�]gi|}mr[Hjlgi_�XZ_=XZ[]gi^&jlu�XZ|D�:s'j}^�X@?�\ R �Z§�S DÒwrj}|l\p�H[xXZ�rj}|}jJPvj}_-?�[Hwo\¥�]gi|}mr[Hjlgi_�gZe�[Hwo\
Ë�Í,�F�dszb Ó j}_F��\WY]�]\ X |}[]\WYt��I:VrY]\W��\W_F[Hj}_-?�_ogijl�x\�XZ^&Vr|}j X u�XZ[Hjlgi_�XZ_o`�YHj}_-?�j}_-?�XZYH[Hjæe�XiuW[]� � bG_�gimrY¥XZVrVr|}jlu�X��
[Hjlgi_´�n[Hwrjl�OXZ_=XZ[]gi^&jlu�XZ|æ���=Xi�]\v`�Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^%\�ÔfVr|lgij}[]�Ì[Hwo\qY]\v�Hmr|}[ÌgZe7XZ_�mr_o�HmrV�\WYH�9jl�]\v`���XZYH¤�g��9jBXZ_
�]\A?�^�\W_n[xXZ[Hjlgi_�gi�r[xXZj}_o\v`�X�e�[]\WYÌX�VrY]\W|}j}^&j}_=XZYQI)Y]\A?�jl�H[HYxXZ[Hjlgi_��H[]\WV&��\W[�D�\v\W_�[Hwo\Ò�:s XZ_o`�� � Ê � Ï���gi|}mr^�\
uvgi^&j}_-?:eLY]gi^Ñ[Hwo\��xXZ^�\�V=XZ[Hjl\W_n[ � bd_ gimrY uvgi_n[]\�Ô9[��2[Hwo\�VrY]giV�g��]\v` Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ jl� knm=Xi`fYxXZ[Hjlu
XZ_o`�[Hwo\tË�Í,�F�dszb Ó VrY]g9uv\v`fmrY]\p[HwFmo��j}_F��gi|}��\v�zY]\vuWmrY]�Hj}��\ X |}[]\WYHj}_-?�gZe�[Hwo\p`r\A?�YxXi`r\v`�j}^�X@?�\p[]g)^&j}_rj}^&jJP�\
X¥_o\ADÒ|JI�uvgi_F��\�Ô�gi�"NH\vuW[Hj}��\�uvg��H[Ìe�mr_ouW[Hjlgi_ � Í'uvgi_�N m-?FXZ[]\$?�YxXi`fjl\W_n[ ���=Xi�]\v`�giVr[Hj}^&jJP5XZ[Hjlgi_#jl�Ì[Hwo\W_#mo�]\v`�[]g
^&j}_rj}^&jJP�\&[Hwrjl�puvg��][,eLmr_ouW[Hjlgi_ � Ï¸wrjl�t^�\W[Hwog9` DÒj}|}|±�{\)[]\v�][]\v`�gi_ 30 V=XZj}Y]�¥gZeO�rYxXZj}_ �:s XZ_o` � � Ê � Ï
j}^�X@?�\v��e�Y]gi^ `fjLVQ\WY]\W_F[tV=XZ[Hjl\W_n[]�pXZ_o`:gi_���g@V{^�XZ_�XZ_o`��FXi�QP�uAP5XZ¤�� � Ê � Ï � w=XZ_n[]gi^��¥XZ_o`�uvgi^&V=XZY]\v`
DÒj}[Hw�X)uW|BXi�]�]jlu�XZ|7�HmrV�\WYH�njl�]\v`�`r\vuvgi_n��gi|}mr[Hjlgi_ ��Y]\v�H[]giYxXZ[Hjlgi_�XZVrVrY]g�Xiu]w:mo�Hj}_-?�X&uW|BXi�]�]jlu�XZ|´��\W[QP X |}[]\WY �
Ï¸wrjl�qV=XZV{\WYÒjl��giYQ?FXZ_rjJP�\v`:Xi�¸ehgi|}|lgED�� � Ï¸wo\t�x\vuW[Hjlgi_ � �rYHjl\TB%I#`r\v�]uWYHj}�{\v��[Hwo\tVrY]giV{g��x\v`��iT XZ_=XZ[]gi^)�

jlu�XZ|Ìuvgi_o�H[HYxXZj}_n[¥��\WY]�Hjlgi_ gZe�[Hwo\�Ë�Ít�F�dsqb Ó `r\vuvgi_n��gi|}mr[Hjlgi_ []\vuxwr_rjlkFmo\ � bd_��x\vuW[Hjlgi_ �f��D�\�`r\v�]uWYHj}��\&[Hwo\
Y]\A?�jl�H[HYxXZ[Hjlgi_�XZ_o`��]\A?�^�\W_n[xXZ[Hjlgi_�XZ|J?�giYHj}[Hwr^�� � Ï¸wo\¥�]\vuW[Hjlgi_ § VrY]\v�]\W_n[]�q[Hwo\¥�iXZ|}jl`oXZ[Hjlgi_�VrY]gi[]gnuvgi|�gZe±[Hwo\
_o\AD Y]\v�H[]giYxXZ[Hjlgi_#^�\W[Hwogn` � � \�[Hwo\W_#�HwogED'�]gi^�\�gZe0gimrY¸\�Ô9V�\WYHj}^�\W_F[xXZ|QY]\v�]mr|}[]��gi_�X¥Vrw=XZ_F[]gi^ XZ_o`�Y]\�XZ|
�rYxXZj}_�� � Ê � Ï ��gi|}mr^�\v�&XZ_o` ��XZ|}jl`oXZ[]\�[Hwo\�VrY]giV�g��]\v` ^�g9`r\W|�j}_ �]\vuW[Hjlgi_ ¢f� Ó j}_=XZ|}|JI��.DO\�uvgi_ouW|}mo`r\�j}_
�]\vuW[Hjlgi_ �f�

� ��� � ¿ � ¿ : ��� Z =¡¿�� = � � 8�:<;#¿ Z�� : � ¿q8�� ; Z
	 ¿��� �H; Z :����

� � � ��� � Â�[���Â9È7ÀDÂFÀ���ÂnÁ�Ã��ãÅ{È�Å�Ä����0Â � ¿C8�� ; Z�	

bG_�gimrY�XZVrVr|}jlu�XZ[Hjlgi_´�rXZ_o`#Xi�2VrY]giV�g��]\v`�j}_ R � � S �'DO\YDÒj}|}|QXi�]�Hmr^�\q[Hw=XZ[��iT � � Ê � Ï j}^�X@?�\v�ÒXZY]\z`r\A?�YxXi`r\v`
��I#[Hwo\�ehgi|}|lgEDÒj}_-?o��uW|BXi�]�Hjlu�XZ|´|}j}_o\�XZY�^�g9`r\W|

g(x, y, z) = f(x, y, z) ∗ h(x, y, z) + n(x, y, z) ~ � �

j}_ DÒwrjluxw g(x, y, z) � f(x, y, z) ��XZ_o` h(x, y, z) ��`r\W_ogi[]\�Y]\v�]V{\vuW[Hj}��\W|JI [Hwo\�`r\A?�YxXi`r\v` �iT j}^�X@?�\��¸[Hwo\
[HYHmo\�j}^�X@?�\:XZ_o` [Hwo\�V�gij}_F[��HVrY]\�Xi` e�mr_ouW[Hjlgi_ ~ � � Ó � � n(x, y, z) Y]\WVrY]\v�x\W_F[]��[Hwo\�Xi`r`fj}[Hj}��\�_ogijl�]\�XZ_o`
∗ `r\v�HjJ?�_=XZ[]\v�,[Hwo\&�iT%`fjl�]uWY]\W[]\ |}j}_o\�XZYpuvgi_n��gi|}mr[Hjlgi_�giV{\WYxXZ[]giY � Ï¸wo\)�iT �r|}j}_o`�`r\vuvgi_F��gi|}mr[Hjlgi_�VrY]gi�r|l\W^

§



uvgi_o�Hjl�H[]�2[Hwo\W_&j}_�`r\W[]\WYH^&j}_rj}_-? f(x, y, z) XZ_o` h(x, y, z) ~�giY±j}[]�±j}_F��\WY]�]\5�.?�j}��\W_�[Hwo\¸�r|}mrYHY]\v`�gi�o�]\WYH��XZ[Hjlgi_
g(x, y, z)

�

Non−linear filter
g(x,y,z)

Optimization
   algorithm

+

           u(x,y,z)
     (or equalizer)
Adaptive FIR Filter

Image
Estimate

NL

Blurred
 Image

f(x,y,z)

f   (x,y,z)

e(x,y,z)

Ó jJ?�mrY]\ � Ð����������
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bG_�[Hwo\ �iT \�Ô9[]\W_o`r\v`���\WY]�Hjlgi_�gZe�[Hwo\¡ËzÍt�F�dsqb Ó `r\vuvgi_F��gi|}mr[Hjlgi_��H[HYxXZ[]\A?�I ~�u�e � Ó jJ? �t� ���o[Hwo\¡gimr[HVrmr[
gZeÒ[Hwo\ Ó bGs X |}[]\WY u(x, y, z) gZeÒ`fj}^�\W_o�]jlgi_ Nxu × Nyu × Nzu

?�j}��\v�¡XZ_ \v�H[Hj}^�XZ[]\�gZeÒ[Hwo\�[HYHmo\�j}^�X@?�\
f̂(x, y, z)

� ÊÌXiuxw Y]\v�Hmr|}[Hj}_-?�\v�H[Hj}^�XZ[Hjlgi_ jl�#V=Xi�]�]\v` [HwrY]gim-?�w X�_ogi_r|}j}_o\�XZY X |}[]\WYqDÒwrjluxw mo�]\v��X�_ogi_f�
\�ÔfV=XZ_o�Hj}��\�^�XZVrVrj}_-?:[]g:VrY]g@NH\vuW[¡[Hwo\#\v�H[Hj}^�XZ[]\v` �iT j}^�X@?�\�j}_n[]g�[Hwo\��]V=Xiuv\�Y]\WVrY]\v�x\W_F[Hj}_-?�[Hwo\�¤n_og�DÒ_
u]w=XZYxXiuW[]\WYHjl�][Hjluv�OgZe�[Hwo\¸[HYHmo\Òj}^�X@?�\¥~�\�ÔfVrY]\v�]�Hj}_-?tj}_)e�XiuW[±[Hw=XZ[2[Hwo\¸j}^�X@?�\Òjl�ÌXi�x�Hmr^�\v`)[]gt��\O_ogi_f��_o\A?FXZ[Hj}��\
DÒj}[Hw X�¤9_ogEDÒ_��HmrVrV�giYH[ � � Ï¸wo\&`fjLV�\WY]\W_ouv\)��\W[�D�\v\W_ [Hwrjl�,VrY]g@NH\vuW[]\v`�j}^�X@?�\ f̂ C9D XZ_o` f̂ jl�,mo�x\v`�Xi�,[Hwo\
\WYHY]giYz�]jJ?�_=XZ|7[]g�mrV�`oXZ[]\p[Hwo\¥�iXZYHjBXZ�r|l\ X |}[]\WY u(x, y, z)

� bG_�[Hwo\ �iT uvgi_F[]\�Ôf[��=[Hwo\¡uvg��H[�e�mr_ouW[Hjlgi_�mo�x\v`�j}_
[Hwo\p`r\vuvgi_n��gi|}mr[Hjlgi_�VrY]g9uv\v`fmrY]\pgZe�[Hwo\¥�iT j}^�X@?�\tjl��`r\ X _o\v`�Xi�5Ð

J(u) = J1(u) + J2(u) + γ J3(u) ~ � �

DÒj}[Hw´�

J1(u) =
∑

(x,y,z)∈D

f̂2(x, y, z)

(
1 − �W?�_ (f̂(x, y, z))

2

)

J2(u) =
∑

(x,y,z)∈D

(
f̂(x, y, z) − L E

)2

J3(u) =
( ∑

∀(x,y,z)

u(x, y, z) − 1
)2

¢



DÒwo\WY]\ f̂(x, y, z) = g(x, y, z) ∗ u(x, y, z) ��XZ_o`��W?�_ (f)=−1 jæe f <0 XZ_o`#�Q?�_ (f)=1 jæe f ≥0
�
D jl�¸[Hwo\

�]\W[�gZeDXZ|}|=VrjæÔr\W|l�¸gZe g(x, y, z) j}_o�Hjl`r\z[Hwo\zY]\A?�jlgi_�gZe7�HmrVrV�giYH[��rXZ_o` D jl�O[Hwo\z�x\W[OgZeDXZ|}|�VrjæÔf\W|l�¸gimr[]�Hjl`r\z[Hwo\
Y]\A?�jlgi_�gZe±�HmrVrV�giYH[ �
Ï¸wo\ X Y]�][Ò[]\WYH^�� J1(u) �rjl�Òmo�]\v`#[]g)V�\W_=XZ|}jJP�\t[Hwo\t_o\A?FXZ[Hj}��\p��gvÔr\W|l��j}_�[Hwo\p�HmrVrV�giYH[Òj}_�giY]`r\WY�[]g&¤�\v\WV

[Hwo\�j}^�X@?�\�\v�H[Hj}^�XZ[]\�_ogi_f��_o\A?FXZ[Hj}��\ � Ï¸wo\��]\vuvgi_o` []\WYH^ J2(u) V{\W_=XZ|}jJP�\v�¡��gvÔr\W|l� |lgnu�XZ[]\v` gimr[]�Hjl`r\�[Hwo\
�HmrVrV�giYH[$DÒwrjluxw:�]wogED �iXZ|}mo\v�$DÒwrjlu]w�`r\W�9jBXZ[]\¡�]jJ?�_rj X u�XZ_F[H|JI�e�Y]gi^ [Hwo\p�=Xiu]¤/?�Y]gimr_o`�Xv��\WYxX@?�\ L E � � wo\W_
[Hwo\,�=Xiu]¤/?�Y]gimr_o`�gZeD[Hwo\,[HYHmo\tj}^�X@?�\,jl�Ò�r|BXiux¤{�fj � \ � � L E = 0 �r[Hwo\,[Hwrj}Y]`#[]\WYH^�� J3(u) �fjl�Òmo�]\v`�[]g�Xv��gijl`�X
[HYHj}�9jBXZ|0XZ|}|æ��P�\WY]g&^&j}_rj}^¥mr^ �]gi|}mr[Hjlgi_ ~ γ �{\Wj}_-?�X)V�g��Hj}[Hj}��\tuvgi_o�H[xXZ_n[ � �
Ï¸wo\qXZmr[HwogiY]�Ow=Xv��\q�HwogEDÒ_�j}_ R ��¢)S [Hw=XZ[2[Hwo\qXZ��g���\q\vkFm=XZ[Hjlgi_�jl�2uvgi_F��\�Ô�j}_�[Hwo\ � T�u�Xi�x\ DÒj}[Hw�Y]\v�HV�\vuW[

[]g u
� Ï¸wrjl� VrY]giV�\WYH[�I�Y]\W^�XZj}_o� [HYHmo\�j}_ [Hwo\#�iT u�Xi�]\��]g�[Hw=XZ[ uvgi_n��\WYQ?�\W_ouv\�gZe�[Hwo\�XZ|J?�giYHj}[Hwr^ []g�[Hwo\

?�|lgi�=XZ|´^&j}_rj}^¡mr^ jl��\W_o�HmrY]\v`�mo�Hj}_-?�[Hwo\puvgi_�N m-?FXZ[]\c?�YxXi`fjl\W_F[z^&j}_rj}^&jJP5XZ[Hjlgi_�Y]gimr[Hj}_o\ R ��¢)Sd�

� � � � ¿�È�� ��Å]��LÆ����(=¥Å�È0Ã���Á�� ��È�� � � � ¿q8�� ; Z�	

Ï¸wo\Ò^�X)NHgiYO�HwogiYH[]uvgi^&j}_-? gZe{[Hwo\zËzÍt�F�dsqb Ó []\vu]wr_rjlknmo\qjl�±j}[]�Ì_ogijl�]\qXZ^&Vr|}j X u�XZ[Hjlgi_�XZ[2|lgED'�9Ëzs R �TSd� Ï¸wrjl�
jl�7`fmo\O[]g�[Hwo\ÌwrjJ?�w¥V=Xi�]�7VrY]giV{\WYH[+I¥gZer[Hwo\Ìj}_n��\WY]�]\ X |}[]\WY u(x, y, z) DÒwrjluxw)XZ^&Vr|}j X \v�DwrjJ?�w¥eLY]\vknmo\W_ouAIt_ogijl�]\ �
Í��ÌX,Y]\v�Hmr|}[��F[Hwo\��]gi|}mr[Hjlgi_�XZ[Ìuvgi_n��\WYQ?�\W_ouv\q^�XEI)_ogi[2�{\�[Hwo\Ò�{\v�][2\v�H[Hj}^�XZ[]\�gZeQ[Hwo\�giYHjJ?�j}_=XZ|=j}^�X@?�\�j}_�[Hwo\
VrY]\v�]\W_ouv\¸gZeo_ogijl�]\ � bd_)giY]`r\WYD[]gz�]gi|}��\O[Hwrjl�DVrY]gi�r|l\W^��FXz�]gi|}mr[Hjlgi_´���Hm-?�?�\v�H[]\v`¡��I O,mr_o`fmrY2XZ_o`)�,XZ[QPvj}_=XZ¤�g��
R �TS �Duvgi_o�Hjl�H[]�pj}_ w=XZ|}[Hj}_-?�[Hwo\&j}[]\WYxXZ[Hj}��\�Y]\v�H[]giYxXZ[Hjlgi_ VrY]gnuv\v�]�¥[HwrY]gim-?�w �9jl�Hm=XZ|2j}_o�HV�\vuW[Hjlgi_ � bd_ VrYxXiuW[Hjluv\��
[Hwrjl�¡Y]\vkFmrj}Y]\v�&X��][HY]gi_-?��HmrV�\WYH�njl�]jlgi_�XZ_o`Q�±\W��\W_�j}_ [Hwrjl� u�Xi�]\��Dj}[¡jl�¡_ogi[¡�]g�\�Xi�QI�[]g�`r\W[]\WYH^&j}_o\ DÒwrjluxw
jl�,[Hwo\&giVr[Hj}^�XZ|2j}[]\WYxXZ[Hjlgi_�ehgiY,[]\WYH^&j}_=XZ[Hjlgi_�~�`fjLVQ\WY]\W_F[pV=XZYH[]�tgZe¸[Hwo\ j}^�X@?�\&^�X I�uvgi_F��\WYQ?�\�XZ[p`fjLV�\WY]\W_n[
YxXZ[]\v���r^�XZ¤9j}_-?�[Hwrjl�Ò^�\W[Hwog9`�mr_rY]\W|}jBXZ�r|l\5� �
bG_�[Hwrjl�$DOgiYH¤��0D�\pVrY]giV�g��]\¡XZ_�XZ|}[]\WYH_=XZ[Hj}��\¥Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�XZVrVrY]g�Xiu]w:ehgiY�[Hwo\¥Ë�Ít�F�dsqb Ó XZ|J?�giYHj}[Hwr^

DÒwrjlu]w u�XZ_ XZ|l�]g��{\��njl\AD�\v`�Xi�&XZ_ \W|l\A?FXZ_F[HD�XEI�[]g�j}_ouvgiYHV�giYxXZ[]\ ?�\vgi^�\W[HYHjlu�XZ|¸j}_fe�giYH^�XZ[Hjlgi_ \�Ôf[HYxXiuW[]\v`
e�Y]gi^ X ~LwrjJ?�w�Y]\v�xgi|}mr[Hjlgi_��¥XZ_=XZ[]gi^&jlu�XZ|��:s j}^�X@?�\�j}_n[]g�[Hwo\�� � Ê � Ï `oXZ[xX � Ï¸wo\�VrY]giV�g��]\v` Y]\A?�mr|BXZY �
jJP5XZ[Hjlgi_ []\WYH^ XZ|l�]g�XZ|}|lg�D��¡�H[xXZ�rj}|}jJP5XZ[Hjlgi_ gZeÒ[Hwo\&j}_F��\WY]�x\��]gi|}mr[Hjlgi_ ��I�VrY]\W��\W_F[Hj}_-?�_ogijl�]\�XZ^&Vr|}j X u�XZ[Hjlgi_´�
`rg9\v�Ò_ogi[ÒY]\vkFmrj}Y]\¥�HmrV{\WYH�9jl�Hjlgi_ ~LV=XZYxXZ^�\W[]\WY]�q[Hmr_rj}_-?�giYq�H[]giV�uWYHj}[]\WYHjlgi_��ÒXZ_o`�jl��u�XZV=XZ�r|l\pgZe�j}_F[HY]g9`fmouWj}_-?
��\W[H[]\WY�uvgi_o�H[HYxXZj}_n[]�¸gi_�[Hwo\��]gi|}mr[Hjlgi_�gZe´gimrY�Y]\v�H[]giYxXZ[Hjlgi_�VrY]gi�r|l\W^ � Ï¸wrjl�O�][HYxXZ[]\A?�I�uvgi_o�Hjl�H[]�Oj}_�XZVrVr|JI9j}_-?o�
g���\WY,VrY]\��d`r\W[]\vuW[]\v` XZ_o`��]\A?�^�\W_n[]\v`�XZ_=XZ[]gi^&jlu�XZ|±Y]\A?�jlgi_o���´X�Vrjl\vuv\ADÒjl�]\)�H^�gngi[Hwr_o\v�x��uvgi_o�][HYxXZj}_F[pgi_�[Hwo\
e�mr_ouW[Hjlgi_=XZ|{� � Ê � Ï j}^�X@?�\�[]gz��\¸Y]\vuvg���\WY]\v` � Ï0gt[Hwrjl�±\W_o`Q�FgimrY±Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ \�Ô9Vr|lgij}[]�2[Hwo\¸Y]\v�Hmr|}[
gZe�X�VrY]\W|}j}^&j}_=XZYQI:Y]\A?�jl�][HYxXZ[Hjlgi_ �H[]\WV���\W[�DO\v\W_ [Hwo\��:s XZ_o` � � Ê � Ï j}^�X@?�\�XZ_o`�XZ|l�]g#[Hwo\)Y]\v�Hmr|}[¥gZeÒX

�



�]\A?�^�\W_n[xXZ[Hjlgi_�gZe�[Hwo\p��szb2j}^�X@?�\tj}_n[]g�XZ_=XZ[]gi^&jlu�XZ|DuW|BXi�]�]\v�p~�u�e � �]\vuW[Hjlgi_���� �
bG_�gimrY)^�g9`r\W|��±[Hwo\�_o\AD"uvg��H[ eLmr_ouW[Hjlgi_ Y]\W|BXZ[]\v`�[]g:[Hwo\�`r\vuvgi_n��gi|}mr[Hjlgi_ gZeq[Hwo\��iT j}^�X@?�\�jl� _og�D

`r\ X _o\v`�Xi��Ð

J(u) = J1(u) + J2(u) + γ J3(u) + δ J4(u) ~h���
DÒj}[Hw´Ð

J4(u) =

3∑

i=1

∑

(x,y,z)∈ri

(

f(x, y, z)−ri

)2

DÒwo\WY]\z[Hwo\ X Y]�H[��Hmr^&^�XZ[Hjlgi_#jl�Ì^�Xi`r\�gi_�[Hwo\z[HwrY]\v\z^�XZj}_ �NXZ_=XZ[]gi^&jlu�XZ| � [�I9V{\v�Ìe�gimr_o`�j}_�[Hwo\z�rYxXZj}_´�9j � \ � �
DÒwrj}[]\�^�XZ[H[]\WY#~ r ���

����?�Y]\AI�^�XZ[H[]\WY�~ r ��� ����XZ_o`�uv\WY]\W�rY]gZ�d�HVrj}_=XZ|�Bomrjl` ~ r ���	� �tXZ_o` ri
`r\v�HjJ?�_=XZ[]\v�¡[Hwo\

^�\�XZ_´�ij}_ ?�Y]\AIt|l\W��\W|��igZeo[Hwo\ i 
�� Y]\A?�jlgi_)XZ_o` δ jl�DXYDO\WjJ?�wF[Hj}_-?�e�XiuW[]giY7��\W[�D�\v\W_ [Hwrjl��XZ_=XZ[]gi^&jlu�XZ|ruvgi_o�H[HYxXZj}_F[
XZ_o`�[Hwo\¥w=XZY]`�uvgi_o�H[HYxXZj}_n[]�tgZe2[Hwo\¡Ë�Í,�F�dszb Ó VrY]gnuv\v`fmrY]\ � bG_�[Hwrjl�,uvgi_F[]\�Ôf[�� D = r ��� ∪ r �� ∪ r �����

XZ_o` ri = 1
Nri

∑

(x,y,z)∈ri
f̂(x, y, z) DÒwo\WY]\ Nri

jl�Ò[Hwo\pu�XZY]`fj}_=XZ|0gZeD[Hwo\tY]\A?�jlgi_ ri
�

J4(u) jl�qVrY]giV�giYH[Hjlgi_=XZ|D[]g�[Hwo\¡�Hmr^ gZe2��XZYHjBXZ_ouv\¡gZeÌ\�Xiuxw�XZ_=XZ[]gi^&jlu�XZ|�Y]\A?�jlgi_ ~ãe�giY�\�Xiu]w�[HYxXZ_o�H��\WY]�xXZ|
�H|}jluv\5�ÌgZe´[Hwo\,� � Ê � Ï�j}^�X@?�\ � Ï¸wrjl��[]\WYH^ \�ÔfVrY]\v�]�]\v�O[Hw=XZ[��/DÒj}[Hwrj}_#X¡`r\W[]\vuW[]\v`�XZ_o`��]\A?�^�\W_n[]\v`�XZ_=XZ[]gi^)�
jlu�XZ|�Y]\A?�jlgi_´��VrjæÔf\W|l�¡j}_ [Hwo\�e�mr_ouW[Hjlgi_=XZ|Oj}^�X@?�\#�Hwogimr|l` []\W_o` []g�w=Xv��\#�Hj}^&j}|BXZY�?�Y]\AI�|l\W��\W|O��XZ|}mo\v� � Ï¸wrjl�
Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ jl�&\v`"?�\���VrY]\v�]\WYH�9j}_-?��Hj}_ouv\�j}[�XZ|}|lgED��&[]g�XZVrVr|JI X:�H^�gngi[Hwr_o\v�x�&uvgi_o�H[HYxXZj}_F[���DÒwrj}|l\
VrY]\v�]\WYH�9j}_-?�~hXZ_=XZ[]gi^&jlu�XZ|ã�Ò`fjl�xuvgi_F[Hj}_Fmrj}[Hjl\v� �
Ó mrYH[Hwo\WYH^�giY]\��=[Hwo\,j}_F[HY]g9`fmouW[Hjlgi_�gZeD[Hwrjl�¸Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ J4

`rg9\v�¸_ogi[qX)V�\vuW[Ò[Hwo\tuvgi_n��\�Ô9j}[+I#gZe
[Hwo\)ËzÍt�F�dsqb Ó uvg��H[ze�mr_ouW[Hjlgi_´�´XZ_o`�[Hwo\WY]\�ehgiY]\&X�mr_rjlkFmo\)�]gi|}mr[Hjlgi_�[]g�[Hwo\¡VrY]gi�r|l\W^ jl�,�H[Hj}|}| ?�m=XZYxXZ_F[]\v\v` �
Ó jJ? �Ì� �Hwog�D��Ò[Hwo\p�H[HYHmouW[HmrY]\pgZeD[Hwrjl���]uxwo\W^�\ � Í VrY]\W|}j}^&j}_=XZYQI�Y]\A?�jl�][HYxXZ[Hjlgi_��H[]\WV���\W[�DO\v\W_�[Hwo\p�:s XZ_o`
� � Ê � Ï j}^�X@?�\¡Xi�(DO\W|}|0Xi�q[Hwo\tY]\v�Hmr|}[qgZeÌX&�]\A?�^�\W_n[xXZ[Hjlgi_:gZe�[Hwo\p�:sqbOj}^�X@?�\tj}_F[]g�XZ_=XZ[]gi^&jlu�XZ|DuW|BXi�x�]\v�
jl�Òmo�]\v`�Xi��[Hwo\tY]\A?�mr|BXZYHjl�xXZ[Hjlgi_�j}_rVrmr[q[]g&[Hwo\t\WYHY]giYÒe�mr_ouW[Hjlgi_ �
Ï¸wo\ X Y]�H[q`r\WYHj}��XZ[Hj}��\¥gZe±[Hwo\¥uvg��H[�eLmr_ouW[Hjlgi_�j}_�Ê2k � ~h���Òjl�q�Hwog�DÒ_�j}_�Ê2k � ~ ¢ � � Ï¸wo\ ?�YxXi`fjl\W_F[z��\vuW[]giY

gZe J DÒj}[Hw�Y]\v�]V{\vuW[�[]g u jl��Ð

∇J(u) =
(

∂J(u)
∂u(0,0,0) · · · ∂J(u)

∂u(i,j,l) · · · ∂J(u)
∂u(Nxu−1,Nyu−1,Nzu−1)

)T ~ § �

DÒwo\WY]\p\�Xiuxw�\W_F[HYQI#jl��\�ÔfVrY]\v�]�]\v`�Xi�5Ð

 



Non−linear filter

Optimization
   algorithm

+

           u(x,y,z)
     (or equalizer)
Adaptive FIR Filter

Image
Estimate

NL

f(x,y,z)

f   (x,y,z)

e(x,y,z)

g(x,y,z)

SPECT
 image

Segmentation and

anatomical regions

co−registration of

MR image

Ó jJ?�mrY]\ � Ð ���9������	����� �
�#���������� ���  �
�#������ ��%  ���� )*+*-�	�021�3 � ��5�����6���� 79 ���� ��� <!����� ��9��� � ��;���5������������� ���� ��%
������ ��� �5���� 5����#�� ������� B

∂J(u)

∂u(i, j, l)
= 2

∑

(x,y,z)∈D

f̂(x, y, z)

(
1 − �Q?�_ (f̂(x, y, z))

2

)

g(x − i, y − j, z − l) +

+ 2
∑

(x,y,z)∈D

(
f̂(x, y, z) − L E

)
g(x − i, y − j, z − l) +

+ 2γ
( ∑

∀(x,y,z)

u(x, y, z) − 1
)

+

+ 2δ
3∑

n=1

∑

(x,y,z)∈rn

(

f̂(x, y, z) −
1

Nrn

∑

(x,y,z)∈rn

f̂(x, y, z)

)

×

(

g(x − i, y − j, z − l) −
1

Nrn

∑

(x,y,z)∈rn

g(x − i, y − j, z − l)

)

~ ¢ �

Í ?�YxXi`fjl\W_n[ ���=Xi�]\v` j}[]\WYxXZ[Hj}��\#Y]\v�H[]giYxXZ[Hjlgi_ XZ|J?�giYHj}[Hwr^ giY)j}[]�)uvgi_�N m-?FXZ[]\���\WY]�]jlgi_�u�XZ_���\�\TK�uWjl\W_F[H|JI
XZVrVr|}jl\v`�[]gp^&j}_rj}^&jJP�\z[Hwrjl�Ouvgi_n��\�Ô�uvg��H[2e�mr_ouW[Hjlgi_ � É¸\v�Hjl`r\v���n�Hj}_ouv\�[Hwo\qVrY]giV{g��]\v`�uWYHj}[]\WYHjlgi_�jl�Ìknm=Xi`fYxXZ[Hjlu��
^�XZ_�I�gi[Hwo\WYqgiVr[Hj}^&jJP5XZ[Hjlgi_�^�\W[Hwogn`r�zu�XZ_���\,mo�]\v` �

Ï¸wo\:j}_rj}[HjBXZ|�j}_F��\WY]�]\ Ó bGs X |}[]\WY#Y]\vknmrj}Y]\v` �'I�[Hwo\:ËzÍt�F�dsqb Ó XZ|J?�giYHj}[Hwr^ jl��[Hwo\�O,Y]gi_o\vux¤�\WY�`r\W|}[xX

�



� ¿C8�� ; Z�	 ¿ ���=Å�Á � ��� ]

� gi^&Vrmr[]\&[Hwo\ X |}[]\WY uvgn\TK�uWjl\W_n[]� u(x, y, z) mo�]j}_-?�X�uvgi_�N m-?FXZ[]\i?�YxXi`fjl\W_F[ giVr[Hj}^&jJP5X��[Hjlgi_�Y]gimr[Hj}_o\ �
��� ��Â���È � ���ãÅ{È7Ã

l Ï¸wo\,j}[]\WYxXZ[Hjlgi_��H[]\WV
t Í V�g��Hj}[Hj}��\,Y]\�XZ|´_nmr^¥��\WYzu�XZ|}|l\v`�[Hwo\¥�HV{\v\v`9��?�YxXi`fjl\W_n[�XZ|J?�giYHj}[Hwr^
u[l] �2\vuW[]giYqgZe X |}[]\WYqgZe±`fj}^�\W_o�Hjlgi_ Nxu × Nyu × Nzu

XZ[�[Hwo\ lth j}[]\WYxXZ[Hjlgi_
d[l] �2\vuW[]giYqgZe±`fj}^�\W_o�Hjlgi_ Nxu × Nyu × Nzu

XZ[�[Hwo\ lth j}[]\WYxXZ[Hjlgi_
J Í uvg��][¸eLmr_ouW[Hjlgi_�[]g)��\t^&j}_rj}^&jJP�\v`
∇J ��YxXi`fjl\W_F[q��\vuW[]giYzgZe J gZe±`fj}^�\W_o�Hjlgi_ NxuNyuNzu × 1
〈., .〉 �9u�XZ|BXZYqVrY]gn`fmouW[
� � Z È � ��� ��� ����� ���LÅ�È

l = 0
u[0] = (0 · · · 1 · · · 0)T

d[0] = −∇J(u[0])�9\W[��HV�\v\v`9��?�YxXi`fjl\W_F[,XZ|J?�giYHj}[Hwr^ t > 0

� � 	�Z ;�� � ��ÂFÁ�Ç��rÁ �%]�Â ��ÂFÁZÃ��0Ç2À � ��Â
ÁZÂFÇ2Â � �

f̂(x, y, z) = g(x, y, z) ∗ u(x, y, z)

� XZ|luWmr|BXZ[]\p[Hwo\c?�YxXi`fjl\W_n[q��\vuW[]giYqgZe J Xi��j}_o`fjlu�XZ[]\v`�j}_�Ê2k � ~ ¢ �
�ãÄ

l = 0
���0ÂnÈ

d[l] = −∇J(u[l])Â �LÃ�Â
β[l−1] = 〈∇J(u[l])−∇J(u[l−1]),∇J(u[l])〉

〈∇J(u[l−1]),∇J(ul−1)〉

d[l] = −∇J(u[l]) + β[l−1]d[l−1]

u[l+1] = u[l] + t × d[l]

l = l + 1 �
�DÈ���� � h7�T���t���es{/j9~AlTe���kTlte���{�e��cf7kA� �

Íz|J?�giYHj}[Hwr^ � Ð ),+.-/	�021�3 +,� <=����� (����B

Î



e�mr_ouW[Hjlgi_ R ��¢)S �Q[Hwo\&�HjJP�\)gZeO[Hwrjl�,j}_n��\WY]�]\ X |}[]\WYtjl�t�]\W[,[]g 3×3×3 VrjæÔr\W|l� � Ó mrYH[Hwo\WYH^�giY]\���D�\)w=Xv��\)mo�]\v`
γ = 0 ��\vu�XZmo�]\t[Hwo\,�=Xiux¤'?�Y]gimr_o`�gZe2� � Ê � Ï j}^�X@?�\v�qjl�Ò_ogi[quvgi^&Vr|l\W[]\W|JI �d�r|BXiu]¤ � R � Sd�
Ó j}_=XZ|}|JI��Z[Hwo\Ìuvgi_n��\WYQ?�\W_ouv\OuWYHj}[]\WYHjlgi_ gZef[Hwo\ÌVrY]giV{g��x\v`¥XZ|J?�giYHj}[Hwr^ jl�7[Hwo\2�H[xXZ�rj}|}j}[+IpgZef[Hwo\Ìuvg��H[´e�mr_ouW[Hjlgi_

[]g&��\,^&j}_rj}^&jJP�\v`Q�oj � \ � �
J(u[l+1]) − J(u[l])

J(u[l])
≤ ε

DÒj}[Hw ε jl�,X&[HwrY]\v�Hwogi|l`Q�{[�I9Vrjlu�XZ|}|JI��]\W[��=j}_:gimrY,XZVrVr|}jlu�XZ[Hjlgi_�[]g 10−3 XZ_o`�[Hwo\¥mrVrV{\WY �d�]uWYHj}Vr[,`r\W_ogi[]\v��[Hwo\
j}[]\WYxXZ[Hjlgi_�_Fmr^¥��\WY � Ó jJ? � �p�Hwog�D��Ì[Hwo\z\W��gi|}mr[Hjlgi_�gZe´[Hwo\zuvg��H[2e�mr_ouW[Hjlgi_���XZ|}mo\zXZ|lgi_-?¡[Hwo\qj}[]\WYxXZ[Hjlgi_#gZeQ[Hwo\
?�YxXi`fjl\W_F[�`r\v�]uv\W_F[qVrY]gnuv\v�]�Òe�giY�[Hwo\,j}^�X@?�\pY]\v�H[]giYxXZ[Hjlgi_�VrY]\v�]\W_n[]\v`�j}_ Ó jJ? �������
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bG_:giY]`r\WY,[]g�`r\ X _o\ gimrYpXZ_=XZ[]gi^&jlu�XZ|}|JI��=Xi�]\v`:Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ J4
��D�\ \�ÔfVr|lgij}[�[Hwo\¡Y]\v�]mr|}[�gZe�X��iT

Y]\A?�jl�H[HYxXZ[Hjlgi_��H[]\WV��{\W[+DO\v\W_#[Hwo\,��szb±XZ_o`#� � Ê � Ï j}_rVrmr[O��gi|}mr^�\v�p~ãe�Y]gi^%[Hwo\��xXZ^�\zV=XZ[Hjl\W_F[ �¸XZ_o`�[Hwo\W_
XZ_�mr_o�HmrV{\WYH�9jl�]\v`��:XZYH¤�g5�njBXZ_'�]\A?�^�\W_n[xXZ[Hjlgi_'gZe¥[Hwo\�~LY]\A?�jl�][]\WY]\v`=���:sqb��iT j}^�X@?�\�j}_n[]g XZ_=XZ[]gi^&jlu�XZ|
uW|BXi�]�]\v� �

��£



� � � � ;�Â ���LÃ���Á � ���LÅ�È

Ï¸wo\t�iT Y]\A?�jl�][HYxXZ[Hjlgi_�^�\W[Hwogn`�mo�]\v`�j}_�gimrYqXZVrVr|}jlu�XZ[Hjlgi_�jl�¸�=Xi�]\v`#gi_#^¥mr[Hm=XZ|´j}_fehgiYH^�XZ[Hjlgi_ ~��:b �OXZ_o`#jl�
e�mr|}|JI�`r\v�]uWYHj}�{\v`�j}_ R ��� � �   Sd� Ï¸wo\z�:bDY]\A?�jl�H[HYxXZ[Hjlgi_�uWYHj}[]\WYHjlgi_ C(θ) ��\W[�DO\v\W_#[Hwo\qj}_rVrmr[��:sqbÒ~ I ����� �ÌXZ_o`
� � Ê � Ï ~ I ���	�	
�� �O��gi|}mr^�\v��jl�q\W�iXZ|}m=XZ[]\v`���I

C(θ) =
∑

i

pI ���� I �����	
�� (I ���� (Hs), I ���	�	
�� (s)) log2

(
pI ����� I ���	�	
�� (I ����� (Hs), I ���	�	
�� (s))

pI ����� (I ���� (Hs))pI ���	�	
�� (I ���	�	
�� (s))

)

~ � �

DÒwo\WY]\ s jl�¡X���g�Ôf\W|OgZe�[Hwo\ I ���	��
�� ��gi|}mr^�\�� I ����� (Hs) jl�t[Hwo\&�]\W[pgZe�?�Y]\AIn����XZ|}mo\v�,eLY]gi^ [Hwo\��iT%j}^�X@?�\
I ����� �xXZ^&Vr|l\v` XZ[�[Hwo\�YHjJ?�jl`f|JI [HYxXZ_o� e�giYH^�\v` uvgngiY]`fj}_=XZ[]\v� Hs

�
H jl��[Hwo\�YHjJ?�jl` [HYxXZ_o� ehgiYH^�XZ[Hjlgi_ [Hw=XZ[

`r\v�]uWYHj}��\v�tX�[HYxXZ_o�H|BXZ[Hjlgi_���\vuW[]giY T = (tx, ty, tz)
XZ_o`�X�Y]gi[xXZ[Hjlgi_���\vuW[]giY α = (αx, αy, αz)

~gD � Y � [ � [Hwo\
x � y giY z X�Ô9jl��� � θ jl�,[Hwo\ Y]\A?�jl�H[HYxXZ[Hjlgi_�V=XZYxXZ^�\W[]\WYpuvgiYHY]\v�]V{gi_o`fj}_-?�[]g�[Hwo\ ��\vuW[]giY (α, T )

� Ê2�][Hj}^�XZ[Hjlgi_
gZe0[Hwo\�^�XZYQ?�j}_=XZ|0XZ_o`�NHgij}_F[¸j}^�X@?�\,j}_n[]\W_o�Hj}[�I�`fjl�H[HYHj}�rmr[Hjlgi_o� pI ���	�	
�� (I ���	�	
�� (s)) � pI ����� (I ���� (Hs)) �oXZ_o`
pI ����� I ���	��
�� (I ����� (Hs), I ���	��
�� (s)) XZY]\�gi�r[xXZj}_o\v` �'I _ogiYH^�XZ|}jJP5XZ[Hjlgi_�gZez[Hwo\�NHgij}_F[�XZ_o` ^�XZYQ?�j}_=XZ|�wrjl� �
[]g�?�YxXZ^���gZe´[Hwo\qg���\WYH|BXZVrVrj}_-?)V=XZYH[]��gZeQ�{gi[Hw�j}^�X@?�\v� I ����� XZ_o` I ���	�	
�� R ����Sd� Ï0gp^�XZ¤�\�uvgij}_ouWjl`r\ Hs DÒj}[Hw
Xi?�YHjl`�V�gij}_F[tgZe I ���	�	
�� �DO\¡w=Xv��\¡mo�]\v`�[HYHj}|}j}_o\�XZY,j}_n[]\WYHV{gi|BXZ[Hjlgi_�[]g�gi�r[xXZj}_:�xXZ^&Vr|l\v�ze�Y]gi^ I ���	�	
�� � Ï¸wo\
giVr[Hj}^�XZ|¸Y]\A?�jl�H[HYxXZ[Hjlgi_ V=XZYxXZ^�\W[]\WY θ giVr[Hj}^�XZ| jl� [Hwo\W_ ehgimr_o`���I�^�X�Ôfj}^&jJPvj}_-? C(θ) � DÒwo\WY]\�[Hwo\���\vuW[]giY
θ jl�p�Hj}^&Vr|JI�\v�H[Hj}^�XZ[]\v`��'I�[Hwo\ � g�DO\W|}|�ac� ^�\W[Hwogn` R ��Î@Sd� Ï¸wo\��]u�XZ|l\&jl�¥uvgi^&Vrmr[]\v`�j}_ Xi`f��XZ_ouv\&�{\vu�XZmo�x\
[Hwo\���gvÔr\W|��HjJP�\v�)gZe�� � Ê � Ï XZ_o`��:sqb,j}^�X@?�\v�&XZY]\�¤9_ogEDÒ_ XZ_o` [Hwo\�j}^�X@?�\v�&XZY]\�j}_rj}[HjBXZ|}|JI V�g��Hj}[Hjlgi_o\v`
�Hmouxw�[Hw=XZ[�[Hwo\Wj}YÒuv\W_F[]\WY]�¸uvgij}_ouWjl`r\tXZ_o`�[Hw=XZ[�[Hwo\zuvgiYHY]\v�]V{gi_o`fj}_-?&�]u�XZ_�X�Ôf\v��gZe´��gi[Hw�j}^�X@?�\v�ÒXZY]\,XZ|}jJ?�_o\v`
XZ_o` w=Xv��\�[Hwo\��xXZ^�\�giYHjl\W_F[xXZ[Hjlgi_ � Ï¸wo\#j}^�X@?�\v��XZY]\��H^�gngi[Hwo\v` �]|}jJ?�wF[H|JI�j}_�giY]`r\WY&[]g�^�XZ¤�\#[Hwo\�uvg��H[
e�mr_ouW[Hjlgi_�j}_�ÊÌk � ~ � �,Xi�,�H^�g9gi[Hw�Xi�zV�g��]�Hj}�r|l\ []g ?�j}��\¡ehXi�][]\WY,uvgi_n��\WYQ?�\W_ouv\�XZ_o`:|l\v�]�tu]w=XZ_ouv\&gZe X _o`fj}_-?
�=Xi`�|lgnu�XZ|�^&j}_rj}^�X�~LY]\W|BXZ[]\v`#[]g&X DÒY]gi_-?&Y]\A?�jl�H[HYxXZ[Hjlgi_�� � Ï¸wo\,uvgn`r\�mo�]\v`�[]g Y]\A?�jl�H[]\WY¸[Hwo\,��szb±j}^�X@?�\�[]g
[Hwo\¥� � Ê � Ï j}^�X@?�\,jl�Ò^�XZj}_r|JI�j}_o�HVrj}Y]\v`#e�Y]gi^"[Hwo\t�]gZeL[+D�XZY]\tV=Xiux¤iX@?�\ �n[xXZ[Hjl�H[Hjlu�XZ| � XZYxXZ^�\W[HYHjlu¡��XZVrVrj}_-?
~�� � ����� �

� � � � 8�Â �] ÂnÈ�� � ���LÅ�È

Ï7g,[Hwrjl�Ì\W_o`Q��DO\�uvgi_o�]jl`r\WYÌX,uvgimrVr|l\ÒgZe�YxXZ_o`rgi^ X \W|l`r� Z = (X,G) ��DÒwo\WY]\ G = {Gs, s ∈ S} Y]\WVrY]\v�]\W_n[]�
[Hwo\ X \W|l`�gZeQgi�o�]\WYH��XZ[Hjlgi_o�2|lg9u�XZ[]\v`�gi_�[Hwo\q�iT |BXZ[H[Hjluv\ S uvgi_o�Hjl�H[Hj}_-?¥gZe K |BXZ[H[Hjluv\v� Sk

gZe N �Hj}[]\v� s ~hXi�x�]gZ�
uWjBXZ[]\v`�[]g¥[Hwo\ N VrjæÔr\W|l�¸gZe7\�Xiu]w�[HYxXZ_o�H��\WY]�xXZ|��H|}jluv\,gZe´[Hwo\��rYxXZj}_��iT j}^�X@?�\5���oXZ_o` X = {Xs, s ∈ S} [Hwo\
|BXZ��\W| X \W|l`�~LY]\W|BXZ[]\v`#[]g¥[Hwo\ K×N uW|BXi�]��|BXZ�{\W|l� Xs

gZeDX¡�]\A?�^�\W_n[]\v`#�iT j}^�X@?�\5� � ÊÌXiuxw�X�ehgiY]\W^�\W_F[Hjlgi_o\v`
��������������� �"!$#��&%�!�')(�!�*+�-,�./0'1!�2435�6��3��)!�782��194!��&:;�<����%=: >�>$�"�"��? @�AB? 78�+2=? C�'�AB? !�'+? CD(�>���%�EF>

���



|BXZ��\W|�jl�¸Xi�]�]g9uWjBXZ[]\v`�[]g)Xp�HV�\vuWj X uz�rYxXZj}_ �d[Hjl�]�]mo\ � u�XZ[]\A?�giYQI�giYOY]\A?�jlgi_#gi_�[Hwo\��iT'j}^�X@?�\ �f[Hwo\�� � � Ó � XZ_o`
[Hwo\pXZY]\�X)gimr[]�Hjl`r\,[Hwo\,�rYxXZj}_�XZY]\,uvgi^¡�rj}_o\v`�j}_�X �Hj}_-?�|l\tuW|BXi�]���ruvgiYHY]\v�]V{gi_o`fj}_-?�[]g [Hjl�]�]mo\ DÒj}[Hwogimr[Ò[HYxXiuv\WY
mrVr[xXZ¤�\ � Íz|}[Hwogim-?�w´�Q�H¤9j}_:XZ_o`�gi[Hwo\WYt�H[HYHmouW[HmrY]\v�tgimr[]�Hjl`r\ [Hwo\ �rYxXZj}_�XiuW[Hm=XZ|}|JI�w=Xv��\&X�_ogi_f��P�\WY]g�~L�r|lgng9`
B=gEDz�±[HYxXiuv\WY2mrVr[xXZ¤�\ � � \qXi�]�]mr^�\¸[Hwrjl�±[]gt��\¸_o\A?�|}jJ?�j}�r|l\�wo\WY]\ � Ï¸wo\ � � � Ó � XZY]\�Xt`r\v�HjJ?�_=XZ[]\v�2[Hwo\�Y]\A?�jlgi_o�
[Hw=XZ[�XZY]\�_ogiYH^�XZ|}|JI�`r\W��gijl` gZe�XiuW[Hj}�9j}[�I � Ó giY)[Hwrjl�&`fjl�H[HYHj}�rmr[Hjlgi_ ^&jæÔf[HmrY]\#V=XZYxXZ^�\W[]\WY�\v�H[Hj}^�XZ[Hjlgi_ XZ_o`
�]\A?�^�\W_n[xXZ[Hjlgi_ VrY]gi�r|l\W^����0[Hwrjl�tY]\A?�jlgi_ `r\v�]jJ?�_=XZ[]\v�p[Hwo\)�rYxXZj}_ Y]\A?�jlgi_o� X |}|l\v`�DÒj}[Hw uv\WY]\W�rY]gZ�d�HVrj}_=XZ|�Bomrjl`
~gDÒj}[Hwogimr[¸�r|lgng9`iB=g�D XZ_o`�[Hwnmo��DÒj}[Hwogimr[¸YxXi`fjBXZ[Hjlgi_���XZ_o`#XZ|l�]g¥[Hwo\,XZY]\�X¡gimr[]�Hjl`r\q[Hwo\z�rYxXZj}_�Y]\A?�jlgi_ � Ï¸wo\
��DÒwrj}[]\p^�XZ[H[]\WY � XZ_o` ��?�Y]\AI�^�XZ[H[]\WY � ~L�rYHjJ?�wF[]\v�H[�Y]\A?�jlgi_��zXZY]\¥Xi�]�]g9uWjBXZ[]\v`�[]g�|lgEDO\WYtXZ_o`�wrjJ?�wo\WYz|l\W��\W|l�zgZe
�r|lg9gn`CB=gED Y]\v�]V{\vuW[Hj}��\W|JI R � £)Sd� ÊOXiu]w Gs

[xXZ¤�\v�qj}[]�z�iXZ|}mo\¥j}_ {0, . . . , 255} ~ 256 ?�Y]\AI�|l\W��\W|l�����{XZ_o`�\�Xiu]w
Xs
j}_ {e1 = �

� � Ó � , e2 = ��DÒwrj}[]\t^�XZ[H[]\WY � , e3 = ��?�Y]\AI�^�XZ[H[]\WY � } �

bG_�[Hwo\qehgi|}|lgEDÒj}_-?o�r[Hwo\zV=XZYxXZ^�\W[]\WY]�¸j}_#mrVrV{\WY¸u�Xi�]\z|l\W[H[]\WY¸`r\v�]jJ?�_=XZ[]\z[Hwo\�YxXZ_o`rgi^ ��XZYHjBXZ�r|l\v��DÒwo\WY]\�Xi�
[Hwo\z|lgEDO\WY�u�Xi�x\q|l\W[H[]\WY]�¸Y]\WVrY]\v�]\W_n[¸[Hwo\qY]\�XZ|}jJP5XZ[Hjlgi_o��gZe´[Hwog��x\�uvgi_ouv\WYH_o\v`�YxXZ_o`rgi^ ��XZYHjBXZ�r|l\v� � Ï¸wo\,`fjl�H[HYHjæ�
�rmr[Hjlgi_�gZe (X,G) jl�Ò`r\ X _o\v`Q� X Y]�H[H|JI��f��I#X VrYHjlgiY�`fjl�H[HYHj}�rmr[Hjlgi_ PX(x) �fw�I9V{gi[Hwo\v�HjJP�\v`#[]g ��\,�:XZYH¤�g5�njBXZ_
XZ_o`��]\vuvgi_o`f|JI��Q�'I�[Hwo\)�Hj}[]\���DÒjl�]\)uvgi_o`fj}[Hjlgi_=XZ|Ì`oXZ[xX�|}j}¤�\W|}j}wog9gn`r� PGs/Xs

(gs/xs)
DÒwog��]\)�Hw=XZV�\&XZ_o`:V=X��

YxXZ^�\W[]\WY7��\vuW[]giY Φ(xs)
`r\WV{\W_o`r�Dgi_p[Hwo\Ìuvgi_ouv\WYH_o\v` uW|BXi�]�7|BXZ�{\W| xs

~ gs
`r\v�HjJ?�_=XZ[]\v�7[Hwo\�?�Y]\AI,|l\W��\W|Fj}_F[]\W_o�]j}[�I

Xi�]�]g9uWjBXZ[]\v`�[]g&[Hwo\¡�Hj}[]\ s � � � \¥Xi�]�]mr^�\tj}_o`r\WV{\W_o`r\W_ouv\¡��\W[�DO\v\W_�\�Xiu]w�YxXZ_o`rgi^ ��XZYHjBXZ�r|l\ Gs
?�j}��\W_ Xs

�
Ï¸wo\pgi�o�]\WYH��XZ�r|l\ G jl��u�XZ|}|l\v`�[Hwo\ �dj}_ouvgi^&Vr|l\W[]\¥`oXZ[xX � DÒwo\WY]\�Xi� Z uvgi_o�H[Hj}[Hmr[]\v�q[Hwo\ �Guvgi^&Vr|l\W[]\¥`oXZ[xX � �

��Ã�����] � ���LÅ�È 8���ÂnÇ
bG_ giY]`r\WY�[]g `r\W[]\WYH^&j}_o\ Φ = (Φ(e1),Φ(e2),Φ(e3))

� DO\�mo�]\:[Hwo\�bG[]\WYxXZ[Hj}��\ � gi_o`fj}[Hjlgi_=XZ|¡Ê2�H[Hj}^�XZ[Hjlgi_
~�b � ÊO��XZ|J?�giYHj}[Hwr^ R � �AS XZ_o` [Hwo\:�Hw=XZV�\�gZep[Hwo\:uvgi_o`fj}[Hjlgi_=XZ|,|}j}¤�\W|}j}wogng9`r��VrY]giV{g��]\v` j}_ R � � Sd� Ó giY�[Hwo\
\v�H[Hj}^�XZ[Hjlgi_�XZ_o`��x\A?�^�\W_F[xXZ[Hjlgi_��H[]\WV:gZe2[Hwo\¡�:sqb���gi|}mr^�\���DO\ mo�]\��tXZmo�]�HjBXZ_�|BX D��ze�giYz[Hwo\¡uvgi_o�]jl`r\WY]\v`
`oXZ[xX)|}j}¤�\W|}j}wog9gn`r� �

8QÂ��] ÂnÈ�� � ���LÅ�È 8 ��ÂFÇ
ÉÒXi�]\v`&gi_&[Hwo\�\v�H[Hj}^�XZ[]\v��?�j}��\W_���I [Hwo\�b � Ê�VrY]gnuv\v`fmrY]\���DO\�u�XZ_�uvgi^&Vrmr[]\zXZ_�mr_o�HmrV�\WYH�njl�]\v`��iT ��XZYH¤�gZ�
�9jBXZ_��]\A?�^�\W_n[xXZ[Hjlgi_:gZe2[Hwo\)� � Ê � Ï XZ_o`��:s ��gi|}mr^�\v� � bG_�[Hwrjl�qeLYxXZ^�\AD�giYH¤{��[Hwo\¥��XZYH¤�g��9jBXZ_��]\A?�^�\W_f�
[xXZ[Hjlgi_�u�XZ_��{\��njl\AD�\v`�Xi�OX¥�H[xXZ[Hjl�H[Hjlu�XZ|�|BXZ�{\W|}j}_-?¡VrY]gi�r|l\W^ XiuvuvgiY]`fj}_-? []g¡X ?�|lgi�=XZ|{É¸XEI�\v�HjBXZ_�e�giYH^¡mr|BXZ[Hjlgi_
j}_ DÒwrjluxw [Hwo\&V�g��H[]\WYHjlgiY¥`fjl�][HYHj}�rmr[Hjlgi_ PX/G(x/g) ∝ exp−U(x, g) w=Xi�t[]g��{\&^�X�Ôfj}^&jJP�\v` R � �)Sd� Ï¸wo\

���



uvgiYHY]\v�HV�gi_o`fj}_-?�V�g��H[]\WYHjlgiY�\W_o\WYQ?�I#jl��Ð

U(x, g) =
∑

s∈S

− lnPGs|Xs
(gs | xs)

︸ ︷︷ ︸

U1(x,g)

+
∑

<s,t>

βst

(

1 − δ(xs, xt)
)

︸ ︷︷ ︸

U2(x)

DÒwo\WY]\ U1
\�Ô9VrY]\v�x�]\v��[Hwo\,Xi`r\vknm=XiuAI���\W[�D�\v\W_�gi�o�]\WYH��XZ[Hjlgi_o��XZ_o`�|BXZ��\W|l���rXZ_o` U2

Y]\WVrY]\v�]\W_F[]�Ò[Hwo\,\W_o\WYQ?�I
gZe�[Hwo\ hY�lte���lTe ^�gn`r\W| � β1, β2, β3

�F�Hmouxw�[Hw=XZ[ β1 = β2 = β3 = βst
�nXZY]\qu�XZ|}|l\v` �d[Hwo\�uW|}jlknmo\ÒV=XZYxXZ^�\W[]\WY]� �

R � �@S �iXZ_o` XZY]\¸Xi�]�]g9uWjBXZ[]\v`p[]gz[Hwo\2wogiYHjJP�gi_n[xXZ|�����\WYH[Hjlu�XZ|��FXZ_o`¥[HYxXZ_o�H��\WY]�]\O�rj}_=XZYQI¥uW|}jlkFmo\v�<�0gZe=gimrY0VrYHjlgiY � gi[H[
^�g9`r\W|q~gDÒwrjlu]w�[]\W_o`r�t[]g�e�Xv��giY¥wogi^�g�?�\W_o\vgimo�pY]\A?�jlgi_o�cDÒj}[Hw�_og#VrYHj}�9j}|l\A?�\v`�giYHjl\W_F[xXZ[Hjlgi_�� � � \)mo�]\)[Hwo\
`r\W[]\WYH^&j}_rjl�H[Hjlu�bd[]\WYxXZ[]\v` � gi_o`fj}[Hjlgi_=XZ|���g9`r\v��~�b � ����XZ|J?�giYHj}[Hwr^ R � �)S []g�^&j}_rj}^&jJP�\&[Hwrjl�c?�|lgi�=XZ|Ì\W_o\WYQ?�I
e�mr_ouW[Hjlgi_ � Ó giYq[Hwo\¥j}_rj}[HjBXZ|}jJP5XZ[Hjlgi_�gZe2[Hwrjl��XZ|J?�giYHj}[Hwr^���DO\¡\�Ô9Vr|lgij}[z[Hwo\¡�x\A?�^�\W_F[xXZ[Hjlgi_�^�XZV�gi�r[xXZj}_o\v`���I
X)��X�Ô9j}^¡mr^"|}j}¤�\W|}j}wogng9`�~�� ¦ ���]\A?�^�\W_F[xXZ[Hjlgi_ � bd_�[Hwrjl�Ò�]\A?�^�\W_n[xXZ[Hjlgi_´�o[Hwo\ � � � Ó � �f[Hwo\ ��DÒwrj}[]\t^�XZ[H[]\WY �
XZ_o`�[Hwo\ ��?�Y]\AI�^�XZ[H[]\WY � XZY]\pY]\WVrY]\v�]\W_n[]\v`��'I�`oXZYH¤{�0?�Y]\AI���XZ_o` DÒwrj}[]\pY]\A?�jlgi_o�zY]\v�HV{\vuW[Hj}��\W|JI���j}_�giY]`r\WYz[]g
�9jl�Hm=XZ|}|JI \�ÔfVrY]\v�]�±[Hwo\�XiuW[Hj}�9j}[�I)|l\W��\W|l�2gZe�[Hwo\Wj}Y2�r|lg9gn`�B=g�D�� � Ï¸wo\��HmrVrV�giYH[ D jl�±[Hwo\W_�`r\W[]\WYH^&j}_o\v`��Hj}^&Vr|JI
��I#[Hwo\t�]\W[�gZe�VrjæÔr\W|l����\W|lgi_-?�j}_-?�[]g � � Ó �-DÒwrj}[]\¥XZ_o`q?�Y]\AI�^�XZ[H[]\WYzuW|BXi�]�x\v� �
bG_�giY]`r\WY�[]g¡[xXZ¤�\qj}_n[]g)Xiuvuvgimr_n[Ò[Hwo\ � gijl�]�]gi_�_ogijl�]\zVrwo\W_ogi^�\W_ogi_�j}_rwo\WY]\W_F[Ò[]g¡[Hwo\,� � Ê � Ï�j}^�X@?�j}_-?

VrY]g9uv\v�]� j}_�[Hwo\ � � � Ó � XZY]\�Xf��DO\�mo�]\�e�giY [Hwo\#�]\A?�^�\W_F[xXZ[Hjlgi_ VrY]gnuv\v`fmrY]\�XZ_o`�j}[]�&\v�H[Hj}^�XZ[Hjlgi_ �H[]\WV�XZ_
\�ÔfV{gi_o\W_n[HjBXZ|�|BX D"^�g9`r\W| R ��� Sd� � \#^�g9`r\W|¸[Hwo\ ��DÒwrj}[]\#^�XZ[H[]\WY � XZ_o` [Hwo\ ��?�Y]\AI ^�XZ[H[]\WY � Y]\A?�jlgi_o���Ì��I
[�D�g&`fjLV�\WY]\W_n[ �tXZmo�]�HjBXZ_#|BXED�� � Ó giYÒ[Hwo\,��szb�j}^�X@?�\v���"DO\,^�g9`r\W|�[Hwo\ �Guv\WY]\W�rY]g��HVrj}_=XZ|*Bomrjl` � �f[Hwo\ ��DÒwrj}[]\
^�XZ[H[]\WY � XZ_o`�[Hwo\ ��?�Y]\AI#^�XZ[H[]\WY � Y]\A?�jlgi_o���rmo�Hj}_-?�X@?FXZj}_�[HwrY]\v\p`fjLV�\WY]\W_n[ �tXZmo�]�]jBXZ_�|BX D�� �

� ��� ¿�� Z ��¿ : Z � �

� � � � 8�� �<=>: À�� � � �rÆ�� � �LÃ�� ���LÅ�È �oÈ7À Á�ÂnÆ�Å�È0Ã���Á �7Æ ���LÅ{È

� \WY]\W�rYxXZ|q�r|lg9g9`�B=gED �H[Hmo`fjl\v�7DO\WY]\�V�\WY ehgiYH^�\v` j}_�[Hwrjl�&V=XZ[Hjl\W_n[�mo�Hj}_-? 99m Ï7u��dÊ � TJ~�Ê±[Hw�I9|l\W_o\ � If� �
[]\Wj}_=XZ[]\&T�j}^�\WY �´Ë�\WmrY]gi|}j}[]\��´T�m � gi_n[ �DX���\WYxX@?�\&`rg��]\�Ð 34.2 �:É�kr��XZ_o`�� � Ê � Ï j}^�X@?�j}_-? � ÍÒuvkFmrjl�Hj}[Hjlgi_
D�Xi�qj}_rj}[HjBXZ[]\v`�XZVrVrY]gvÔfj}^�XZ[]\W|JI 45 ^&j}_nmr[]\v��V�g��H[Òj}_F[HYxX���\W_ogimo�zj}_�NH\vuW[Hjlgi_�gZe�[Hwo\,YxXi`fjlgiVrw=XZYH^�Xiuv\Wmr[Hjlu�XZ| �
Ï¸wo\¡� � Ê � Ï j}^�X@?�\v�(DO\WY]\¥Xiuvknmrj}Y]\v`qDÒj}[Hw�X [HYHj}Vr|l\���wo\�Xi` γ �du�XZ^�\WYxX�~ � jlux¤�\WY � YHjl�]^��o�:XZY]uvgi_rj0bdYHjæÔQ�

� |l\W��\W|BXZ_o`Q�Qy��,��\vkFmrj}VrV�\v`CDÒj}[Hw�|lgED¸�d\W_o\WYQ?�I��{wrjJ?�wf��Y]\v�]gi|}mr[Hjlgi_:V=XZYxXZ|}|l\W|æ��wogi|l\v��uvgi|}|}j}^�XZ[]giY]� � 90 VrY]g@NH\vu��
���A87
	<CD��� !�#�����C�3D�������"���;��7 �����"� �D78' �4!�#���E C���C�!�A 2���78*+�	35��#���� ���� ?

� �



[Hjlgi_o�,gZe 50 �x\vuvgi_o`r��\�Xiuxw DO\WY]\ gi�r[xXZj}_o\v`:gi_ 128 × 128 × N ��gvÔr\W|l�$DÒj}[Hw 1.85 ^&^ jl�]gi[HY]giVrjlu ��gvÔr\W|l�
XZ_o` N ∈ [69, 103]

�
Ï�DOg��Hj}^¡mr|}[xXZ_o\vgimo�¥XiuvkFmrjl�]j}[Hjlgi_�DÒj}_o`rg�D��cDO\WY]\ mo�]\v`Q��uv\W_n[]\WY]\v`�gi_ ����£ Ot\d� XZ_o` �W§F£ Ot\d� �{��gi[Hw

DÒj}[Hw X 15% DÒjl`f[Hw �¸[Hwo\ X Y]�H[�gi_o\�jl�)mo�]\v` ehgiY � gi^&Vr[]gi_��]u�XZ[H[]\WYHj}_-? uvgiYHY]\vuW[Hjlgi_ ~Lj � \ � �2[Hwo\��nXi�QP�uAP5XZ¤
^�\W[Hwog9` R � §�S ���O�]mr�r[HYxXiuW[Hj}_-? 40% gZe,[Hwo\�XiuW[Hj}�nj}[+I�j}_ [Hw=XZ[iDÒj}_o`rgED-e�Y]gi^ [Hw=XZ[&j}_�[Hwo\��x\vuvgi_o`Q�OV�\�XZ¤
DÒj}_o`rgEDp�qgi_�X�VrjæÔr\W|q�'I VrjæÔf\W|z�=Xi�Hjl� � ÍqeL[]\WY�[Hwrjl� X Y]�H[�uvgiYHY]\vuW[Hjlgi_´�Ò[Hwo\�Y]\v�Hmr|}[Hj}_-?�VrY]g@NH\vuW[Hjlgi_o�7D�\WY]\
X |}[]\WY]\v`�mo�]j}_-?:X��H[xXZ_o`oXZY]` É�mr[H[]\WYQDOgiYH[Hw X |}[]\WY�~�giY]`r\WY¡gZe 8 �DuWmr[¥g@V eLY]\vknmo\W_ouAI�gZe 0.39 uW^ −1 � � Ï¸wrjl�
D�Xi�te�gi|}|lg�DO\v`��'I:XZ[H[]\W_Fm=XZ[Hjlgi_�uvgiYHY]\vuW[Hjlgi_�mo�Hj}_-?�X�^�g9`fj X \v` � w=XZ_-?�XZ|J?�giYHj}[Hwr^J~L_ogi_f��j}[]\WYxXZ[Hj}��\5� � Ï¸wo\
^�X�Ôfj}^¥mr^ |}j}¤�\W|}j}wog9g9`�\�Ô9V�\vuW[xXZ[Hjlgi_�^�X�Ôfj}^&jJP5XZ[Hjlgi_�~�� ¦ �dÊ2���¸Y]\vuvgi_o�H[HYHmouW[Hjlgi_�XZ|J?�giYHj}[Hwr^ jl�Ò[Hwo\W_�mo�]\v`
[]g&Y]\vuvgi_o�H[HYHmouW[qVrY]g@N \vuW[Hjlgi_:`oXZ[xX � bd[�uvgi_n��\WYQ?�\v��j}_�XZVrVrY]g�Ô9j}^�XZ[]\W|JI ��� j}[]\WYxXZ[Hjlgi_o� �

� � � � � ; Z À�� � � �rÆ � � �LÃ�� ���LÅ�È

Ï¸wo\¥�:sqbOj}^�X@?�\v�$DO\WY]\¡Xiuvknmrj}Y]\v`�gi_:X��njl\W^�\W_o���:X@?�_o\W[]gi^ Í7��XZ_F[]g 1.5 Ï �]u�XZ_r_o\WYqmo�Hj}_-?#X��iTz� Ó b � �
DÒj}[Hw�X�YxXi`fjBXZ|9[HYxX)NH\vuW[]giYQI¥j}_ k �d�]V=Xiuv\ � bG[7mo�x\v�DgZe�Xq_ogi_f�d�]\W|l\vuW[Hj}��\Ò\�ÔruWj}[xXZ[Hjlgi_ � Ï¸wo\O�]u�XZ_r_rj}_-?,V=XZYxXZ^�\W[]\WY]�
XZY]\2ÏÒs�� 9.2 ^�����ÏÒÊ�� 22 ^���DÒj}[Hw N �H|}jluv\v�0gZe 512×512 ��gvÔr\W|l��DÒj}[Hw¡��gvÔr\W|n`fj}^�\W_o�Hjlgi_o�0gZe 0.5×0.5×1.0

^&^ 3 �FXZ_o` N ∈ [130, 150]
� Ï¸wo\v�]\��iT'��szb´j}^�X@?�\v��DO\WY]\¸e�mrYH[Hwo\WY2VrY]g9uv\v�]�]\v`&[]g,jl�]gi|BXZ[]\�[Hwo\Ò�rYxXZj}_&e�Y]gi^

gi[Hwo\WY7[Hjl�x�Hmo\v����mo�Hj}_-?�[Hwo\2�rYxXZj}_ \�Ô9[HYxXiuW[Hjlgi_ []g9gi|�~�É¸Ê2Ïq� R � ¢@S gZer�:sqbNuWY]g � ��I¥Xi`@N mo�H[Hj}_-?�É�ÊÌÏtac�Qe�YxXiuW[Hjlgi_=XZ|
j}_F[]\W_o�]j}[�I�[HwrY]\v�Hwogi|l` �

� � � ��� ��� �LÀ � ���LÅ�È�Ç0ÁZÅ ��ÅQÆFÅ �2Å{È Ç ���oÈ���Å]�Ã

Ï�D�gqVrw=XZ_n[]gi^�� DO\WY]\Ìuvgi_o�]jl`r\WY]\v`¥j}_¥giY]`r\WYD[]gÒ��XZ|}jl`oXZ[]\2[Hwo\�XiuvuWmrYxXiuAIpgZergimrY±� � Ê � Ï j}^�X@?�\v�7Y]\v�][]giYxXZ[Hjlgi_
^�\W[Hwog9`QÐ

• Ï¸wo\���g@V{^�XZ_ �iT É�YxXZj}_ � w=XZ_n[]gi^ D�Xi���]u�XZ_r_o\v` gi_ �{gi[Hw��WI9�H[]\W^��&uvgi_n[xXZj}_rj}_-? 148 �:É¸k gZe
XiuW[Hj}�9j}[�I � Ï¸wo\tVrw=XZ_n[]gi^ D�Xi�qV{g��]j}[Hjlgi_o\v`��]g&[Hw=XZ[�[Hwo\¥�H|}jluv\v� DÒj}[Hwrj}_�[Hwo\pVrw=XZ_F[]gi^ D�gimr|l`�^�XZ[]uxw
Xi� D�\W|}|QXi��V�g��]�Hj}�r|l\q��I�mo�]j}_-?¡[Hwo\���s �]uvgimr[¸j}^�X@?�\z[]g)�]\W[Ì[Hwo\p� � Ê � Ï X \W|l`#gZe7�9jl\AD []g �H[xXZYH[ÒXZ[
[Hwo\¡[]giV�gZe�[Hwo\¡Vrw=XZ_F[]gi^ ehgiYq[Hwo\ �H[Hmo`fjl\v��gi_���gi[Hw:�QIf�H[]\W^�� �Ò� w=XZ_F[]gi^ � � Ê � Ï `oXZ[xX�j}_ouW|}mo`r\v`
X)�x\W[¸gZe 61 �H|}jluv\v�ÒgZe 128 × 128 ��gvÔr\W|l� DÒj}[Hw���gvÔr\W|7`fj}^�\W_o�Hjlgi_�gZe 1.85 × 1.85 × 1.85 ^&^ 3 � Ï¸wo\
� w=XZ_F[]gi^ ��s `oXZ[xX�uvgi_F[xXZj}_o\v` 209 �H|}jluv\v�¡gZe 256 × 256 ��gvÔr\W|l� DÒj}[Hw 1 ^&^ jl�]gi[HY]giVrjlu���g�Ôf\W|l� �
Ó jJ? �±§ �]wogED��zX [HYxXZ_o�]��\WY]�xXZ|7�H|}jluv\pgZe�[Hwo\t��g@V{^�XZ_�Vrw=XZ_n[]gi^ �
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• Ï¸wo\�uAI9|}j}_o`fYHjlu�XZ|=Vrw=XZ_n[]gi^%uvgi_n[xXZj}_o� 6 `fjLVQ\WY]\W_F[Ì�]Vrwo\WY]\��HjJP�\v�q~gDÒwog��]\q`fjBXZ^�\W[]\WY]�OXZY]\ÒY]\v�HV�\vuW[Hj}��\W|JI
]
� Ð 9.5 ^&^�� ] � Ð 12.7 ^&^�� ] �fÐ 15.9 ^&^�� ] § Ð 19.1 ^&^�� ] ¢ Ð 25.4 ^&^�� ] � Ð 31.0 ^&^�� � bd_:gi_o\
�]j}[Hm=XZ[Hjlgi_´��[Hwo\OuAI9|}j}_o`r\WYDjl� X |}|l\v`>DÒj}[Hw�D�XZ[]\WYÌXZ_o`¡[Hwo\O�HVrwo\WY]\v� D�\WY]\ X |}|l\v`>DÒj}[Hw&XqÏ0u�� Î�Î ^ �]gi|}mr[Hjlgi_
DÒj}[Hw XZ_ XiuW[Hj}�9j}[�I�uvgi_ouv\W_F[HYxXZ[Hjlgi_ YxXZ[Hjlg�gZe 2.7 : 1 �Dj}_ XZ_ogi[Hwo\WY �Hj}[Hm=XZ[Hjlgi_´�0[Hwo\�uAI9|}j}_o`r\WYpjl� X |}|l\v`
DÒj}[Hw#Xt|lg�D�XiuW[Hj}�9j}[�I�Ï0u�� Î�Î ^ �]gi|}mr[Hjlgi_#XZ_o`�[Hwo\z�HVrwo\WY]\v��D�\WY]\ X |}|l\v`9DÒj}[Hw�_ogi_�YxXi`fjlg�XiuW[Hj}��\(D¸XZ[]\WY �
� w=XZ_F[]gi^ � � Ê � Ï'`oXZ[xX j}_ouW|}mo`r\v`#X �]\W[ÒgZe 93 �H|}jluv\v�ÒgZe 128× 128 ��gvÔr\W|l��DÒj}[Hw#��gvÔr\W|�`fj}^�\W_o�]jlgi_
gZe 1.85× 1.85× 1.85 ^&^ 3 � Ï¸wo\ � w=XZ_n[]gi^-��s `oXZ[xX¡uvgi_F[xXZj}_o\v` 224 �]|}jluv\v�OgZe 256× 256 ��g�Ôf\W|l�
DÒj}[Hw 1 ^&^ jl�xgi[HY]giVrjluÒ��gvÔr\W|l� � Ó jJ? �D¢ �Hwog�D��ÌX�[HYxXZ_o�H��\WY]�]\Ò�]|}jluv\ÒgZe{[Hwo\¸Vrw=XZ_n[]gi^ ~�T,\W|}mfÔf\ÒÊ � Ïq��� �

� ��� ��� �
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�nj}^&Vr|l\��9jl�Hm=XZ|�\�ÔoXZ^&j}_=XZ[Hjlgi_�jl��XZ_�\�Xi�QI�^�\W[Hwogn`�ehgiY�\W��XZ|}m=XZ[Hjlgi_ gZez[Hwo\�Y]\v�][]giYxXZ[Hj}��\�V{g�DO\WY�gZetX
[]\vu]wr_rjlknmo\��±�rmr[ j}[¥jl�)gi�F�9jlgimo�H|JI XZ_ j}_o�Hm"K�uWjl\W_F[�XZVrVrY]g�Xiuxw � Í �{\W[H[]\WY)\W�iXZ|}m=XZ[Hjlgi_ XZVrVrY]g�Xiu]w�uvgi_o�]jl�H[]�
j}_�uvgi^&Vrmr[Hj}_-?�X¡V{\WY ehgiYH^�XZ_ouv\�^�\�Xi�HmrY]\,�=Xi�]\v`�gi_�[Hwo\�j}^&VrY]g5��\W^�\W_F[qj}_��HjJ?�_=XZ|æ��[]gZ��_ogijl�x\,YxXZ[Hjlg#~�bH�9Ë�s����
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\�ÔfVrY]\v�]�]\v`#j}_�`r\vuWj}��\W|l�¡~�`rÉ����fmo�Hj}_-?���gi[Hw�[Hwo\t`r\A?�YxXi`r\v`�Vrw=XZ_n[]gi^��o[Hwo\ ?�Y]gimr_o`�[HYHmr[Hw ~�giYq[Hwo\tgiYHjJ?�j}_=XZ|
mr_o`r\A?�YxXi`r\v` j}^�X@?�\F?�j}��\W_ �'I�[Hwo\��:sqbzj}^�X@?�\5����XZ_o` [Hwo\�Y]\v�H[]giY]\v` Vrw=XZ_F[]gi^Ñj}^�X@?�\v� � Ï¸wo\�bH�9Ëzs jl�
`r\ X _o\v`��'I��

b �9Ë�s = 10 log

(
‖Iori − Ideg‖

2

‖Iori − Ires‖2

)

~� ��

DÒwo\WY]\ Ideg
jl�¸X�?�j}��\W_�`r\A?�YxXi`r\v`�Vrw=XZ_n[]gi^-j}^�X@?�\�� Iori

jl��[Hwo\tuvgiYHY]\v�HV�gi_o`fj}_-?�giYHjJ?�j}_=XZ|Ì~g?�Y]gimr_o`#[HYHmr[Hw��
Vrw=XZ_F[]gi^Jj}^�X@?�\�XZ_o` Ires

jl�&[Hwo\�Y]\v�][]giY]\v` Vrw=XZ_F[]gi^Jj}^�X@?�\ � yz�F�9jlgimo�H|JI���[Hwrjl�&^�\W[HYHjlu�u�XZ_ gi_r|JI���\
mo�]\v`�DÒwo\W_�[Hwo\�¤9_ogEDÒ|l\v`"?�\�gZe�[Hwo\�giYHjJ?�j}_=XZ|Òj}^�X@?�\ �¸j}_�gimrY�u�Xi�]\�[Hwrjl�HDÒj}|}|Ò�{\ ?�j}��\W_ e�Y]gi^ [Hwo\���szb
Vrw=XZ_F[]gi^ XZ_o`�[Hwo\t¤9_ogEDÒ|l\v`"?�\pgZe�[Hwo\tYxXi`fjlg�XiuW[Hj}�9j}[�I�uvgi_ouv\W_n[HYxXZ[Hjlgi_�DÒj}[Hwrj}_�\�Xiuxw��Hmr�f�duvgi^&V=XZYH[H^�\W_n[�gZe
[Hwo\puvgi_o�Hjl`r\WY]\v`�Vrw=XZ_F[]gi^ �
bG_�Xi`r`fj}[Hjlgi_´�9Y]\v�H[]giY]\v`�j}^�X@?�\v�¸XZY]\�XZ|l�]g¡\W�iXZ|}m=XZ[]\v`��'I&[Hwo\z�HV�\vuWj X u�\W�iXZ|}m=XZ[Hjlgi_#uWYHj}[]\WYHjBXpVrY]giV�g��]\v`�j}_

R � �@S R ��  S �r�=Xi�x\v`�gi_�[Hwo\p\v�H[Hj}^�XZ[Hjlgi_�gZe�[Hwo\,ehgimrY¸e�gi|}|lg�DÒj}_-?�^�\�Xi�HmrY]\v�5Ð
~Ljã�DÏ¸wo\ ?�|lgi�=XZ|�uvgi_F[HYxXi�H[ R � �)S gZe�[Hwo\¸j}^�X@?�\��F`r\ X _o\v`���I CG = (1−m ��� /m �� ) ��DÒwo\WY]\ m ���

XZ_o`
m ��

XZY]\Ò[Hwo\�^�\�XZ_o�OgZe�[Hwo\�VrjæÔf\W|��iXZ|}mo\Òj}_�[Hwo\ ��DÒwrj}[]\�^�XZ[H[]\WY � XZ_o` ��?�Y]\AI ^�XZ[H[]\WY � XZY]\�Xi�ÌY]\v�HV�\vuW[Hj}��\W|JI �
~Lj}jã�OÏ¸wo\�|lgnu�XZ|Quvgi_n[HYxXi�H[�gZe0[Hwo\�j}^�X@?�\ R ��  S �f`r\ X _o\v`#��I CL = (Ri −Bj)/Bj

�/DÒwo\WY]\ Ri
Y]\WVrY]\v�]\W_F[]�

[Hwo\�^�\�XZ_�?�Y]\AI |l\W��\W|z��XZ|}mo\�j}_o�Hjl`r\�[Hwo\ ith �HVrwo\WY]\�XZ_o` Bj
Y]\WVrY]\v�]\W_F[]��[Hwo\�^�\�XZ_5?�Y]\AI |l\W��\W|q��XZ|}mo\

gimr[]�Hjl`r\�[Hwo\ ith �]Vrwo\WY]\:~Lj}_ X�uWj}Y]uW|l\�uv\W_F[]\WY]\v`�XZY]gimr_o`�[Hwo\��HVrwo\WY]\#XZ_o`}DÒwog��]\�YxXi`fj}mo� D jl�¥w=XZ|æez[Hwo\
`fjl�H[xXZ_ouv\,e�Y]gi^ gi_o\t�HVrwo\WY]\¥uv\W_F[]\WYq[]g)[Hwo\p_o\�Ô9[Òj}_�[Hwo\,j}^�X@?�\ � �
~Lj}j}jã��Ï¸wo\2j}^�X@?�\±^�gi[H[H|l\ M ���

j}_t[Hwo\ ��DÒwrj}[]\±^�XZ[H[]\WY � Y]\A?�jlgi_ R � �@S �5`r\ X _o\v`p��I M ��� = σ ��� /m ���
�

DÒwo\WY]\ σ ���
jl�¸[Hwo\¥�H[xXZ_o`oXZY]`�`r\W�9jBXZ[Hjlgi_�gZe�VrjæÔf\W|Q��XZ|}mo\v�Òj}_�[Hwrjl�qXZY]\�X �

~Lj}�o�OÏ¸wo\,j}^�X@?�\,^�gi[H[H|l\ M ��
j}_�[Hwo\ ��?�Y]\AI�^�XZ[H[]\WY � Y]\A?�jlgi_ R � �)S �r`r\ X _o\v`#�'I M �� = σ �� /m ��

�
DÒwo\WY]\ σ ��� jl�Ò[Hwo\p�][xXZ_o`oXZY]`�`r\W�njBXZ[Hjlgi_�gZeDVrjæÔr\W|´��XZ|}mo\v�Òj}_�[Hwrjl�zXZY]\�X �
Ï¸wo\v�]\¸[+DOg,V=XZYxXZ^�\W[]\WY]� M ���

XZ_o` M ��
XZ|}|lg�D�[]g�^�\�Xi�HmrY]\¸[Hwo\�XZ^&Vr|}j X u�XZ[Hjlgi_�gZe{[Hwo\¸_ogijl�]\ÒXZ_o`��ZgiY

^�\�Xi�HmrY]\q[Hwo\ÒVrY]\v�]\W_ouv\qgZeQmr_o`r\v�Hj}YxXZ�r|l\�XZYH[HjæehXiuW[]�Ì[Hw=XZ[Ou�XZ_���\�uWY]\�XZ[]\v`���I)[Hwo\�Y]\v�H[]giYxXZ[Hjlgi_�VrY]gnuv\v`fmrY]\qj}_
X)mr_rjæehgiYH^-Y]\A?�jlgi_�gZe�[Hwo\¡� � Ê � Ï ��gi|}mr^�\ � Tzmo\p[]g&[Hwo\p`fjLVQ\WY]\W_ouv\pgZe±VrY]giV{giYH[Hjlgi_:gZeDVrjæÔr\W|l�Ò��\W|lgi_-?�j}_-?
[]g¥\�Xiuxw��rYxXZj}_#XZ_=XZ[]gi^&jlu�XZ|�[Hjl�]�]mo\���DO\�uvgi_o�Hjl`r\WYO[Hwo\Ò[]gi[xXZ|�^�gi[H[H|l\q^�\�Xi�HmrY]\Y?�j}��\W_���I M =ρ ��� M ��� +

ρ �� M ��
�@DÒj}[Hw ρ ���

XZ_o` ρ ��� `r\v�]jJ?�_=XZ[Hj}_-?�[Hwo\ÌVrY]giV{giYH[Hjlgi_&gZeoVrjæÔr\W|F��\W|lgi_-?�j}_-?z[]gz[Hwo\ ��DÒwrj}[]\Ì^�XZ[H[]\WY �
XZ_o` ��?�YxX I�^�XZ[H[]\WY � XZY]\�XpY]\v�HV�\vuW[Hj}��\W|JI � Í Y]\W|}jBXZ�r|l\p� � Ê � Ï�j}^�X@?�\z^�\W[Hwogn`�Y]\v�H[]giYxXZ[Hjlgi_#\W_rw=XZ_ouv\v�¸[Hwo\W_
[Hwo\�j}^�X@?�\�uvgi_n[HYxXi�H[9DÒj}[Hw�|}j}[H[H|l\�j}_ouWY]\�Xi�]\�j}_�[Hwo\�^�gi[H[H|l\ � bG_F��\WY]�]\W|JI��¸ehgiY�X ?�j}��\W_ ^�X�Ôfj}^�XZ|�^�gi[H[H|l\
^�\�Xi�HmrY]\��-D�\pu�XZ_�^�\�Xi�HmrY]\pjæeD[Hwo\puvgi_n[HYxXi�H[q\W_rw=XZ_ouv\W^�\W_n[zjl���]jJ?�_rj X u�XZ_F[H|JI�j}_ouWY]\�Xi�]\v` R � ��Sd�

���
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� \ w=Xv��\&uvgi^&V=XZY]\v`�gimrY,�r|}j}_o`�XZ_o`:mr_o�HmrV�\WYH�njl�x\v`:`r\vuvgi_n��gi|}mr[Hjlgi_�XZVrVrY]g�Xiuxw DÒj}[Hw�X�uW|BXi�x�Hjlu�XZ|±`r\vuvgi_f�
��gi|}mr[Hjlgi_'[]\vu]wr_rjlknmo\:mo�Hj}_-? [Hwo\��:\W[QP X |}[]\WY R � �)Sd� Ï¸wo\��:\W[QP X |}[]\WY�jl�#X��HmrV�\WYH�njl�]\v`�`r\vuvgi_F��gi|}mr[Hjlgi_
~LY]\v�H[]giYxXZ[Hjlgi_��ÒVrY]gnuv\v`fmrY]\cDÒwrjluxw�Xi�]�Hmr^�\v��[Hwo\t¤n_og�DÒ|l\v`"?�\pgZe�[Hwo\tV{gij}_n[q�HVrY]\�Xi`�e�mr_ouW[Hjlgi_ ~ � � Ó �¸gZe�[Hwo\
j}^�X@?�j}_-?��QIf�H[]\W^ � Ï¸wo\ X |}[]\WYtjl��^�Xi`r\)mrV�gZeÌ[Hwo\)VrY]g9`fmouW[tgZe¸XZ_�j}_F��\WY]�]\ X |}[]\WYtXZ_o`�X�|lg�D V=Xi�]� X |}[]\WY �
Ï¸wrjl� X |}[]\WYtXZ|}|lgED��z[]g�`r\vuvgi_n��gi|}��\¡[Hwo\)� � Ê � Ï j}^�X@?�\<DÒwrj}|l\ XZ[H[]\W_Fm=XZ[Hj}_-?#��\WYQI#wrjJ?�w�e�Y]\vkFmo\W_ouWjl\v�)~Lj � \ � �
XZYH[Hjæe�XiuW[]�YDÒwrjlu]w�uvgimr|l`��{\,j}_o`fmouv\v`���I�[Hwo\tj}_F��\WY]�x\ X |}[]\WYHj}_-?n� R � �@Sd�

� � ��� � � ; Z ��� � :�¿�� ;�� 8 	 ��:H8

� � � � = � �LÈ �LÆ����OÀ�� � �

sq\v�][]giYxXZ[Hjlgi_�DÒj}[Hw�uW|}j}_rjlu�XZ|2`oXZ[xX DO\WY]\&V�\WY e�giYH^�\v`�gi_�[Hwrj}YH[+I:V=XZj}Y]�tgZe¸��s%XZ_o`�� � Ê � Ï j}^�X@?�\v�,e�Y]gi^
`fjLVQ\WY]\W_F[p\WVrj}|l\WVr[Hjlu&V=XZ[Hjl\W_n[]� � ÊOXiu]w � � Ê � Ï `oXZ[xX#�]\W[tuvgi_F[xXZj}_o\v` N �]|}jluv\v�tgZe 128 × 128 ��gvÔr\W|l�cDÒj}[Hw
��gvÔr\W|�`fj}^�\W_o�Hjlgi_�gZe 1.85× 1.85× 1.85 ^&^ 3 �fXZ_o` N ∈ [69, 103]

� ��szb�`oXZ[xX¥�]\W[]��uvgi_F[xXZj}_o\v` M �]|}jluv\v�
gZe 512 × 512 ��gvÔr\W|l� DÒj}[Hw ��gvÔr\W|O`fj}^�\W_o�Hjlgi_ gZe 0.5 × 0.5 × 1.0 ^&^ 3 XZ_o` M ∈ [130, 150]

� bd_�[Hwrjl�
�]\vuW[Hjlgi_´�=X¡eh\AD \�ÔoXZ^&Vr|l\v�Ò[xXZ¤�\W_�e�Y]gi^-[Hw=XZ[Y?�Y]gimrVCDÒj}|}|7�{\,VrY]\v�]\W_n[]\v` �
bN�]gi|BXZ[Hjlgi_ gZe¸[Hwo\��rYxXZj}_ ~Lj}_ �:sqbH�qeLY]gi^ gi[Hwo\WY¡[Hjl�]�Hmo\v�¥w=Xv��\���\v\W_�^�Xi`r\ ��� ��yzes{*k XZ_o`�_ogi[¡`fmrYHj}_-?

[Hwo\�Y]\A?�jl�][HYxXZ[Hjlgi_�XZ_o`�Y]\v�][]giYxXZ[Hjlgi_��H[]\WVo� � É¸Ê2Ïtac�ÌeLYxXiuW[Hjlgi_=XZ|�j}_F[]\W_o�Hj}[+I&[HwrY]\v�Hwogi|l`�jl� X Ôf\v`�[]g 0.50 j}_�gimrY
XZVrVr|}jlu�XZ[Hjlgi_ � Ï¸wrjl�q�iXZ|}mo\,w=Xi���{\v\W_�uxwog��]\W_�\W^&Vrj}YHjlu�XZ|}|JI�X�e�[]\WYqX&�]\W[�gZe�[]\v�H[]� �
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Íz_�\�Ô9V�\WYHj}^�\W_F[xXZ[Hjlgi_ D�Xi�2[Hwo\W_�uvgi_o`fmouW[]\v`�j}_�giY]`r\WY2[]g¥\v�H[Hj}^�XZ[]\Ò[Hwo\ � � Ó gZeQgimrYO� � Ê � Ï j}^�X@?�j}_-?

�  



Ó � �z�
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z(mm) σx σy σz

�njBXZ|
1

Îf�¼¢�£ Îf�¼£�¢ �����¼£�£ §o�¼£ � � �¼�Z§ §o�¼�  
�njBXZ|

2
Îf� §F£ �f�¼Î�£ ��£f�¼£�£ � �¼Î�Î � �  �  §o�¼�Z§

ÏDXZ�r|l\ � Ð Ó � �z�ÑXZ_o` σ XZ|lgi_-?�[Hwo\p`fj}Y]\vuW[Hjlgi_ x � y � z ehgiY�[Hwo\,[+DOg��9jBXZ|l�

�QIf�H[]\W^ � Ï7g [Hwrjl�¸\W_o`Q�9X¡uAI9|}j}_o`fYHjlu�XZ|{Vrw=XZ_n[]gi^�� X |}|l\v`9DÒj}[Hw D¸XZ[]\WY�XZ_o`�uvgi_n[xXZj}_rj}_-?&[�DOg ��\WYQI�[Hwrj}_#�9jBXZ|l���
X |}|l\v`<DÒj}[Hw)X�Ï0u�� Î�Î ^ �]gi|}mr[Hjlgi_#~gDÒj}[Hw XZ_¡XiuW[Hj}�9j}[�Ipuvgi_ouv\W_n[HYxXZ[Hjlgi_�gZe 173.9 XZ_o` 148.0 �:É�k�Y]\v�HV�\vuW[Hj}��\W|JIo�
D�Xi��uvgi_o�][HYHmouW[]\v` � Ï�DOg � � Ó ���zXZ[#[+DOg `fjl�H[xXZ_ouv\v�#gZe¥[Hwo\�uv\W_F[]\WY�gZep[Hwo\�uAI9|}j}_o`fYHjlu�XZ|tVrw=XZ_F[]gi^��,XZY]\
?�\W_o\WYxXZ[]\v` eLY]gi^ [Hwo\v�x\�YxXi`fjlg�XiuW[Hj}��\��xgimrY]uv\�V{gij}_n[]��e�Y]gi^	gimrY�� � Ê � Ï-j}^�X@?�j}_-?��QIf�H[]\W^ � Ï¸wo\�^�g��H[
XiuW[Hj}��\t�9jBXZ|Qjl�qXZ[�[Hwo\p\�ÔoXiuW[�uv\W_F[]\WY�gZeD[Hwo\¥uAIn|}j}_o`fYHjlutVrw=XZ_n[]gi^���XZ_o`�[Hwo\tgi[Hwo\WYqjl� 8 uW^��Wg@V{�GX�Ô9jl��� �
ÏDXZ�r|l\ � |}jl�H[]�¡[Hwo\�eLmr|}| DÒjl`f[Hw�XZ[¡w=XZ|æez^�X�Ô9j}^¡mr^ ~ Ó � �����¥XZ_o` [Hwo\ σ gZez[Hwo\�~hXi�x�Hmr^�\v` []g���\5�

�tXZmo�]�]jBXZ_ � � Ó XZ|lgi_-?#[Hwo\&`fj}Y]\vuW[Hjlgi_ x � y � z � Ï¸wo\ �iXZ|}mo\v�,gZe¸Ï0XZ�r|l\ � XZY]\&gi�r[xXZj}_o\v`���I:X���\WYxX@?�j}_-?�g���\WY
VrY]g X |l\v�ÒXZ|lgi_-?&`fjLV�\WY]\W_n[�`fj}Y]\vuW[Hjlgi_o� � Ï¸wrjl�O[xXZ�r|l\,XZ|}|lgED���[]g gi�o�]\WYH��\z[Hw=XZ[O[Hwo\v�]\z[�D�g Ó � ��� XZY]\q_o\�XZYH|JI
\vknm=XZ|l�zXZ_o`�[Hwnmo��[Hw=XZ[q[Hwo\p�r|}mrYHYHj}_-?�eLmr_ouW[Hjlgi_:jl��_o\�XZYH|JI�j}_n�iXZYHjBXZ_n[�g5��\WY,X&��gi|}mr^�\¡uvgiYHY]\v�HV�gi_o`fj}_-?�[]g�X
wFmr^�XZ_ �rYxXZj}_���gi|}mr^�\ ��� gi_o�]\vkFmo\W_n[H|JI��0gimrY¡ËzÍt�F�dsqb Ó ^�gn`r\W|���DÒwrjlu]w�Xi�x�Hmr^�\v�¥X��HV=XZ[HjBXZ|}|JIn��j}_F��XZYHjBXZ_F[
�r|}mrYHYHj}_-?�e�mr_ouW[Hjlgi_�jl�qXZ|l�xg NNmo�H[Hj X \v` �

� \�Y]\vu�XZ|}|�[Hw=XZ[O[Hwo\,�:\W[QP X |}[]\WY¸w=Xi��[�D�g)V=XZYxXZ^�\W[]\WYÒ[]g¥��\,Xi`@NNmo�H[]\v`Q� Ó � �z� XZ_o` p ~gDÒwrjlu]w#jl��[Hwo\
giY]`r\WYzgZe±[Hwo\ X |}[]\WY � � bG_�giY]`r\WYz[]g&[xXZ¤�\pj}_n[]g�Xiuvuvgimr_n[z[Hwo\tmr_ouv\WYH[xXZj}_n[�I:gZe�[Hwo\p^�\�Xi�HmrY]\¡gZe�[Hwo\ Ó � �z�
gZe±[Hwo\ � � Ó �0DO\pw=X���\¥�Hj}^¡mr|BXZ[]\v`���XZ|}mo\v�zXZY]gimr_o`�[Hwo\pgi_o\v��\v�H[Hj}^�XZ[]\v`�j}_:Ï0XZ�r|l\ � ~L_=XZ^�\W|JI 6.90 � 7.88 �
8.87 � 10.84 � 11.82 � 12.81 � 13.79 XZ_o` 14.78 ^&^"e�giY Ó � �z���¸XZ_o`��]\W��\WYxXZ|7�iXZ|}mo\v�¸ehgiY p ~L_=XZ^�\W|JI�� 10 �
20 � 30 � 40 � 50 � 70 XZ_o` 80 �¸e�giY�X&[]gi[xXZ|0gZe ¢�� uvgi^¡�rj}_=XZ[Hjlgi_o�tgZe±�{gi[Hw�V=XZYxXZ^�\W[]\WY]��XZ_o` DO\pw=X���\¥[xXZ¤�\W_
[Hwo\t��\v�H[�bH�9Ëzs'��XZ|}mo\pXZ^�gi_-?��H[�[Hwo\v�x\puvgimrVr|l\v�qgZe�V=XZYxXZ^�\W[]\WY]� �
Ó jJ? �   �Hwog�D��Ò[Hwo\��iXZYHjBXZ[Hjlgi_�j}_�bH�9Ëzs gZe0[Hwo\,VrY]g9uv\v�]�]\v`�Vrw=XZ_F[]gi^-j}^�X@?�\v�YD � Y � [ � [Hwo\tgi�o�]\WYH��XZ[Hjlgi_o�

ehgiY±X�YxXZ_-?�\ÒgZe Ó � ���-V=XZYxXZ^�\W[]\WYOXZ_o`¡ehgiY±[Hwo\��{\v�H[���XZ|}mo\ÒgZe p � É I¡\�ÔoXZ^&j}_rj}_-?p[Hwo\¸b �9Ë�s ehgiY�`fjLVQ\WY]\W_F[
��XZ|}mo\v�qgZe Ó � ��� �%DO\p_ogi[Hjluv\¡[Hw=XZ[�[Hwo\¡giVr[Hj}^�XZ|0Y]\v�H[]giYxXZ[Hjlgi_��iXZ|}mo\¥jl�ÒehgiY Ó � ��� � 9.85 ^&^�� p = 40

uvgiYHY]\v�HV�gi_o`fj}_-?�[]g&bH�9Ëzs = 0.42 `rÉ �

� � � � ;�Â ���LÃ���Á � ���LÅ�È �oÈ7À Ã�Â���]�ÂnÈ�� � ���LÅ{È
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\�ÔoXZ^&Vr|l\OgZeoY]\A?�jl�H[HYxXZ[Hjlgi_)gZeo[Hwo\Ì�:s ��gi|}mr^�\�DÒj}[Hw¡[Hwo\¸� � Ê � Ï ��gi|}mr^�\,~Lmo�Hj}_-?,��b{Y]\A?�jl�H[HYxXZ[Hjlgi_)^�\W[Hwog9`

���
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Evolution of ISNR for several values of parameter FWHM
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sq\v�][]giY]\v`�j}^�X@?�\v� T�\A?�YxXi`r\v`�j}^�X@?�\v�
DÒj}[Hw J4(u) ��\W[QP X |}[]\WY DÒj}[Hwogimr[ J4(u)� gi_F[HYxXi�H[ CG 37.3 30.4 24.3 20.0

�:gi[H[H|l\ M 14.1 13.0 12.1 12.1

Ï0XZ�r|l\ � ÐzÏ¸wo\�?�|lgi�=XZ|2uvgi_F[HYxXi�H[¥XZ_o`:[]gi[xXZ|±^�gi[H[H|l\�~�\�Ô9VrY]\v�x�]\v`:j}_ � �zgi�r[xXZj}_o\v`:e�Y]gi^ Y]\v�HV{\vuW[Hj}��\W|JI�[Hwo\
Y]\v�H[]giY]\v`:j}^�X@?�\�DÒj}[Hw�XZ_o`�DÒj}[Hwogimr[ J4(u) ��[Hwo\)�:\W[QP X |}[]\WY��´XZ_o`:[Hwo\)`r\A?�YxXi`r\v`�j}^�X@?�\v���{[Hw=XZ[pXZY]\¡[Hwo\giYHjJ?�j}_=XZ|´Y]\�XZ|D� � Ê � Ï j}^�X@?�\v� �

� w=XZ_F[]gi^�� sq\v�][]giY]\v`#j}^�X@?�\v� T�\A?�YxXi`r\v`
DÒj}[Hw J4(u) ��\W[QP X |}[]\WY DÒj}[Hwogimr[ J4(u) j}^�X@?�\v�

CG M ISNR CG M ISNR CG M ISNR CG M

�zg@V�^�XZ_ 30.4 25.2 0.7 23.0 20.1 0.4 19.2 17.8 0.3 18.2 17, 4� gi|l`��HVrwo\WY]\v� 28.2 36.4 0.7 20.7 32.3 0.4 19.5 26.5 0.2 17.0 26.0

�zgi[��]Vrwo\WY]\v� 27.8 38.7 0.7 20.1 33.1 0.4 19.0 27.4 0.2 16.3 26.4

Ï0XZ�r|l\��fÐDÏ¸wo\ ?�|lgi�=XZ|ouvgi_F[HYxXi�H[ CG
XZ_o` [Hwo\¸^�gi[H[H|l\ M ~�\�ÔfVrY]\v�]�]\v` j}_ � �0XZ_o`)[Hwo\�j}^&VrY]g5��\W^�\W_F[O�]jJ?�_=XZ|æ�

[]gZ��_ogijl�]\¥YxXZ[Hjlg ISNR ~�\�ÔfVrY]\v�]�]\v`�j}_�`rÉ��Ògi�r[xXZj}_o\v`�eLY]gi^ Y]\v�HV{\vuW[Hj}��\W|JI�[Hwo\¥Y]\v�H[]giY]\v`�j}^�X@?�\>DÒj}[Hw:XZ_o`DÒj}[Hwogimr[ J4(u) �r[Hwo\¥��\W[QP X |}[]\WY��=XZ_o`�[Hwo\t`r\A?�YxXi`r\v`�j}^�X@?�\v�Ò[Hw=XZ[zXZY]\p[Hwo\tgiYHjJ?�j}_=XZ|7Vrw=XZ_F[]gi^ � � Ê � Ï �

`r\v�]uWYHj}��\v`�j}_��9\vuW[Hjlgi_:� �}� � �

� � � ��� ���oÈ���� � � ��� ��Â:Á�ÂnÃ ��� ��Ã

Í0��\WYxX@?�\2uvgi_F[HYxXi�H[�XZ_o`t[]gi[xXZ|F^�gi[H[H|l\�DO\WY]\ X Y]�][7kFm=XZ_n[Hj X \v`¥gi_¡X��]\W[´gZe7~LwFmr^�XZ_¥�rYxXZj}_��0� � Ê � Ï `r\A?�YxXi`r\v`
XZ_o`�Y]\v�][]giY]\v`�j}^�X@?�\v��~gDÒj}[Hw XZ_o` DÒj}[Hwogimr[#gimrY�XZ_=XZ[]gi^&jlu�XZ|æ���=Xi�]\v`�Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ J4(u) ��XZ_o`
uvgi^&V=XZY]\v`�[]g�[Hwo\���\W[QP X |}[]\WY � Ï¸wo\&Y]\v�Hmr|}[]� XZY]\��Hwog�DÒ_�j}_ Ï0XZ�r|l\ �f� yzmrY¥VrY]giV�g��]\v` XZ|J?�giYHj}[Hwr^ DÒj}[Hw
J4(u) XZ|}|lg�D��Ì[]g¥j}_ouWY]\�Xi�]\�[Hwo\(?�|lgi�=XZ|{uvgi_n[HYxXi�H[���I 1.87 XZ_o`�[Hwo\q^�gi[H[H|l\q�'I�X�e�XiuW[]giYOgZe 1.17 � Ï¸wo\q�:\W[QP
X |}[]\WYOXZ|}|lg�D��2[]g,j}_ouWY]\�Xi�]\Ò[Hwo\�?�|lgi�=XZ|�uvgi_F[HYxXi�H[O��I 1.52 XZ_o`�[Hwo\¸^�gi[H[H|l\���I&X&~��]gi^�\ADÒw=XZ[Ì�]j}^&j}|BXZY �0ehXiuW[]giY
gZe 1.08 �
yz_ � � Ê � Ï Vrw=XZ_n[]gi^��Q[Hwo\ Y]\v�Hmr|}[]�tXZY]\¡_og�D �HwogEDÒ_�j}_�Ï0XZ�r|l\���XZ_o`�?�j}��\ �Hj}^&j}|BXZY,Y]\v�Hmr|}[]� � � wo\W_

uvgi^&V=XZY]\v` DÒj}[Hw X�uW|BXi�]�Hjlu�XZ|ÌY]\v�H[]giYxXZ[Hjlgi_ XZVrVrY]g�Xiuxw mo�Hj}_-?�X��:\W[QP X |}[]\WY��0gimrY¥^�\W[Hwogn` [HwFmo�¡V{\WY ehgiYH^��
��\W[H[]\WY��¸j}_ []\WYH^���gZe¥�HjJ?�_=XZ|æ��[]gZ��_ogijl�]\�YxXZ[Hjlg � Ï¸wo\�j}_ouWY]\�Xi�]\:gZet[Hwo\�^�gi[H[H|l\ DÒj}[Hw J4
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L
~gDÒj}[Hw�uvgiYHY]\vuW[�XZ_=XZ[]gi^&jlupj}_fehgiYH^�XZ[Hjlgi_�� � � � � ��Îf�¼¢ ��¢f�¼Î �W§o�¼� Îf� § �f�¼Î

Ï0XZ�r|l\ § Ð ¦ g9u�XZ|�uvgi_F[HYxXi�H[ �
L
~�\�Ô9VrY]\v�]�x\v` j}_ � � DÒj}[Hw XZ_o`�DÒj}[Hwogimr[�uvgiYHY]\vuW[�XZ_=XZ[]gi^&jlu#j}_fehgiYH^�XZ[Hjlgi_

gi�r[xXZj}_o\v`�e�Y]gi^"[Hwo\tY]\v�H[]giY]\v`�j}^�X@?�\cDÒj}[Hw J4(u)

sq\v�][]giY]\v`#j}^�X@?�\v� T,\A?�YxXi`r\v`� gi|l`:�nVrwo\WY]\
i DÒj}[Hw J4(u) ��\W[QP X |}[]\WY DÒj}[Hwogimr[ J4(u) j}^�X@?�\

CL CL CL CL�
23.3 17.2 16.1 14.4�
19.5 16.7 14.9 12.1

� 15.9 12.3 11.2 9.3§
14.8 10.4 9.0 7.8¢
9.4 7.1 6.0 4.1�
6.9 4.6 3.1 2.1

Ï0XZ�r|l\ ¢ Ð0Ï¸wo\¸|lg9u�XZ|ouvgi_F[HYxXi�H[ CL
~�\�ÔfVrY]\v�]�]\v`)j}_ � �&DÒj}[Hw�uvgiYHY]\vuW[OXZ_=XZ[]gi^&jluq�Hjl`r\¸j}_fe�giYH^�XZ[Hjlgi_�gi�r[xXZj}_o\v`

e�Y]gi^-Y]\v�HV�\vuW[Hj}��\W|JI�[Hwo\tY]\v�H[]giY]\v`�j}^�X@?�\ DÒj}[Hw�XZ_o`CDÒj}[Hwogimr[ J4(u) �o[Hwo\p�:\W[QP X |}[]\WY��{XZ_o`�[Hwo\p`r\A?�YxXi`r\v`j}^�X@?�\t[Hw=XZ[zXZY]\p[Hwo\tgiYHjJ?�j}_=XZ|7Vrw=XZ_F[]gi^ � � Ê � Ï �

uW|}j}_rjlu�XZ|oV�\WY]�HV�\vuW[Hj}��\�\W_o�]mrY]\v�±�{\W[H[]\WY2`r\W[]\vuW[Hjlgi_�gZe{ehgnu�XZ|oXZ_ogi^�XZ|}jl\v���FX�[xXi�]¤ XZ[.DÒwrjlu]w�� � Ê � Ï jl��mo�Hm=XZ|}|JI
_ogi[]giYHjlgimo�H|JI#V�gngiY �
� � Ê � Ï j}^�X@?�\ DÒj}[Hw�uvgi|l`��HVrwo\WY]\v�(DO\WY]\)XZ|l�]g&Y]\v�H[]giY]\v`�mo�Hj}_-?�V=XZYH[HjBXZ|}|JI�j}_ouvgiYHY]\vuW[tXZ_=XZ[]gi^&jlupj}_fehgiY �

^�XZ[Hjlgi_ ~Lj � \ � �=uAI9|}j}_o`fYHjlu�XZ|0Vrw=XZ_n[]gi^ �:sqb DÒj}[Hw 5 `fjLV�\WY]\W_n[��HVrwo\WY]\¡�HjJP�\v��j}_o�][]\�Xi`�gZe 6 ��gi_o\¡�]\A?�^�\W_F[]\v`
�HVrwo\WY]\>D�Xi�zY]\W^�g���\v`:j}_�[Hwo\ �:sqb¸�]\A?�^�\W_F[]\v`:j}^�X@?�\5� � Ï0XZ�r|l\ § �Hwog�D��z[Hw=XZ[z[Hwo\¥|lg9u�XZ|0uvgi_n[HYxXi�H[,^�\�X��
�HmrY]\v` gi_�[Hwrjl��Y]\v�][]giY]\v`'� � Ê � Ï j}^�X@?�\ ~gDÒj}[Hw gimrY�XZ_=XZ[]gi^&jlu�XZ|æ���=Xi�]\v` Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_ []\WYH^ J4(u) �
Y]\W^�XZj}_o�¸�Hj}^&j}|BXZY DÒj}[Hw�|lg9u�XZ|�uvgi_n[HYxXi�H[Ògi�r[xXZj}_o\v` DÒj}[Hw�uvgiYHY]\vuW[�XZ_=XZ[]gi^&jlu�j}_fe�giYH^�XZ[Hjlgi_ � Ï¸wrjl�Ì[]\v�H[¸�Hwog�D��
[Hw=XZ[±[Hwo\¸Y]\v�H[]giY]\v`)j}^�X@?�\Òjl�±uvgi_o�][HYxXZj}_o\v`�~�giY	?�mrjl`r\v`=�D��I)gimrY±VrYHjlgiY±¤n_og�DÒ|l\v`"?�\Ò�rmr[±_ogi[	DÒY]gi_-?�|JI �rjBXi�]\v`
��I#[Hwrjl�Òj}_fehgiYH^�XZ[Hjlgi_ �
bG_�[Hwrjl�p\�Ô9V�\WYHj}^�\W_F[��7[Hwo\ � [Hwo\&�HmrVrV�giYH[puvgi_o�H[HYxXZj}_F[ � \W_o\WYQ?�I:[]\WYH^��7XiuW[Hj}_-?�Xi�pX�|}j}¤�\W|}j}wog9gn`�\W_o\WYQ?�I

[]\WYH^��¸XZ|}|lgED��&[]g�uvgimr_n[]\WYH�=XZ|BXZ_ouv\�[Hwo\#|lg9u�XZ|}|JI DÒY]gi_-?�j}_fehgiYH^�XZ[Hjlgi_ ?�j}��\W_��'I [Hwo\#VrYHjlgiY�\W_o\WYQ?�I�[]\WYH^
J4(u)
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¦ g9u�XZ|�uvgi_F[HYxXi�H[�D�Xi�¸knm=XZ_F[Hj X \v`#gi_�j}_o`fj}�njl`fm=XZ|Q�HVrwo\WY]\v�¸gZeD� � Ê � Ï `r\A?�YxXi`r\v`�XZ_o`�Y]\v�H[]giY]\v`�j}^�X@?�\v�
~gDÒj}[Hw�XZ_o` DÒj}[Hwogimr[pgimrYtXZ_=XZ[]gi^&jlu�XZ|æ���=Xi�]\v`�Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_�[]\WYH^ J4(u) �zXZ_o`�uvgi^&V=XZY]\v`�[]g�[Hwo\ ��\W[QP
X |}[]\WY � Ï0XZ�r|l\ ¢ �Hwog�D��,[Hw=XZ[pgimrYtVrY]giV{g��]\v`�XZ|J?�giYHj}[Hwr^ DÒj}[Hw J4(u) XZ|}|lg�D��t[]g#j}_ouWY]\�Xi�]\)j}_�Xv��\WYxX@?�\&[Hwo\
|lg9u�XZ|´uvgi_F[HYxXi�H[z��I 2.10
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^�\W[Hwog9` � Ï¸wo\#Y]\v�][]giYxXZ[Hjlgi_ gZetX�DÒwogi|l\��rYxXZj}_�uvgi_n��\WYQ?�\v��[]g�X:��\WYQI ?�gng9` \v�H[Hj}^�XZ[]\�gZe,[Hwo\��]gi|}mr[Hjlgi_
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Ó jJ? �}��£ �Hwog�D��q\�ÔoXZ^&Vr|l\v�qgZe±`fjLV�\WY]\W_n[qY]\v�H[]giYxXZ[Hjlgi_�Y]\v�Hmr|}[]��gZe±gimrY�^�\W[Hwogn`�mo�Hj}_-?�`fjLVQ\WY]\W_F[q��XZ|}mo\pgZe�[Hwo\
É¸Ê2Ïtac� e�YxXiuW[Hjlgi_=XZ|Òj}_F[]\W_o�Hj}[+I [HwrY]\v�Hwogi|l` ~g?�j}�9j}_-?�`fjLV�\WY]\W_n[&jl�]gi|BXZ[Hjlgi_�gZez[Hwo\��rYxXZj}_�e�Y]gi^ gi[Hwo\WY&[Hjl�x�Hmo\v�
~��]\v\ Ó jJ? �¼� �H� � yzmrYpY]\v�][]giYxXZ[Hjlgi_�VrY]gnuv\v`fmrY]\�jl�t_ogi[p��\WYQI��]\W_o�Hj}[Hj}��\)[]g�[Hwrjl�t[HwrY]\v�]wogi|l`��iXZ|}mo\FDÒwo\W_�j}[pjl�
�9jl�Hm=XZ|}|JI��]\W[���I�XZ_�\�Ô9V�\WYHj}^�\W_F[]\v`�mo�x\WY&~ãehgiY,j}_o�H[xXZ_ouv\)[Hwo\ �iXZ|}mo\)gZe¸uvgi_F[HYxXi�H[tjl�t�H[xXZ[Hjlgi_=XZYQI�DÒwo\W_�[Hwo\
[HwrY]\v�Hwogi|l`�?�gn\v�qe�Y]gi^ 0.45 []g 0.55 � � Ë�\W��\WYH[Hwo\W|l\v�]����[Hwrjl�qV=XZYxXZ^�\W[]\WY D¸Xi��\�Xi�]j}|JI��]\W[q[]g 0.50 gi_ouv\ XZ_o`
ehgiYÒXZ|}|{[Hwo\,[Hwrj}YH[�I�V=XZj}Y]�ÒgZe0�:s j}^�X@?�\v��XZ_o`��x\v\W^��¸[]g¡��\�giVr[Hj}^�XZ|Qj}_�XZ|}|�[]\v�H[]\v`#u�Xi�]\v� � Ï¸wrjl�O[HwrY]\v�]wogi|l`
jl��\�Xi�QI�[]g&�]\W[Ò�9jl�Hm=XZ|}|JI �
Ï¸wo\ � � Ó \v�H[Hj}^�XZ[]\v`&��I)gimrY2^�\W[Hwog9`�~Lj}_)e�XiuW[���[Hwo\ Ó gimrYHjl\WYOj}_F��\WY]�]\�gZeQgimrY2Ë�Í,�F�dszb Ó j}_F��\WY]�]\ X |}[]\WY �

XZ|lgi_-?:[Hwo\�`fj}Y]\vuW[Hjlgi_ x � y XZ_o` z u�XZ_ ��\�XZVrVrY]g�Ô9j}^�XZ[]\v` �'I X �pXZmo�]�HjBXZ_ `fjl�][HYHj}�rmr[Hjlgi_�DÒj}[Hw �H[xXZ_o`oXZY]`
`r\W�9jBXZ[Hjlgi_o�Ò\vkFm=XZ|�[]g 3.58 � 3.10 XZ_o` 3.31 XZ|lgi_-?&[Hwo\ x � y XZ_o` z X�Ôr\v�,~L[Hwrjl�ÒuvgiYHY]\v�]V{gi_o`r�¸[]g 8.45 � 7.31 �
XZ_o` 7.78 ^&^ Ó � ��� Y]\v�HV{\vuW[Hj}��\W|JIo� ��� wo\W_ DO\�uvgi^&V=XZY]\�[Hwrjl� � � Ó DÒj}[Hw�[Hwo\�gi_o\�\�ÔfV{\WYHj}^�\W_n[xXZ|}|JI
mo�]\v`4DÒj}[Hw�[Hwo\¥��\W[QP X |}[]\WY��0DO\pu�XZ_�_ogi[]\t[Hwo\¥�Hj}^&j}|BXZYHj}[�I#��\W[�DO\v\W_�[Hwo\v�]\t[+DOg�Y]\v�]mr|}[]� �
yzmrY)^�\W[Hwog9` DÒj}|}| D�giYH¤ ��\v�H[�DÒj}[Hw X@?�\W_n[]���Hwog�DÒj}_-?�X�DÒjl`r\v�HVrY]\�Xi` �rYxXZj}_ `fjl�H[HYHj}�rmr[Hjlgi_ XZ_o`�D�\W|}|

`r\W|}j}_o\�XZ[]\v`5?�Y]\AI XZ_o`�DÒwrj}[]\�^�XZ[H[]\WY]�#�Hmouxw Xi��gi�o�]\WYH��\v`5DÒj}[Hw �r|lg9g9` B=gED [HYxXiuv\WY]��~ Î�Î ^�Ï7u:|BXZ��\W|l\v`
��� � Íqy giYqÊ � Tp� �
Ï¸wo\�uvgi^&Vrmr[xXZ[Hjlgi_=XZ|Ò[Hj}^�\�gZeqgimrY []\vu]wr_rjlknmo\�[xXZ¤�\v� XZVrVrY]g�Ô9j}^�XZ[Hj}��\W|JI 6.33 ^&j}_nmr[]\v�)X@?FXZj}_o�][ 0.24

^&j}_Fmr[]\v�Òe�giY�[Hwo\z�:\W[QP X |}[]\WYÒgi_�X 2.0 �t�(P �O� DOgiYH¤f�H[xXZ[Hjlgi_�YHmr_r_rj}_-? ¦ j}_nmfÔ � yzmrY¸^�\W[Hwog9`�jl�¸uvgi^&Vrmf�
[xXZ[Hjlgi_=XZ|}|JI�`r\W^�XZ_o`fj}_-?��rmr[,Y]\vu�XZ|}|�[Hw=XZ[tgimrY,^�\W[Hwogn`�jl���r|}j}_o`�XZ_o`�`rg9\v��_ogi[�Y]\vknmrj}Y]\)XZ_�I�V=XZYxXZ^�\W[]\WY]�
gZe�[Hwo\ � � Ó e�mr_ouW[Hjlgi_ �
Íz^�gi_-?q[Hwo\2`fjl� Xi`f�iXZ_n[xX@?�\v�DgZergimrY7^�\W[Hwog9`Q�@DO\Ou�XZ_¥uWj}[]\2j}[]�0uvgi^&Vrmr[xXZ[Hjlgi_=XZ|9uvg��H[0`fmo\2[]gÒj}[]�7j}[]\WYxXZ[Hj}��\

_=XZ[HmrY]\,XZ_o`�[Hwo\z_o\v\v`�gZe0XZ_#Xi`r`fj}[Hjlgi_=XZ|Q��szbD�xu�XZ_ � Íq|l�]gr�F[Hwo\�XiuvuWmrYxXiuAI�gZe´[Hwo\qY]\A?�jl�H[HYxXZ[Hjlgi_�VrY]g9uv\v`fmrY]\
jl��uWYHmouWjBXZ|QehgiYÒ[Hwo\ X _=XZ|´Y]\v�][]giYxXZ[Hjlgi_�Y]\v�Hmr|}[ �

� � = � � = � 	�8 Z � �

bG_�[Hwrjl�ÌV=XZV�\WY��'DO\�w=X���\qVrY]\v�x\W_F[]\v`#XtY]gi�rmo�H[��FV{g��H[ ��Y]\vuvgi_o�][HYHmouW[Hjlgi_�Y]\v�][]giYxXZ[Hjlgi_�^�\W[Hwog9`�gZe7�iT � � Ê � Ï
j}^�X@?�\v� � Ï¸wrjl� ^�\W[Hwogn` j}^&VrY]g���\v��[Hwo\�Y]\v�]gi|}mr[Hjlgi_ gZeqwnmr^�XZ_ �rYxXZj}_ �iT � � Ê � Ï j}^�X@?�\v��XZ_o`��Hwogimr|l`
[HwFmo�)��\�wo\W|}VfeLmr|�[]g:Vrw�If�HjluWjBXZ_o� j}_F[]\WYHVrY]\W[Hj}_-? �Hmouxw �H[Hmo`fjl\v� � yzmrY)XZVrVrY]g�Xiuxw [xXZ¤�\v�&Xi`f�iXZ_n[xX@?�\�gZeq[Hwo\
XZ_=XZ[]gi^&jlu�XZ|2XZ_o`�?�\vgi^�\W[HYHjlu�XZ|Dj}_fehgiYH^�XZ[Hjlgi_�uvgi_F[xXZj}_o\v`�j}_:[Hwo\¡�:sqb¸�H[Hmo`"I�gZeÌ\�Xiu]w��Hmr�"NH\vuW[ � Ï¸wo\¡VrY]gZ�

��¢



V�g��]\v`&uvgi_o�H[HYxXZj}_F[O[]\WYH^%XZ|}|lgED��O��gi[Hw��H[xXZ�rj}|}jJP5XZ[Hjlgi_�gZeQ[Hwo\¸j}_F��\WY]�x\q�]gi|}mr[Hjlgi_�gZe�[Hwo\�Ë�Í,�F�dszb Ó VrY]g9uv\v`fmrY]\
��I�VrY]\W��\W_F[Hjlgi_�gZe0_ogijl�x\pXZ^&Vr|}j X u�XZ[Hjlgi_�XZ_o`#[Hwo\c?�\W_o\WYxXZ[Hjlgi_�gZe±X ��\W[H[]\WYquvgi_o�H[HYxXZj}_n[qgi_�[Hwo\p�]gi|}mr[Hjlgi_�gZe
gimrY�Y]\v�H[]giYxXZ[Hjlgi_�VrY]gi�r|l\W^ � bG_�[Hwo\�Y]\A?�mr|BXZYHjJP5XZ[Hjlgi_#eLYxXZ^�\AD�giYH¤{�f[Hwrjl��[]\WYH^-XZ|}|lgED��Ò�]^�gngi[Hw�Y]\A?�jlgi_o��[]g¡��\
Y]\vuvgi_o�H[HYHmouW[]\v` j}_�[Hwo\�� � Ê � Ï j}^�X@?�\�� DÒwo\WY]\��Hmouxw�wogi^�g�?�\W_o\vgimo�&XZ_=XZ[]gi^&jlu�XZ|ÌY]\A?�jlgi_o�)XZY]\)ehgimr_o`�j}_
[Hwo\twrjJ?�w�Y]\v�]gi|}mr[Hjlgi_��:sqbÌj}^�X@?�\v�zgZe�[Hwo\tV=XZ[Hjl\W_F[���X�e�[]\WY�[Hwog��]\tw=X���\p��\v\W_�Y]\A?�jl�H[]\WY]\v`�[]g�[Hwo\p�Hmr�"NH\vuW[�ac�
� � Ê � Ï ��gi|}mr^�\ � Ï¸wrjl�2^�\W[Hwog9`&w=Xi�Ì�{\v\W_�[]\v�][]\v`�gi_�X,_nmr^¥��\WY�gZe7� � Ê � Ï �Z�:s�V=XZj}Y]���n`r\W^�gi_o�][HYxXZ[Hj}_-?
j}[]��\TK�uWjl\W_ouAI�XZ_o`�Y]gi�rmo�H[H_o\v�]� � Ï¸wrjl�Ò�iT'�r|}j}_o`�Y]\v�H[]giYxXZ[Hjlgi_#[]\vu]wr_rjlknmo\zjl��uvgi^&Vr|l\W[]\W|JI�`oXZ[xX¡`fYHj}��\W_´�rXZ_o`
uvgimr|l`���\,j}^&Vr|l\W^�\W_F[]\v`�[]g�XZmr[]gi^�XZ[Hjlu�XZ|}|JI�VrY]gnuv\v�x�Ò^�Xi�]�Hj}��\t_nmr^¥��\WY]�qgZe2�iT � � Ê � Ï �H[Hmo`fjl\v� �

������������	�
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R �TS T � O,mr_o`fmrY¥XZ_o`�T � ��XZ[QPvj}_=XZ¤�g�� � Í%_og���\W|±�r|}j}_o`�`r\vuvgi_n��gi|}mr[Hjlgi_ �]uxwo\W^�\ e�giYtj}^�X@?�\)Y]\v�][]giYxXZ[Hjlgi_
mo�Hj}_-?�Y]\vuWmrY]�Hj}��\ X |}[]\WYHj}_-? ��� a�a�a d&lQh�{-� h�~ ��e���{-� ��{�_0eJj�{h�y` lQ�E~ kT� �teg{'j � §F� ~ � ��Ð¼��  ¢�� � Î�£ � ��Î�Î��f�

R �)S¡�D��� XZ|}�9j}_rj��¸Í � � � �:Xi�x�]gi_o\�� Ó � � � Ëzgi�rj}|}j��ÒXZ_o` � � sqg9`fYHjJ?�mo\AP � Ó mo�Hjlgi_�gZe�[Hwo\���s j}^�X@?�\�[]g
� � Ê � Ï�DÒj}[Hw:V{g��x�Hj}�r|l\puvgiYHY]\vuW[Hjlgi_:e�giYqV=XZYH[HjBXZ|0��gi|}mr^�\ \TV�\vuW[]� ��� a�a�a d&l3h�{-�Ah�~E��e���{%�>��{�� �-~Ay kQh�l
_�~ e�kT{�~ k � ¢ �r~ � ��Ð ����Î�����Î  9� ��£�£��f�

R � S)��� Í � É¸gimr^�XZ_�XZ_o`9O � �fXZmo\WY � Í�mr_rj X \v`�XZVrVrY]g�Xiu]w�[]gp�H[xXZ[Hjl�][Hjlu�XZ|=[]gi^�g�?�YxXZVrw�I�mo�Hj}_-?¥uvg9giY]`fj}_=XZ[]\
`r\v�]uv\W_n[zgiVr[Hj}^&jJP5XZ[Hjlgi_ ��� a�a�a d&l3h�{%�Ah�~ ��e���{-� ��{ � fFhEj�k ` lQ�E~ kt�t�teg{'j � ¢ ~h����Ð §F��£��F§FÎ�� � ��Î�Î��f�

R §�S � � Íz|l\W_rj}mo���o� � s�mogi[]� XZ|BXZj}_o\W_´��XZ_o`�� � Íz�H[]gi|BX � �z�Hj}_-?&|lg9u�XZ|´^�\v`fjBXZ_�Xi�Ò[Hwo\t|lg9u�XZ[Hjlgi_�gZe±[Hwo\tVrYHjlgiY
`fjl�H[HYHj}�rmr[Hjlgi_�j}_�j}[]\WYxXZ[Hj}��\p\W^&jl�]�Hjlgi_�[]gi^�g�?�YxXZVrw'I�j}^�X@?�\,Y]\vuvgi_o�H[HYHmouW[Hjlgi_ ��� a�a�a d&lQh�{-�Ah�~ ��e���{-� ��{
�c�"~Ay kQh�l _�~Ae�kT{~ k � §F¢ ~ � ��Ð¼� £�Î   � � ��£Z§ � ��Î�Î��f�

R ¢)S � � ��� ��g9giY]\��Ò� � Ó � O,j NH\AD��H¤9j���� �c�0� ���r|}|l\WY�� Ó � s(In�rjlux¤nj���XZ_o` s � Ê ��� j}^&^�\WYH^�XZ_ � Ê±��XZ|}m=XZ[Hjlgi_
gZep�]u�XZ[H[]\WY#uvgi^&V{\W_o� XZ[Hjlgi_ ^�\W[Hwog9`r���'I [Hwo\Wj}Y�\TVQ\vuW[]��gi_ V=XZYxXZ^�\W[]\WY�\v�][Hj}^�XZ[Hjlgi_ e�Y]gi^ � � Ê � Ï
VrY]g@NH\vuW[Hjlgi_o� � o kW|�e�~ h�y*`��'m)�Te�~A� � ��� ~ � ��Ð �   ���9���  9� ��£�£f���

R �)S T � ��� �zj}_o\v�5�z� � bNu]wrjl�x\��z� � � �Ò¦ jlgEDp�,� � Ï7g�IFXZ^�Xf�pXZ_o`'s � É � bd_r_rjl� � Ê±�iXZ|}m=XZ[Hjlgi_ gZe � �]u�XZ[H[]\WY
uvgiYHY]\vuW[Hjlgi_�^�\W[Hwogn`r��mo�Hj}_-? X��H[HYHjBXZ[xXZ|�Vrw=XZ_F[]gi^Je�giY�kFm=XZ_n[Hj}[xXZ[Hj}��\:�rYxXZj}_ � � Ê � Ï ��� ���/lt{�h�y �3�
�c�"~Ay kQh�l o kQ|�e�~Aeg{�k4d	kQ~���{���yL� j�m ��� � ~h����Ð ��¢   ������£ � ��£�£ � �

R   S � � Ê±| Ó XZ¤9wrYHj���� � yzm-IFXZ_-?o��s � Ê ��� j}^&^�\WYH^�XZ_´�FÍ � � � Ó jl�]u]wr^�XZ_´�FXZ_o`)� � Ó � O,j NH\AD��H¤9j �n� \WY e�giYH^�XZ_ouv\
gZeoX¸_og���\W|9uvgi|}|}j}^�XZ[]giY´ehgiY´wrjJ?�wf�d�]\W_o�Hj}[Hj}�9j}[�It�rYxXZj}_)� � Ê � Ï � o kW|�e�~ h�y�`���m@�te�~T� �i���r~ � ��Ð ��£�Î��9�f��¢ � ��£�£��f�
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R �)S � � s��i^�\WY��,Ë � sq\Wjlu]wo\W|��t� � Í � �zj N]Xf�,b � Ëzjlu]¤�\W|��t� � ��giYH_o\A?�?�\WY�� � � É¸XZmr[QP��pXZ_o` Ï � O,m�DO\WYH[ �
bN�]gi[HY]giVrjlu)Y]\vuvgi_o�H[HYHmouW[Hjlgi_�gZeÒ� � Ê � Ï `oXZ[xX#mo�Hj}_-?�yt�9Ê2���iT)Ð � giYHY]\W|BXZ[Hjlgi_}DÒj}[Hw � Ï ��� ~Wh�|�kTfHe�~
pch�|�e���yL�Wj�m � � �r~ § ��Ð §FÎ����9¢�£�� � ��£�£��f�

R Î)S � � ��� �:g9giY]\��7� � yzm-IFXZ_-?o����jæ�dÍÒ\ � XZYH¤{��XZ_o` � � Ê±| Ó XZ¤9wrYHj � �:gi_F[]\�u�XZYH|lgZ���=Xi�]\v` uvgi^&V{\W_o� XZ[Hjlgi_
ehgiY¥V=XZ[Hjl\W_n[ �]u�XZ[H[]\WY���`r\W[]\vuW[]giY)�]u�XZ[H[]\WY��±XZ_o` uWY]g��]�][xXZ|}¤�uvgi_n[xXZ^&j}_=XZ[Hjlgi_ j}_ j}_f� ����� � � Ê � Ï j}^�X@?i�
j}_-? � bG_ � �-~Ay kQh�l � {-�T��lT�/fFkA{0�g�ch�{|7o kA� �/�E|��<es{C`���m@�te�~T�$pYkt�EkQh�lQ~�� ����gi|}mr^�\ ¢���Î �rV=X@?�\v� §   ���F§   � �
T,\vuv\W^¥��\WY ��£�£��f�

R ��£)S � � � � Í � � � T,\���gi_-?o�9Ê � Ï �c�0� �n|}j N V{\W_´�9XZ_o` Ó � � � É¸\v\W¤9^�XZ_ � ÍÒuvuv\W|l\WYxXZ[Hjlgi_�gZe�^�gi_F[]\�u�XZYH|lg � � Ê � Ï
�Hj}^¡mr|BXZ[Hjlgi_¡mo�]j}_-?quvgi_F��gi|}mr[Hjlgi_f���=Xi�]\v`¡ehgiY]uv\v`¥`r\W[]\vuW[Hjlgi_ � � a�a�aMd&l3h�{-�Ah�~E��e���{%� ��{ � �-~Ay kQh�l _�~Ae�kT{~ k �
§F� ~ � ��Ð ¢����9�Z§ � ��£�£f���

R ���TS � � � � ��XEDÒ¤nj}_o��� �D� O ��¦ \Wjluxwr_o\WY��nXZ_o` Ë � � ����� XZ_-? � Ï¸wo\¸uWj}Y]uWmr|BXZYDw=XZYH^�gi_rjlu¸[HYxXZ_o�He�giYH^ ehgiY±� � Ê � Ï
Y]\vuvgi_o�H[HYHmouW[Hjlgi_ XZ_o`���gimr_o`oXZYQI uvgi_o`fj}[Hjlgi_o�&gi_ [Hwo\�ehgimrYHjl\WY)[HYxXZ_o� ehgiYH^ÑgZeq[Hwo\#�Hj}_og�?�YxXZ^ � � a�a�a
d&lQh�{-� h�~ ��e���{-� ��{�o kQ|�e�~Wh�y � fih�j�es{/j �= f~ � ��Ð � � ¢���� � � � ��Î����f�

R ���)S � � � � ��|}jlux¤{��É � ���7� \W_r_o\AI��2� � Í � O,j}_-?o�2XZ_o` ���c¦2� É�I9YH_o\ � Ë�gi_rj}[]\WYxXZ[Hj}��\�uvgi^&V�\W_o�xXZ[Hjlgi_ e�giY¡[Hwo\
`fjl�H[xXZ_ouv\��d`r\WV�\W_o`r\W_F[�`r\W[]\vuW[]giY Y]\v�]V{gi_o�]\#XZ_o`�Vrwogi[]gi_�XZ[H[]\W_Fm=XZ[Hjlgi_�j}_�� � Ê � Ï j}^�X@?�j}_-? � � a�a�a
d&lQh�{-� h�~ ��e���{-� ��{�o kQ|�e�~Wh�y � fih�j�es{/j � � �r~ � ��Ð¼� � � � ��  § � ��Î�ÎZ§o�

R � � S Í � � � �:u � XZYH[Hw�I XZ_o` � � b � ��j}|}|l\WY � ��X�Ô9j}^¡mr^ |}j}¤�\W|}j}wogng9` � � Ê � Ï j}_ uW|}j}_rjlu�XZ|puvgi^&Vrmr[xXZ[Hjlgi_
[Hj}^�\v� mo�Hj}_-?�^�\v�Hwf�duvgi_r_o\vuW[]\v` V=XZYxXZ|}|l\W|�uvgi^&Vrmr[]\WY]� � � a�a�a d&lQh�{-� h�~ ��e���{-� ��{ o�kQ|�e�~Wh�y � fih�j�es{/j �
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