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�>�Gl �Kl�kqu<l��;g�u.y_tKu)�hg�y�¥ oKkqmMtKuIm�jroKy�¥<pTmFt;mMg�oIuGt���jro(�<l�iAjroKuGiqgdi�mMiAo�v(y�p<��mqg��]�<g�y�lru'i�gdoKuGtK�
v�tIiwm5nGoKp<kMg�l�k�mMkMtKuGi�vxoKkMy�i�¹´g¯b lIb ~�e�¹ �Ke�¹�oKk��<g��I�<lrkq���Tg�y�l�uGi�gdoKu't��>n�n���i�b Ãhu<l,t�kMl�t
� �GlrkMl�iqpGjF�Jj�oIy�¥GpTmMt�mqgdoKuGiht�kMgdiql�i	gdi\mq�<l�u)pGy�l�kqg±jrtK��iqoK�dpTmqgdoKuOoKv ¥Gt�kqmqg±t����Tg�
 l�kql�uImMgdtK�
l�¡)pGt;mMg�oIuGi���³�e���i���p'i�gdu<�5iq¥'l�j«mqkFt���oKk\¥Giqlrp'�ToIiq¥'l�j«mMkMtK�A�TgdiMj�kMl�mMg�·�t;mMg�oIuGirbs�(pGjF�Oy�l�mM�T�
oT�<ist�kMl\pGiql��5g�uQt � gd�<lhiq¥'l�j«mqkMp<y2oKv�t�¥<¥<�dg±jrt;mMg�oIuGi�¹KlKb �Gb´jroKy�¥<pTmFt;mqgdoKu'i o�v¶mMp<kM¾<p<�dlru)m
¤'o � i�vxoKk_oK¥<mqgdy�gd·�t�mqgdoKu o�v|t�gdkMjrkMt�v m�¥ lrkqvxoKkMy_t�uGjrlK¹:u(p<y�l�kqg±jrtK� � l�t;mq�Glrk�¥<kMl��Tg±j«mMg�oIuA¹
tKuG�,t�¾Qg�uGg°mMg�o5jroKy�¥<pTmFt;mqgdoKu'isvxoKk�¥<kMl��Tg±j«mMg�uG��mM�<l.oKp<mMj�oIy�l{oKv�jF�Glry�gdj�t��¶kMl�tIj«mqgdoKu'irb

� �GlruJpGiqgdu<�0�Tg±iMj�kMl�mqgd·�t�mqgdoKu,y�l�mM�<oT�<i	l�y�¥<��o;�(gdu<�»i�mqkMpGj«mMp<kMl��,�KkMg±�<ir¹'mq�Gl��<t�mMt_g±i
kMlr¥Gkql�i�l�uImMl��9tKi|�±t�kM�Kl�y�p<��mqg��]�<g�y�lru'i�gdoKuGtK� t�kMkMt��Ti � �<lrkMl�mq�<l5iqg�·�l�gdi.�Tlrmql�kqy�gdu<l��9¾(�
mM�<l©u(p<y�¾'l�k5o�v.�Ikqg±� ¥'oIg�u)mMi�b��	iqg�u<� y�tKu(� �KkMg±� ¥ oKgdu)mMi»�KlruGlrkFt��d���?�(gdlr�±�<i5t y�oIkql
tIjrjrp<kMt�mql{i�oI��pTmMg�oIuAb´n<oIksy�p<��mqg��]�Tgdy�lruGiqgdoKuGtK� ¥GkqoI¾<��l�y_ir¹Imq�<l|kMl�iqoK�dpTmqgdoKu»gdisgdu0¥<kFtKj�mqg±j�l
oKv mql�u©�dg�y�g�mql��9¾(�Qmq�<l�t�y�oKpGuIm{o�v:y_tKg�uJy�l�y�oIkq�Ot��;t�gd�±t�¾<�dlKb{�>�<l�y_t��woKkhtI�T�;t�u)mMtK�Kl
oKv�l�y�¥G��o;�(gdu<��¥Giqlrp'�ToIiq¥'l�j«mMkMtK���<gdiMj�kMl�mMg�·�t;mqgdoKu'i:g±i�mq�Gt�m�¹(vxoKk>y_t�u(�_¥<kMoK¾G��l�y�i�¹(g°m��Ig��Il�i
mM�<l.¾ l�i�m\¥'o)iqiqg�¾G��lYtIjrj�pGkMtIj���vxoKk\t��Ig��IlruQu)pGy�¾ lrk�o�v��KkMg±�5¥ oKgduImFirb

�>�GlYmqgdy�l���j�oIuGi�pGy�gdu<�0¥Gt�kqmhgdu©t»³�e�� i�oI��p<mqgdoKuJt��d�KoIkqg�mq�Gy jroKuGiqgdi�mMiho�v:jroKy�¥<pTmq�
gdu<�Ot�¥G¥<kqo�ªTgdy_t;mqgdoKu'i\o�v�mq�<l_�Tl�kqgd�;t;mMg��Il�i�b��)mMtKuG�<tKkM�9iqjF�<l�y�l�i � g°mM� �do � oKk|y�l��<g�p<y
oIkM�<lrkFi o�v�tIjrjrp<kMtIj���pGi�l{tY�doTjrt����Gu<g�mql|�Tg�
 l�kql�uGj�lhoKk��'u<g°mMl	l���l�y�l�u)m>tK¥<¥<kMoItKjF��¹ � �<lrkMl
mM�<l	�Tl�kqgd�;t;mMg��Il�g�u_t|�KkMg±��¥ oKgdu)m gdi�j�oIy�¥GpTmql���p'i�gdu<�.oKuG����t.i�y_t��d�<u(p<y�¾'l�k o�v vxp<uGj�mqgdoKu
�;tK��p<l�i´gdu_u<lrgd�K�(¾ oKkMg�u<�{¥ oKgduImFirb´nGoKk t��d�<kMl�tIi�oIuGt�¾<�dls¥Gt�kFt��d��l��<j�oIy�¥GpTmql�k:t�kFjF�<g�mql�j�mqp<kMl�i�¹
iMjF�<l�y�l�iYoKvsmM�<g±iYmw�(¥ l0t�kMl_�Kl�kq�9l��5j�gdlru)m�b©�>�<l»tKkqkFt��Ti.t�kMl5�Tgdi�mqkMgd¾<pTmql�� ¾<�doTjF�I� � g±i�l
o;�Ilrk|mM�<l_u<oT�Tl�i�¹�tKuG�9mq�<l_¥GkqoTj�l�iqiql�i ��mM�<kMl�tK�Gi	gdu t,�Kgd�Klru u<oT�Tl_¥ lrkqvxoKkMy_i{mq�<l5jroKy��
¥GpTmMt�mqgdoKuGi�vxoKk�mq�<l0�KkMgd�7¥ oKgdu)mMi�g�u?mq�<l0��oTjrtK�:¾<�doTjF��b9£�l�y�oKmqlQtKjrjrl�iMi�l�i|mqo9y�lry�oKkM�
gdu o�mM�<lrk.uGo(�<l�i|g±i.oKu<�d�JkMl�¡)p<gdkql��JvxoIkY¥ oKgduImFi.j��doIiql�mqo,mq�Gl_¾<��oTjF�J¾ oKpGuG�<t�kMgdl�i�b5n<p<kq�
mM�<lrkMy�oKkMlK¹�¾ l�jrtKpGiql»o�v�mM�<l0iqp<kqv�tKjrl��¯mqo��]�KoI��pGy�l�l!
 l�j«m�¹ mq�<l0¥'l�k�vxoIkqy_t�u'j�l5gdy�¥GtKj�m�o�v
jroKy�y�pGu<gdj�t;mMg�oIuQ�Tl�j�kMl�tIi�l�istIismq�<l.u(p<y�¾'l�k�o�v��KkMgd�0¥ oKgduImFi>gdi\g�uGjrkql�tKiql��¶b

��u_t|¥Giqlrp'�ToIiq¥'l�j«mMkMtK�<iqjF�<l�y�lK¹ItK¥<¥<kMo�ªTg�y_t;mMg�oIuGi�o�v¶�TlrkMgd��t�mqgd�Kl�i´t�kMls¥ lrkqvxoKkMy�l���pGi��
gdu<��y�p<��mqg��]�<g�y�lru'i�gdoKuGtK�'n�n���ir¹ � �<g±jF�5t�kMl�"$#�%$&�'(#(y�p<�°mMg°��i�mMt��Il\�KkMg±��oI¥'l�kMt�mqgdoKuGi�b��:tKjF�
i�mMtK�Kl �'tKiAt\iq¥ l�j�g��'j�j�oKy�y�p<u<g±jrt;mMg�oIu|¥Gt;mqmqlrkMu.gdu)�IoK�d�(g�u<�\t\�dtKkq�Il t�y�oKp<u)mAoKvT�Gt;mMtG¹;t�uG�
l��Kl�kq�_�;t��dp<l|gdu0mM�<l.i�oI��p<mqgdoKu,t�kMkMt���g±i>p<¥ �Gt;mql��»p'i�gdu<��g�u<vxoKkMy�t�mqgdoKuQoKkMg��Ig�u't;mqgdu<��vxkqoIy
tK����o�mM�<lrk\�Ikqg±�Q¥'oIg�u)mFirb>�smht)�GkFi�m\�K�±t�uGjrlK¹TmM�<gdi	gdiht��Kl�kq�Q�Tg*�5jrp<�°m{i�g�mqpGt�mqgdoKu,vxoIk\¥Gt�kq�
tK���dlr��j�oIy�¥<pTmMt�mqgdoKuGi�b,+\o � lr�Kl�k�¹ i�gduGjrlYmq�Gl�j�oIy�y�p<u<g±jrt�mqgdoKuJ¥'t;m�mMlrkMuGi{t�kMl�iwmFt;mMgdj�t�uG�
�Gg��I�<���,i�mqkMpGj«mMp<kql��¶¹ l��5j�gdlru)m	¥GtKkMtK���dlr��g�y�¥<�dlry�lru)mFt;mqgdoKu'i	t�kMl.¥ oIiMi�gd¾<�dlKb��Ru(p<y�¾'l�k	o�v
¡)p<g�mql�l��5j�gdlru)m	¥GtKkMtK���dlr�¶gdy�¥<�dlry�lru)mMt�mqgdoKuGi�vxoKk\y�p<�°mMg°�>�Tgdy�l�uGiqg�oIuGt���n�n���i��Gt��Il|¾'l�lru
�<lr�Kl���oI¥'l��¶b´n<oIk�lrªTtKy�¥<��lI¹KmM�<l|n�n��-� ¥'tKjF�;t��Il/. �(0�gduGjr��pG�<l�i�¾'oKmq�0t�y�p<��mqg��¯mq�<kMl�tI�Tl��
�*³´mM�<kql�tK�<i ��t�uG�,t�y�l�iMiqtK�Kl{¥GtKiMiqg�u<�1�*¨J³ �2��gdy�¥<��l�y�lru)mMt�mqgdoKuAb

� y�p<��mqg��¯mq�<kMl�tI�Tl���gdy�¥<��l�y�lru)mMt�mqgdoKu5oKv�t.�Kl�kqu<l��GkMlr¥<kMl�iqlru)mMg�u<�Yt�³:e3�?iqoK�d�Klrk:lry��
¥G��o;�(gdu<�5t�¥GiqlrpG�To)i�¥ l�j�mqkFt��A�Tg±iMj�kMl�mqgd·�t�mqgdoKu4. ��0�g±i\iwmMpG�Tgdl��,gdu,mq�<g±i�kMlr¥ oKkqm�b:�>�Gl�t�gdyºg±i
mMo�lrªTtKy�g�u<l	mq�<lh¥Gt�kFt��d�dlr�G¥ lrkqvxoKkMy_t�uGjrl\o�v�tKu_g�y�¥ oKkqmMtKuImsu<oKu<�*mMkqgd�(gdtK�'t��d�KoIkqg�mq�Gy � g�mq�
iqgd�Ku<g��'jrtKu)m�gdu<�<lrkMlru)m´j�oIy�y�p<u<g±jrt�mqgdoKuYoIu�t	j�j«��­5�h¨J� iq�TiwmMlry � g�mq���T¨J³9u<oT�Tl�i-.�cKc 0]b
nGoKk>mM�<gdi\kql�t��dgdi�mqg±j|³:e3� iqoK�d�Kl�k>¥<kqoI¾<�dlry,¹<¥ lrkqvxoKkMy�tKuGj�l{l�
�l�j�mMi�oKv�iqlr��v �]oK¥TmMg�y�gd·�t;mMg�oIuGi
iqpGjF�OtKis¥GtK�Kl|y�g��IkMt�mqgdoKuQt�uG�QkMlr¥<�dgdj�t;mMg�oIu0t�kMl.iwmMpG�Tgdl��¶b �µiqgdy�gd�±t�k>g�u(�Il�i�mqgd�It;mMg�oIu»�GtIi
l�t�kM��gdlrk|¾ lrl�u ¥ lrkqvxoKkMy�l��©vxoKkYt6�Gu<g�mql0�Tg*
�lrkMlru'j�l_i�oI���Ilrk|�Kl�kquGlr�7.°c;�80]¹ � �<g±jF�7oKu<�d�JgduT�
�IoK�d�Kl�i��doTjrtK�<�KkMgd��oK¥ lrkFt;mMg�oIuGi´t�uG���Kl�kq����g�m�mM��l\jroKy�y�p<uGgdj�t;mqgdoKu�b��]m g±i�o�v��KkMl�t�m�gdu)mqlrkMl�i�m
vxoIk�tY¥<kMoK�IkMtKy�y�l�k´mqo��(u<o � �<o � iqpGjrjrl�iMiwvxp<�'mq�Gl{oI¥Tmqgdy�g�·�t;mMg�oIu_mql�jF�<u<g±¡IpGl�ist�kMlKb´�>�<l
kMl�iqp<��m��<l�mql�kqy�gdu<l�i�mM�<l>g�y�¥ oKkqmMt�u'j�lso�vG¥ lrkqvxoKkMy�g�u<�{jrtKkqlrvxp<�(�Gt�uG�Ymqp<uGg�u<�'¹Kj�oIuGiqgd�Tl�kqgdu<�
�Gt;mMt_tK���doTjrt�mqgdoKu0tKuG�0mq�<kMl�tI�0iMjF�<l��Tp<�dg�u<��¥ oK�dgdjrg�l�irb

�>�Gl�³:e3��iqoK�d�Klrk\tK���IoKkMg°mM�<yº¾'tKiql��,oKuJt5¥Gi�l�pG�To)i�¥ l�j�mqkFt���iqoK�d�Kl�k�gdi{�Tl�iMj�kMgd¾'l��,g�u
iql�j�mqgdoKu7~Tb.��u9iql�j�mqgdoKu �5mM�<l��Tp<u9� gd�±�<n�g�kMl�jroKy�¥<pTmMlrk.iq�(i�mql�y gdi{gdu)mqkMo(�<pGj�l��¶bY�>�<l

c



mM�<lroIkq�?¾ lr�Gg�uG� mM�<lOv�tIiwm»nGoKp<kMg�l�k�mqkFt�uGi�vxoKkMy g±i_�Kgd�Kl�u gdu i�l�j«mMg�oIu a7vxoI���do � l�� ¾)� t
u(p<y�¾'l�k{oKv´mql�jF�<u<g±¡IpGl�i{o�v:oI¥Tmqgdy�g�·�g�uG�Qt0i�l�kqg±t��sc�e�n�n��Rgdu9iql�j«mMg�oIu9�TbYn�gduGt��d�d�K¹�mq�Gl
³�e��½iqoK�d�Klrk|g±i.¥GtKkMtK���dlr�dg�·�l��9t�uG� i�l��Kl�kMtK��¥ lrkqvxoKkMy_t�uGjrl�l�ªT¥'l�kqgdy�lru)mMi.tKkql�¥<kMl�iqlru)mMl��
gduOi�l�j«mqgdoKu'i�}�tKuG�O�(b

~
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�>�Gl��Gg��I�T�]tIjrjrp<kMtIj��O�Tl�kqgd�;t;mqgd�Kl�t�¥G¥<kqo�ªTgdy_t;mqgdoKu©g�u7t»¥'i�l�pG�ToIiq¥ l�j«mMkMtK�´i�oI���Ilrk{gdi|¥ lrkq�
vxoIkqy�l�� ¾(�?t7j�oIu)�IoK�dpTmqgdoKu�¹´g*b lKb t©mMkMtKuGi�vxoKkMy mMo vxkql�¡IpGlruGjr�?i�¥GtIj�lI¹:t ��oTjrtK�>y�p<��mqg��
¥G��g±jrt�mqgdoKuA¹�t�uG�7tKu gdu(�Kl�kMiql�mqkFt�uGi�vxoKkMy ¾GtIjF�©t��)t�gduAb»nGoKk�t,p<uGg°vxoIkqy �KkMgd�¶¹�mq�Gl5n�n��
tKuG� g�mMi�g�u(�Kl�kMiql_�(g�l��d� tJ�KlrkM�©l!�5j�gdlru)mYmqo(oI� vxoKk�mq�<l»mqkFt�uGi�vxoKkMy_t;mMg�oIuGir¹�kql�i�pG�°mMg�u<�©g�u
� ��������oI� � � �´t�kMg°mM�<y�l�mqg±j\jroKy�¥<�dl�ªTg°mw��vxoKk:jroKy�¥<pTmMg�uG�|mq�<l	�<lrkMg��;t;mMg��Il�i´oIu_t|�KkMgd� � g�mq�
���J�KkMgd� ¥ oKgduImFirb½­\oIkqy_tK���d�K¹�mq�<l9j�oKy�¥<p<mMt;mMg�oIu gdi5¥'l�k�vxoIkqy�l�� � g�mq�<gdu�t�u g�mql�kMt�mqgd�Kl
iqoK�d�Kl�k�oIkst�mqgdy�l��]y_t�kFjF�<g�uG��¥<kMoTj�l��<p<kqlIb�+	lruGjrlK¹<t�kql�¥<kql�i�l�u)mMt;mMg��Il	�IlrkMu<lr�'vxoKk>t�¥'i�l�pT�
�<oIiq¥'l�j«mqkFt���iqoK�d�Kl�k�g±i_t�u g°mMlrkFt;mqgdoKu � �<lrkMl0mq�<lO�do(oK¥ ¾ oT�T� jroKuGiqgdi�mMi�oKvhj�oIu)�IoK�dpTmqgdoKu
jroKy�¥<pTmFt;mMg�oIuGirb

�>�GlYiwmFt�uG�<tKkM�0gdy�¥G��l�y�l�u)mMt;mMg�oIu,o�v´t5~�eRn�n�� gdi>mMo)�GkFiwm�¥ lrkqvxoKkMy c�e n�n���i>vxoIk
tK����mM�<l.j�oI��p<y�uGi>gdu0mq�<l.�<t�mMt�y_t;mqkMg�ª�¹TtKuG�5mM�<lruO�To�mq�Gl|iMt�y�l{vxoKk�tK����mM�<l|kqo � i�b���u,t
jroKu(�KoI��p<mqgdoKu5j�oIy�¥<pTmMt�mqgdoKuA¹Imq�Ggdi�kql�i�pG�°mFi gdu»t �G�Il���iwmFt��Il\iqjF�<l�y�l	�Tl�iMj�kMgd¾'l���g�u»n�gd�Kp<kMl
cIb

1. FFTs of the columns 2. FFTs of the rows 3. Pointwise multiplication 4. FFTs of the rows 5. FFTs of the columns

n�g��Ip<kql�cI¢��µiqgdu<�K�dl.j�oKu(�IoK�dpTmqgdoKu,j�oIy�¥GpTmMt�mqgdoKu0vxoKk\t_~�eµ¥GkqoI¾<��l�y,b

��tKjF� tKkqkMo � ��u n�gd�Kp<kMl©cQkql�¥<kMl�iqlru)mMi�t c�e n�n��|b´n<oIk�t9�Kl�j«mqoIk�oKv	�dlru<�Kmq���´¹ mq�<g±i
g±i\t��doK� � ���]i�mMtK�Kl|j�oIy�¥GpTmMt�mqgdoKu,g�u(�IoK�d�)gdu<��t�kMt�mq�<l�k\j�oKy�¥<�dl�ª0¾<pTm	�<gd�K�G���»i�mqkMpGj�mqp<kMl��
jroKy�y�pGu<gdj�t;mMg�oIu0¥Gt�m�mMlrkMuA¹G�Tl�iqjrkqgd¾'l��»gduOn�g��Ip<kqlY~<b

<=>

n�gd�Kp<kMlQ~<¢0��oKy�y�pGu<gdj�t;mMg�oIu iqjF�Glry�l5vxoIk�t c�e n�n��|¹�o�v mMlru?kMl�vxl�kqkMl�� mqo9tIi�t9n�n��
¾GpTm�mMlrkq¤G�Kb

��u9�Kl�u<lrkFt��¯¹'g�m|gdi{i�p �_jrg�l�u)mhmMo0i�mqpG�T�©~Ke ¥GkqoI¾<��l�y_i\mMo0�Il�m{t»¥<g±j«mqpGkql�o�v mM�<l�¥ lrkqvxoKkq�
y_tKuGj�l	tK�diqo|vxoKk�y�p<��mqg����Tg�y�l�uGi�gdoKu't��<¥Giqlrp'�ToIiq¥'l�j«mMkMtK�Gi�oI���IlrkFir¹Ii�gduGj�l\mq�<l{n�n���i vxoKk´mM�<l
lrª(mqkFt��<g�y�lru'i�gdoKuGi � gd�d�A¾'l.¥ lrkqvxoKkMy�l��0��oTj�t��d���Ib

�



�>�<l�kqlYtKkqlYt�u(p<y�¾ lrkho�v´�Tg�
 l�kql�uIm	n�n��½t��d�KoIkqg�mq�<y_i�t��;t�gd�±t�¾<�dlK¹(vxoIk	t�kql��(g�l � iqlrlI¹
lIb �'b .°c�� 0¯bO��u?mq�<l5lrªT¥'l�kqgdy�lru)mMi�¥<kMl�iqlru)mql��9�GlrkMlK¹´t�u gduT�]¥<�dtIj�l5kFtK�<g°ª(�w~O�{lru)mq�dlry_t�u<�
�TtKuG�Tl.�IlrkFi�gdoKuQo�v�mq�<lYn�n��|¹'tKuG�,t�kMtI�Tg�ª)�w~�g�uT�]¥<�±tKjrl���o)oI��l��)�]��p<�Kl��_�Kl�kMiqg�oIu»vxoIk�mq�Gl
gdu(�KlrkFiql|mqkFt�uGi�vxoKkMy_ir¹TvxpGk�mM�<lrk{�Tl�iMj�kMg�¾ l��,gduJiql�j«mMg�oIuOaG¹'�Gt��Kl.¾ lrl�uOpGi�l��¶b\�>�<g±i	tK���do � i
vxoIk�t j�oIu(�KoK�dpTmMg�oIu?t��d�KoKkMg�mq�<y � �<l�kqlQu<o ¾<g°m_kMlr�IlrkFiqtK�:¥ lrkMy�pTmFt;mqgdoKu'i�tKkql0kql�¡)p<g�kMl��Ab
�>�<g±i|g±i|g�y�¥ oKkqmMt�u)m�¹�i�gduGjrl�mM�<l_¾<g�m|kMlr�IlrkFiqtK��¥ lrkMy�p<mMt;mMg�oIu9gdu)mqkMoT�TpGj�l�i|t0�do�m.oKvsj�oIy��
y�p<u<g±jrt;mMg�oIuA¹�t�uG�7t(
�l�j�mMi|mM�<l5¥ lrkqvxoKkMy_t�uGjrl5i�gd�Ku<g��'j�t�u)mq�d�KbQ�\�±i�o'¹�mM�<l»n�n���iYi��GoKp<�±�
¾ lY¥ lrkqvxoKkMy�l��Qg�uJiqg°mMpAbs�]v � oKkM�Ti�¥'tKj�l{g±i\pGiql��¶¹Gmq�<l�y�t�ªTg�y_t���u)pGy�¾ lrk\oKv��Ikqg±�Q¥'oIg�u)mMi
g±i>kql��TpGjrl��¶¹<�dl�tI�Tgdu<��mqo_t���l�iqi>kMl�iqoK�d�Kl��»iqoK�dpTmqgdoKuAb

a
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�>�Gl»�(p<u � g��±�<n�g�kMl5iq�(i�mql�y .°cIc�0 g±i.t»¥GkqoKmqo�mw�(¥ l_t�kFjF�<g°mMl�j�mqp<kMl��<lr�Kl���oI¥'l��OmMoQl��;t��dpT�
t�mql�t»iMjrt��±t�¾G��l�tK�°mMlrkMuGt;mMg��Il|mqoQi��(y�y�l�mqkMg±jYy�pG�°mMg�¥<kMoTj�l�iqiqoKkFi��*�<¨J³:i �Fb�� g��±�<n�g�kMl�j�t�u
¾ lQ�)gdl � l�� tKi�t©jrtIjF�<l0jroK�<l�kql�u)m�u<oIu?p<u<g�vxoKkMySy�lry�oKkM� tKkMjF�Gg°mMl�j«mMp<kMl0iq�(i�mql�y ��jrj��
­��	¨J�,� � g�mq�?iqlr��v �¯oI¥Tmqgdy�g�·�g�uG�,vxl�t;mMp<kMl�i�¹�¾<pGg���mYvxkMoKy pGu)p'i�pGtK���d�©�±t�kM�Kl5�T¨©³½u<oT�Tl�i�b
�	¥?mMoJvxoKpGk�u<oT�Tl�ir¹´l�tKjF� � g�mq� pG¥ mqo7~��9�s³ �	i�¹ jrt�u ¾ l,�Tg�kMl�j�mq�d� j�oKuGu<l�j�mql��7¾(� t
¥ oKgdu)m��¯mqoK�¯¥ oKgdu)m�u<lrm � oIkq�7¾ l�m � lrl�u mM�<l	� g��±�<n�g�kMlQ��uImMlrkqv�tKjrl�i	� ��n��2��g�u l�tIjF� u<oT�TlIb
nGoKk\t_�Tl�iqjrkqgd¥TmMg�oIu0oKv��;t�kMg�oIpGi>¥GtKkMtK���dlr�¶j�oIy�¥<pTmql�k\t�kFjF�<g�mql�j�mqp<kMl�i>iqlrl .�c�� 0]b

�>�Gl�lrª(¥ lrkMgdy�l�u)mMi{¥<kMl�iqlru)mql��Jgdu©mM�<gdi{¥GtK¥'l�k|�Gt��Kl�¾'l�lru ¥'l�k�vxoIkqy�l��©oKu©mq�<l�m � o��
uGo(�<l � g��±�<n�g�kMl.i��Ti�mql�yº�\�d¾<gdkql�o�t�m>mq�<lYehlr¥GtKk�mMy�lru)m�o�v��<j�gdlru)mqg��'jY��oKy�¥<pTmMg�uG�G¹��	¥T�
¥'iqtK�dt �\u<gd�Kl�kMiqg°mw�Ib´� iMjF�<lry_t�mqg±j	iq�Kl�mFjF�5o�v��\�d¾<g�kMlro�jrtKu»¾ l	vxoIp<uG�5gdu0n�gd�Kp<kMlh�Gb �:tKjF�
�<¨J³?u<oT�Tl	�GtKi	c�}.¥<kMoTj�l�iqiqoKkFi7�*~I��§Y¨�+	·��	�°mMkMt)�T³¶�	£\� ��� � g�mq�5a�¨O¾(�ImMl	®�~YjrtKjF�Gl �
tKuG�Ja,�{¾(�ImMl�y�l�y�oIkq�Ib{®�oK�Igdj�t��d���I¹GmM�<lrkMl�g±i{u<o0�Tg�
�lrkMlruGjrl�¾ l�m � lrl�u©tKj�j�l�iMiqg�u<�»��oTjrtK�
tKuG�7kMlry�o�mMl5y�lry�oKkM�K¹�lr�Ilru7mq�GoKp<�I�7mq�<l»tIjrjrl�iMi|mqgdy�l»�;t�kMg�l�ir¢��<c�§�uGi|vxoIkY�do(j�t��st�uG�
c;�;§I§�uGisvxoIk�kql�y�oKmql.y�lry�oIkq�Ib���oK�<l�kql�uGj�l|¾ l�m � lrlruJtK����mM�<l��)~�j�tKjF�<l�i>gdi\y�tKg�u)mFt�gdu<l��
gdu_�GtKkM� � t�kMlK¹ � �GgdjF�_j�kMl�t�mql�i t�u�gd���dpGiqg�oIu�oKv�t.iq�TiwmMlry � g°mM�5�Y�{¾)�)mMl\i��GtKkql���y�l�y�oIkq�Ib

� � gd�±�<n�g�kMl»t�¥G¥<��g±jrt�mqgdoKu7jrtKu9¾ l5oK¥<mqgdy�gd·rl�� ¾)�©l�ªT¥<�dgdjrg°mM��� ¥<�±tKj�gdu<�O�<t�mMtQg�u mM�<l
uGo(�<l � �<lrkMl_gdi|y�o)iwmY�dg��Ilr�d�OmqoO¾ l5tKj�j�l�iqiql��¶b_��u7oIkM�Tl�k{mqoOl�tIi�l�mM�<l_¾<p<kF�Tlru7oIu©mM�<l
¥GkqoI�KkFt�y�y�lrk�¹��Tg�
 l�kql�u)mYvxoKkMy_i.o�v�oK¥<mqgdy�gd·�t�mqgdoKu t�kMl5iqp<¥<¥ oKkqmql��7¾(�9mq�<l0i��Ti�mqlry,b,�
iqo�v m � t�kMlY�<tKlry�oKuO�Tlrmql�j�mMi	¥Gt��Il�i � �<g±jF�O�Gt��Kl.¾ lrl�uO¥<�±tKj�l��Qg�u,mM�<l � kMoKu<��u<oT�Tl�t�uG�
y�gd�KkFt;mMl�i�mM�<lry mqo>mM�<l:oKmq�<l�kAu<oT�TlIb��>�<l:�Gt�lry�oIu|tK�diqo\�Tlrmql�j�mMi�¥Gt��Il�i¶pGiql��|¾(�hmq�<kMl�tI�<i
gdu©¾ o�mM�©u<oT�Tl�ihtKuG�OkMlr¥<�dg±jrt;mMl�i	mq�<l�y,b�� gd�d�Gn�gdkMl�� i{j�tKjF�<l�j�oK�GlrkMlruGjrlY¥<kMo�mqoTjroK���Klrl�¥Gi
mM�<l_j�oI�<lrkMlruGjrl�¾ l�m � lrl�u9kMlr¥<�dg±jrt;mMl��©y�l�y�oKkM�Q¥'t��Kl�i � g�mq�7tQjrtKjF�Gl��dg�uGl��IkMtKu)pG�dtKkqg�mw�Kb
�>�Ggdi|g±i|jrt��d�dl�����%������������������ %��! #"$�&% #('*)�'+�,' %�� �¯�s¨©£��F¹¶¾<p<m{mM�<l�mql�jF�<u<g±¡IpGl�g±i|t��±i�o
iqoKy�lrmqgdy�l�iskqlrvxlrkMkql���mqo�tKi��(gdy�¥<��lY��Ã{¨J� �*�)����Ã{¨J�,�5.�c�§(0¯b´�>�<l|y_t;ªTgdy�tK�'u(p<y�¾'l�k
oKv�kMlr¥<�dgdj�t;mMl��_¥GtK�Kl�i:tKi � l�����tKi�o�mM�<lrks¥GtKkMtKy�lrmql�kMi´gdu5mM�<l{¥Gt��Il\y�g��IkMt�mqgdoKu5t�u'�Q�s¨J£
tK���IoKkMg°mM�<y_i>y_t��5¾'lYtK�°mMlrkMl��0¾(�5y�o(�<g°vx�(gdu<�5i��Ti�mql�y ¥Gt�kFt�y�lrmqlrkFi�b

CPU

BOARD

CPU

BOARD

WILDFIRE
INTERFACE

BOARD

WILDFIRE
INTERFACE

BOARD

SMPSMP

n�g��Ip<kMl|�G¢:�TjF�<l�y�t�mqg±j|i��Il�mMjF�Qo�v�mq�<l��Tp<u	� g��±�<n�g�kMlYiq�(i�mql�y¿�	��¾<gdkMlroGb

�
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�>�<l,j�oIy�¥<��lrªTg°mw� oKvhj�oIy�¥GpTmqgdu<�9mq�<lO�Tg±iqjrkqlrmqlQn<oKpGkqgdlrk�mqkFt�uGi�vxoKkMySjF�Gt�uG�Kl�� �KkMl�t�mq�d�
gdu c��K})�T¹ � �<lru ��o(oK�dlr�Jt�u'�9��p<�Kl�� . a�0:i��<o � l��Jmq�Gt�m|t,�Tg±iMj�kMl�mql�n<oIp<kMg�l�k	mMkMtKuGiwvxoIkqy
jroKp<�±�|¾'lsj�oIy�¥GpTmql��.g�u � � ���	��
 � ��oK¥ lrkFt;mqgdoKu'irb��>�Ggdi � tIi¶mMo\¾'l�j�oIy�l:mq�<l:v�tKi�m�n<oIp<kMg�l�k
mMkMtKuGiwvxoIkqy,b.��oKy�¥<pTmMg�u<�0mq�Gl��Tg±iMj�kMl�mql�n<oIp<kqgdlrk	mqkFt�uGi�vxoKkMy pGi�gdu<�Qt0i�mqkFt�gd�K�)m��¯vxoKk � t�kF�
tK���IoKkMg°mM�<y2kql�¡)p<g�kMl�i�t�y�pGjF�0�Ikql�t;mMlrk>l�
�oKkqm�o�v � � ��� �sjroKy�¥<pTmFt;mqgdoKu'irb

��
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(2) Single node allocation WildFire           
(3) Thread−matched allocation WildFire        
(4) Single node allocation balanced WildFire  
(6) Single node allocation balanced cc−NUMA   
(7) Thread−matched allocation balanced cc−NUMA
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��u �Ilru<l�kMtK�*¹Amq�<l5kMl�iqp<��mMiYtKkql�kMlry_t�kM�;t�¾<�d�J�Io)oT�¶b0�	iYy�l�uImMg�oIu<l�� ¾ l�vxoIkqlI¹�mM�<l5t����
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(1) Single node SMP                   
(2) Single node allocation WildFire   
(3) Thread−matched allocation WildFire
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Reference                                      
(5) Thread−matched allocation balanced WildFire
(6) Single node allocation balanced cc−NUMA    
(7) Thread−matched allocation balanced cc−NUMA 
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mMg�y�l.o�v´t�i�gdu<�I��l{mq�Gkql�tK�¶b´�>�<l.�Ikqg±�0iqgd·rl|gdih~�§�a)� 	O~�§KaI�
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iqg�u'j�l>vxoKk mq�<l�i�l\j�tKiql�i�oKuG����oKu<l\�T¨J³7uGo(�<l\gdi g�u(�KoI���Il���g�u�mM�<l	j�oIy�¥<pTmMt�mqgdoKuGi�b�n<oKk�c�}
mM�<kql�tK�<i�¹(mq�Gl,�GkMi�mh�T¨J³ u<oT�Tl.g±i �G�d��l��¶¹'tKuG�»vxoKk>mq�Gl�� g��±�<n�gdkqlYjroKu �G�Ip<kFt;mqgdoKu'i��¯~T¹ � �F¹
g�mhg±i{¥'o)iqiqg�¾G��l.mM�Gt;m|oKuGl�o�v´mM�<lYmM�<kMl�tK�Gi	�Gt��IlY¾ lrlru©y�o;�Il��O¾(�0mq�<l5Ã|�OiMjF�<l��<p<��l�k\mMo
mM�<l.o�mM�<lrk/�*t��dy�oIi�m>g±�T�dl ���<¨J³[u<oT�TlKb��>�<gdi\gdi�uGo�m\¥ oIiMi�gd¾<�dlhvxoIk�mq�Gl��T¨J³ j�oIu �G�Ip<kMt��
mMg�oIu �wc �«¹ � �<lrkMl|mq�<l�mq�<kMl�tI�<i	tKkql.¾ oKpGuG�,mqoQt5iqg�u<�I��l�u<oT�TlKb\�	�It�gduA¹Gmq�<l�¥<kqoI¾<�dlry o�v
jroKy�¥<pTmMg�u<��oIu,t �G�d�dl��O�T¨J³ u<oT�Tl.kMl�iqp<��mMi>gdu,t��Tl��KkFtK�<t�mqgdoKu0o�v�¥ lrkqvxoKkMy_t�uGjrlKb

�>�<l�kql,g±i_t iq�<oIk�m_¥<�±t;mMl�t�p gdu mM�<lJi�¥ lrl��Tp<¥ j�pGkq�IlQtKkqoIp<uG��c�}9mq�<kMl�tI�<i�vxoKk�mq�Gl
� gd�d�Gn�gdkMl»j�oIu �G�KpGkMt�mqgdoKuGi �¯~T¹ � �Fb1+	lrkMlK¹�mq�<l_mM�<kMl�tK�GiY¾ lr�Kgdu7mqo©¾'l»iq¥Gt � u<l�� oKu7mq�Gl
oKmq�<l�k��T¨J³½u<oT�TlIb0n<oIk|mq�<l»¾Gt��±t�uGjrl�� j�oIu �G�KpGkMt�mqgdoKuGi)�*�<¹�� �F¹�mq�<l�kql_g±iYtQy�oKkMl_lr�Ilru
�Ikqo � mM�0gduOi�¥ lrl��Tp<¥JtKi�mq�<l.u(p<y�¾'l�k	o�v�mq�Gkql�tK�<i>g±i\gduGj�kMl�tIi�l��¶b �>�<l�tKy�oKp<u)m\o�v´j�oIy��
y�p<u<g±jrt;mMg�oIu�j�t�pGiqgdu<�hkMlry�oKmql>tKjrjrl�iMi�l�i�gdi�j�oIuGi�mMt�u)m�¹ � �<g±jF��iq�<oKpG�d��kql�i�pG�°m´gdu�t{i�y�o(o�mM�
iq¥'l�l��TpG¥Qjrp<kq�IlKb´­\oKmqlhmq�Gt�m�¹TvxoIk>��l�iqi�mq�'t�u c�}�mq�<kMl�tI�<ir¹)mM�<l.j�oKy�y�p<u<g±jrt;mMg�oIu»u<o � kqlr�
iqp<��mMi|gdu9mM�Gt;m.g�mYgdi{v�t��IoKkFt�¾<�dlYmMo,pGi�l�mM�<l5�Tl�v�tKp<��m.mq�<kMl�tI�©iMjF�<l��TpG��gdu<�G¹�j�oKy�¥GtKkql��OmMo
iq¥Gt � u<gdu<�5mM�<l�mq�<kMl�tI�<ihg�u7t»¾'t��±t�uGjrl�� � t��,oKuJmM�<l�m � o0u<oT�Tl�i�¹Aj�b vwb.mM�<l�kql�i�p<��mMihvxoIk
y�p<�°mMg�¥G��l_c�eRn�n���i>gduJ�(l�j�mqgdoKuO}<b �<b

�>�<l\iq¥'l�l��TpG¥_gdi jroKuGiqg±�TlrkFt�¾<�d�Yiqy�tK���dlrk�vxoIk�mq�<lhi�gdu<�K�dl>u<oT�Tl\t��d�do(j�t;mMg�oIu�j�j«��­5�	¨©�
jroKu �G�Ip<kFt;mqgdoKu4��} �smM�Gt�u,vxoIk\mq�Gl�o�mM�<lrkhj�oKu �G�Kp<kFt;mMg�oIuGi�bs�>�<l�kql�tKiqoKu,gdiht��)t�gdu0mM�Gt;m|t
�±t�kM�Kl�tKy�oKp<u)m|o�v:kMlry�o�mMl�tIjrj�l�iqiql�iht�kMl�¾ lrgdu<�Q¥'l�k�vxoIkqy�l��©¾(�0mM�<kMl�tK�Gi	gdu©oIu<l�oKv mq�Gl
u<oT�Tl�irb
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nGoKk mM�<l	iqg�uG�K�dl\u<oT�Tl	tK���doTjrt;mMg�oIu)� g��±�<n�g�kMlhjroKu �'�Kp<kFt;mMg�oIuGir¹�mq�<lhu)pGy�¾ lrk:oKv¶g°mMlrkFt;mqgdoKu'i
¥ lrkqvxoKkMy�l��Q¾'lrvxoKkMl�i�mql�tI�T�)�]i�mMt�mql.g±i\kMl�tIjF�<l��0�KkMo � i�tKi>mM�<l�u(p<y�¾'l�k\o�v´�Ikqg±�Q¥'oIg�u)mMi	gdi
gduGj�kMl�tIi�l��¶b��>�<gdi>kMl�iqp<��msg±i�j�oIuGiqgdi�mql�uIm � g�mq�0mq�<l|kMl�iqp<�°mFisg�u4.°c;�80]b��>�Gl{u(p<y�¾'l�k>o�v��Ikqg±�
¥ oKgdu)mMihpGi�l��JgduT¤Gp<l�uGj�l�ihmq�<l�i�¥ lrl��Tp<¥ i�gd�Ku<g��'j�t�u)mq�d�Kb|�	ihmq�Gl�u(p<y�¾'l�k{oKv �KkMgd�J¥'oIg�u)mMi
�Ikqo � i�¹�mq�<l\jroKy�¥<pTmFt;mMg�oIu �;jroKy�y�p<uGgdj�t;mqgdoKu�kMt�mqgdo|g�uGjrkql�tKiql�i�¹Kt�u'�YmM�<l	iq¥'l�l��Tp<¥��Ikqo � i�b

�	i|iqlrl�uJg�u9n�gd�KpGkql0craG¹'mq�GlrkMl�g±i	u<o0¥'l�k�vxoIkqy_tKuGj�lY�)t�gduJgduJpGiqg�u<�0y�oKkMl.mq�GtKu©oIu<l
�T¨©³ u<oT�Tl.vxoIk	t5iqy�tK����¥<kMoK¾<�dlry,b7+\o � lr�Ilrk�¹<tKi�mM�<lY¥<kMoK¾G��l�y iqg�·�l.�KkMo � ir¹<mq�<l�iq�doK¥ l
oKv�mq�GlYi�¥ lrl��Tp<¥Oj�p<kM�Kl|oIuGj�l.t��)t�gduQtK¥<¥<kMoItIjF�<l�i:mq�<l.g±�Tl�t��Aiq¥'l�l��Tp<¥,kFt;mMg�o � �<l�u0mM�<l
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512 x 512  
1024 x 1024
2048 x 2048

n�gd�Kp<kMl�craG¢´�>�<kMl�tI�(�]y�t�mMjF�<l�� � gd�d�Gn�gdkMlYj�oKu �G�Kp<kFt;mMg�oIu9�*� ��i�¥ lrl��Tp<¥Gi�b

s2� g��±�<n�gdkqlr�¯¥<�±t;mMl�tKp%t\y�lru)mMg�oIu<l��.gdu��Tl�j«mMg�oIu�}Gb a'b ~>�'tKi�¾'l�lru�¥GtKiMi�l��¶b�nGoKk�t	�IlrkM�h�±t�kM�Kl
�Ikqg±�¶¹I¥'o)iqiqg�¾G����y�oIkqlsmM�Gt�u�m � o|�<g�y�lru'i�gdoKuGi�¹�mM�<l\¥ lrkqvxoKkMy_t�uGjrls�)t�gdu�vxkMoKy pGiqg�u<�.y�oIkql
mM�Gt�uQoKuGl{�T¨J³ u<oT�Tl � g��d��¾'l{�±t�kM�KlKb�­\oKmqlhmq�Gt�m�¹(vxoIksiqpGjF�»¥GkqoI¾<��l�y_ir¹Imq�<l|y�lry�oIkq��o�v
mM�<lYtK�G�Tg°mMg�oIuGt����<¨J³[u<oT�Tl�i � gd�d�A¥<kMoK¾GtK¾<���0t��±i�o�¾'l.uGlrl��<l��¶b
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vxoIkqy_t�u'j�l.vxoIkht5iqlrkMgdtK� c�e n�n��½¥<kqoI¾<�dlry,b\£�lr¥G�dtIj�gdu<�»t_u(p<y�¾'l�khoKv�g�mql�kMt�mqgdoKuGi � g°mM�
t0y�p<��mqgd¥<�dgdj�t;mMg�oIu � g�mq�7t»¥Gkql�j�oKy�¥<p<mql��©y_t;mqkMg�ª�¹¶�dl�tI�<i{mqoQ�doKu<�Ilrk{kqp<u9mqgdy�l�i.�TpGl�mMo
tI�<�Tl��0p<u<uGl�j�l�iqiMt�kM�5j�oIy�¥<pTmMt�mqgdoKuGi�b

�>�<lQi�¥ lrl��Tp<¥ oKu7mM�<l�� gd�±�<n�g�kMl»iq�(i�mql�y g±iY�IlrkM�9jr��o)i�l_mMoJg±�Tl�tK� vxoKk�tO¥'l�k�vxl�j«mM���
¥GtKkMtK���dlr�dgd·�t�¾G��lY¥GkqoI¾<��l�y,¹¶��gd�Kl�mq�<l�y�pG�°mMg�¥<�dl,c�e�n�n���ihgdu �(l�j�mqgdoKu9}Gb �Gb.�\�±i�o0vxoKk{mq�Gl
¥Giqlrp'�ToIiq¥'l�j«mMkMtK�hiqoK�d�Klrk»�KlrkMu<l��*¹ � �GgdjF��gdy�¥<�dlry�lru)mMiQt?uGoKuT�¯mqkMg��(g±t��{t��d�KoKkMg�mq�<y � g°mM�
�<l�t��(� j�oIy�y�p<u<g±jrt�mqgdoKuA¹�mq�<l©kql�i�p<��mMi»t�kMl,iqp<kM¥<kMgdiqg�uG�K�d�?�Ko(oT�¶b �hi�gdu<� ~�� Ãh¥ lru'¨J³
mM�<kql�tK�<i>�Tg±i�mqkMg�¾<p<mql��»o;�Kl�k:m � o��T¨©³ uGo(�<l�i�¹ImM�<l.i�¥ lrl��Tp<¥0gdi�tK¥<¥<kMo�ª(gdy_t;mMlr�d��~<cKb´n<oIk
¥<kMoK¾G��l�y�i�oKv gdu)mql�kql�iwm´gdu�tK¥<¥<�dgdj�t;mMg�oIuA¹�mM�<l�u(p<y�¾ lrk oKv'�Ikqg±��¥'oIg�u)mMi � gd�d�<¾'l	lr�Kl�u��±t�kM�Kl�k
mM�Gt�u9pGi�l��JgduJmM�<l�lrªT¥'l�kqgdy�lru)mMi�¹¶t�uG�Jmq�<l�iqj�t��±t�¾<gd�dg°mw� � gd����¥<kMoK¾GtK¾<�d�0¾ l�vxp<k�mM�<lrk{gdy��
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l�kqkMoKkFi_t�uG� ��oKk5�<l��'jrg�l�uGj�gdl�i»g�u[mM�<l©¥<kMoK�IkMtKy�y�gdu<�7y�oT�Tlr�¯¹ � g°mM�<oKp<m»g�u)mMkqoT�TpGjrg�uG� t
¥ lrkqvxoKkMy_t�uGjrl��doIiMi � �<l�uJmM�<l��Gt;mMt0g±ihoI¥Tmqgdy_t��d���O¥G�dtIj�l��OvxkqoIy mq�<l�¾'l��Kgdu<u<gdu<�GbY­	o�mMl
mM�Gt;m�¹)g�vAmM�<lh�<t�mMt�gdist��d��oTj�t;mql���oKu5oIu<�d��oIu<l	oKv¶mq�<lhu<oT�Tl�ist�u'��mq�<l{oK¥<mqgdy�gd·�t�mqgdoKuGi�t�kMl
�Tg±iMt�¾<�dl��¶¹�g¯b lIb»mM�<l»j�oT�Tl_g±iYlrªTl�j�p<mql�� gdu ¥<p<kMl5jrj��]­��	¨J�2y�oT�Tl �*j�oIu �G�KpGkMt�mqgdoKu7} �F¹
mM�<l.¥'l�k�vxoIkqy_tKuGj�l{gdi	i�gd�Ku<g��'j�t�u)mq�d�5kMl��TpGjrl��¶b
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