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∞

−∞

∫
∞

−∞

f(x, y)δ(xcosθ + ysinθ − t)dxdy
¨ ��¬
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b )2
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b f

2
b
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L(λ) =
∑

d

[pd log(pd)− pd − log(pd!)]
¨ �1�J¬
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L(λ) =
∑

d

[pd log

(
∑

b

λbRdb

)
−
∑

b

λbRdb − log(pd!)]
¨ ���y¬

WYXn]´{nvkoylnq�]"\ o���tnhkmp�nr�]#s4t~}·i�mpo<�£¨ ���<¬wmph­i�Xn}�i²}yh!i�Xn]�m¥i�]#vk}�i�mpo<�nh­�#o<�Ji�mp�gtn]��³i�X[]´qpm�¦y]¯¶
q�mpXnogog|B±�mpq�q=mp�n�#vj]1}yhj]Á¨¸\:oy�noyi�oy�nm��"mpi�f�oy��ikXn]�hko<qpt[i�mpo<�N¬¯�[±�mpikXno<t[i�m��[|nm��#}�i�]¹i�Xn]�{.o<mp�4i
±�Xn]"vk]��no<mphk]�±�m�qpq�l.]"r<mp�Hiko:l.]�}y|n|n]"|Hiko@ikXn](vk]#�"o<�nhbi�vkt[�"i�]"|§m�\:}yry]y®
_�� � �1���3�!i�Xn]H}yt[ikXno<v�{nvk]"hk]#�Ji�hÁ}£�n]
± hjiko<{n{nmp�nr¡�"vkm¥i�]"vkm�}[�­ikX~}�i:�"o<�nhjm�hbi�hºmp�¾hk]"{~}·¶
v�}�ik](v�}y�n|[o<\@qpfBikXn]�{nvjoyxb]"�"ikm�oy��|~}�i�}@mp�Hi�±`oºX~}�qp <]"h#�.�~}y\@]"qpf �Ì}��n|§^´®~WYXn]"�=�.o<�n]
{nvkog�"]#]"|nh�±�m¥i�X¡i�Xn]ºvk]"�#o<�nhbi�vjtn�"ikm�o<�½tnhkmp�nr�i�Xn]ºhk]
i ����}y�n|¡�¸o<v�]#}y�¯X¼mpik]#v�}·i�mpo<�¡i�X[]
q�mp¦y]"q�mpXnogog|8oy��ikXn]B|~}�i�}�hk]
iº^ mph��1}yqp�#tnq�}�ik]#|8t[hkmp�nr£ikXn]B]"hji�mp\:}�i�]"h@o<l[i�}�m��[]#|E±�m¥i�X
��®[_Åi�m�hYhkXno�±��Ui�X~}·iYi�X[](qpmp¦y]#qpm�Xnogog|U±�mpq�q=mp�n�#vj]1}yhj]�tn�Ji�mpq�}��#]"vji�}ym��U{.o<mp�4iY±�Xn]"vk]�i�X[]
mpik]#vk}�i�mpo<�nh(o� <]#v � }yvk]�hjiko<{n{.]#|µ���¯Xn}y�nr<mp�nrUi�oBikXn]@|~}�i�}Bhk]"i�^´®�a¹�n�#]@l.oyikXK{.o<mp�4ikh
oy�Y�"o<�4 y]#vkry]#�n�"]U}yvj]ºvk]#}y��Xn]#|=��ikXn]ºi�±`o§]#hbi�mp\:}�i�]"h�}yvk]ºhjtn\@\@]#|Etn{¡i�o§o<l³i�}ymp�¡i�X[]
¤~�~}yq�mp\:}yr<]H]#hbi�mp\º}·i�]�oy�´i�X[]�|n]"�nhkm¥i f8|nmphji�vjm�l[t[i�mpo<�=®¿WYXnmph:i�]#��Xn�nmps4tn]�Xn}yhºhjXno�±��
r<ogog|Bvk]"hktnq¥i�h�o<�U�[o<m�hj](vj]bxb]#�
i�mpo<�Hl[t[i�}yhYm¥i�X~}�h�l.]"]#�Hvj]#\:}yvk¦y]"|Hm�� � �����O�[ikXn]��#vjo<hkh ¶
q�mp¦y]"q�mpXnogog|¼mph(|n]#{.]"�n|n]#�Ji�oy�­i�X[]:�4tn\�l.]#v�oy�­�#o<tn�Ji�h"®º_�� � �����3���yo<Xn�[hko<�¡{[vko<{.o<hj]#|
}� �}yvkm�}y�Ji�iko�ikXn]��"vko<hjhb¶�qpmp¦y]#qpm�Xnogog|Àhk��Xn]#\@]��!m��½±�X[m���XEi�Xn]Á{nvko�xb]#�
i�mpo<�E|~}�i�}�hj]"i�mph
|nm¥ ³mp|n]"|�mp�

k
hkt[lnhk]
i�h#®`WYXn]"�=�.]#}y�¯X�hjtnlnhk]
i´m�h�hktnl[ikv�}y�
i�]#|H�¸vko<\ i�Xn](�#o<\@{nqp]"ik]�|~}�i�}

hk]
i1®EzG}y��X8hktnl[ikv�}y�
i�]"|¾|~}�i�}»hj]"i:mph@vj]#�"o<�nhjikvktn�
i�]"|Ã}y�[|8\�t[qpikm�{nqpmp]#|¾lJf
1/(k − 1)i�o¡{[vk]#hj]#vb <]§ikXn]��"o<tn�Ji�hº�gtn\�lC]"vºm��¾]1}y��XÄmpik]#vk}�i�mpo<�=®ÃªNoyv:]#}y��XÄhktnl[ikv�}y�
i�]"|Ã|~}�i�}

hk]
i1��i�Xn]ºmpi�]"v�}·i�m�oy�nh�}yvj]Áhbi�o<{n{.]"|½±�Xn]"�½i�Xn]Áqpmp¦y]#qpm�X[ogog|Eoy�²i�Xn]Á�[o<�³¶�mp�n�"q�tn|[]#|E|~}�i�}
hk]
i�mph�\:}�Â[mp\@m�¢"]#|=®Ua¹ikXn]#v�}�{n{nvko<}y��X¼Xn}yh�l.]#]"�½{[vko<{.o<hj]#|¼mp� � �y���3��±�Xn]#vj]�}Uhjiktn|[f
oy�Gi�Xn]�\�tnq¥i�mp{nqpm��#}�i�m¥ <]:tn{.|~}·i�]��#og]	�º�"m�]"�4ikh�o��!i�X[]:Æ§Ç�z­Æ }�q�r<oyvkm¥i�Xn\�X~}�h�}�q�qpo�±­]#|
i�Xn]�}yt[ikXno<vkh�i�o:]#hji�}ylnqpm�hjX»}:hji�oy{n{nmp�nrÁvktnqp]y®Yª~o<v�]1}y��X§mpik]#vk}�i�mpo<�Hi�Xn]�tn{.|~}�i�]��#og]	�@¶
�#mp]#�Ji�h�}�vk]�hji�oyvk]#|K}��n|£Xnmphjiko<r<vk}y\@\:]"|=®�WYXn]�ik]#��Xn�nmps4tn]:mph�l~}yhj]#|£m��»ikXn]��6}��"i¹i�Xn}�i

565436587:9<;>=



�1� ���������	��
���
��������������	���������������� "!�#%$� �&

i�Xn]�o<{[i�mp\�tn\�m¥i�]"v�}�ikm�oy�� �}�q�tn]U¨6rymp <]"�£mp�£}Áhkmp\�tnq }·i�mpo<�£hbi�tn|[f§l4fHi�Xn]���Æ�e� �}�q�tn]1¬
m�h�vk]#}y�¯X[]#|8}�qp±`}�fgh�mp�½ikXn]�hk}y\@]Á �}yqptn]Á�¸o<v�i�Xn]ÁXnm�hbi�o<ryv�}y\@\@]#|E�#og]	�:�#mp]#�4ikh#®£_��À}
{nvk]"�#]"|n]#�Ji�±`o<vk¦ � ��Í��3��ikXn]@}yt[i�X[o<vkh�hji�}�i�]"|£i�X~}·i�}� �}yqptn]@oy�`�³®  �{nvkog|ntn�"]#h(m�\:}yr<]"h
�#qpo<hk]�i�o�i�Xn](o<{[ikm�\:}yq=vk]"�#o<�[hji�vjtn�"ik]#|§mp\:}yr<]º¨¸±�m¥i�X

±
��mpi�]"v�}·i�m�oy�nh�¬¯®

WYXn]ºÆ§Ç�z!Æ }yqpr<o<vjmpikXn\�X~}yh�hkX[o�±��Kl.]"iji�]"v(vk]"hktnq¥i�h�i�Xn}y�»i�X[]@�"q }�hkhkmp�1}�q!ª�^²u }�q�ryo�¶
vkm¥i�Xn\U�µXno�±`]
 <]#v�m¥i�h¹mp�n�#o<�J <]#�[m�]#�Ji�mph�m¥i�h¹hjq�o�±Ì�"o<�4 <]"vkr<]"�n�#]�®�Ë´m �C]#vk]"�4i�}�{n{nvko<}y��Xn]#h
X~}yh�l.]#]"���"vk]1}·i�]"|�iko�o� <]#vk�"o<\@]­ikXnmph�{nvjo<lnqp]#\U�yq�mp¦y]­{~}yvk}yqpq�]"q�mphk\ o��[i�Xn]!{nvjog�#]"hkh#�<�"o<\�¶
{nt[i�}�i�mpo<�~}yqµ\:]"\@o<vjfB\:}y�~}�r<]#\@]#�Ji�m�\@{nvjo� <]#\@]"�4ikh�i�o@hk{.]"]#|�tn{Hm¥i�]"v�}�ikm�o<�[h#�N}y�[|Hhko
o<�=®Ha¹�n]:i�]"��Xn�nmpsgt[]�ikX~}�i�X~}yh�mp\@{nvko� <]#|¼i�X[]ºhk{.]#]"|Eoy�²�#oy�4 <]#vjr<]"�n�#]B}y�[|¼X~}yh�}y{³¶
{nvko<}y��Xn]#|ÃikXn]»z!Æ ik]#��Xn�nmps4tn]�i�o¼ikXn]§�#qpm��nmp�1}�q´hk�"]#�~}yvjm�oEmphÁikXn]»a�vj|n]#vj]#|Legtnlnhk]
i�h
z�Â[{.]"�"i�}�i�mpo<�ÀÆ§}·Â³m�\@mp¢1}�ikm�oy�À}�q�r<oyvkm¥i�Xn\ ¨3a(e[z!Æ�¬ � �
 ��O®B_��nhjik]1}y|½o��²±`oyvk¦4m��[r§±�m¥i�X
o<�n]�hk]"i�oy��{nvjoyxb]"�"ikm�o<�[h#�Yi�X[]�}yqpr<o<vkm¥i�X[\ {.]#vb�¸o<vk\@hÁhk]
 <]#v�}�q´hktnl³¶Åmpik]#vk}�i�mpo<�nhÁo� <]"v�}
hk\:}yqpq�]"v!hjtnlnhk]
i­l.]"�¸o<vj]�l.]#r<mp�n�nmp�nr(±�mpikX:ikXn]��n]
Âgi!o<�n]�®«WYXn]�vj]#hjtnqpikh!tnhkmp�nr(i�Xnmphwi�]#��X³¶
�nmpsgt[]@X~}�h�hjXno�±��»i�X~}·i¹i�Xn]�mp\º}�r<]�vj]#�"o<�nhjikvktn�
i�]"|¡r<]
i�h¹�#qpo<hk]"v¹i�o�ikXn]��"o<�4 <]"vkry]#�n�"]
{.o<mp�4i�mp�¼qp]#hjh�ikm�\@]@i�X~}y�KikXn]:o<vkmpr<mp�~}yq!Æ§Ç�z­Æ }�q�r<oyvkm¥i�Xn\U®Á_Åi�og�#�"tnvkh�l.]"�1}yt[hk]º�¸o<v
]1}��¯X�m¥i�]#vk}�i�mpo<�=�[}� <o1Â³]#qCm�h`t[{.|~}�i�]"|U}�h`\:}y�Jf:i�mp\@]#h²}yh`�4tn\�l.]#v`oy��hktnl[hk]"ikh#®!WYX[]#vk]¯¶
�¸o<vk]��­]#}y�¯X8 <o1Â³]#qY±�mpq�qYl.]U gm�hjmpik]#|Ä\@o<vj]Ui�mp\@]#h@�¸o<v�mpik]#vk}�i�mpo<�Ài�Xn}y�8m��Ài�Xn]U�1}yhj]Hoy�
tnhkmp�nrB}ºhjm��nryq�]�hk]
i¹oy�w{nvjo�xb]#�"ikm�oy�nh#®�_��§oyi�Xn]"v�i�]#vj\@h#�C�¸oyv�]
 <]#vjf�hktnl[hk]"i�}y�§m�\:}yr<]�mph
vk]"�#o<�[hji�vjtn�"ik]#|K�#o<�nhjm�|[]#vkmp�nrUikXn]�mp�[�¸o<vj\:}�i�mpo<�»�#oy�4i�}�m��[]#|£m���i�X~}·i�hktnlnhj]"i#��i�Xn]"�=�=�¸o<v
i�Xn]:hktn�"�#]#hkhkm¥ J]�hkt[lnhk]
i�h��n]
± m��³�¸o<vk\:}�ikm�o<�¡mph�}�|n|n]#|¡i�oHi�X[]ºvk]#�"o<�nhbi�vkt[�"i�]"|Emp\º}�r<]y®
WYXn]�hk{.]"]#|Htn{Boy��i�X[](}yqpr<o<vjmpikXn\ m�h²l~}yhk]"|Hoy��i�Xn]¹hk\:}yqpq�]"v²i�m�\@]¹vk]#s4tnmpvk]"|Ui�o�vj]#�"o<�³¶
hjikvktn�
i�}y�¼mp\:}yr<]@±�mpikX¼q�]"hkh�{nvjo�xb]#�"ikm�oy�¼|~}�i�}[® �Y�#�"o<vk|nmp�nr�i�o � �
 ��O��ikXn]ºXnmpr<Xn]"v�i�X[]
�gtn\�lC]"v�oy��hktnl.|nm¥ gm�hjm�o<�[h�i�Xn]�l.]"ikik]#v�qp]" <]"q�oy��|n]"i�}ym�q=m¥i��1}y�Hl.]�o<l[i�}�m��n]"|=® ��o�±`]
 <]#v"�
i�Xn]
fH}yr<vj]#]�i�X~}�i�ikXn]#vj]�mph�}@q�mp\@mpi�±�mpikX�ikXn]��gt[\�l.]#v�o���hktnl.|nm¥ gm�hkmpo<�nh#®Y^`]
f<o<�n|Hi�Xnmph
q�mp\@mpi#�ni�Xn]�}yqpr<oyvkmpikXn\Éq�}y��¦gh�o���hkt �º�"mp]#�4i�|~}�i�}�i�o�¤ni�ikXn](o<lnhj]#vj <]"|§|~}·i�}[®
a´i�Xn]"v´mphkhjtn]�oy�«m��Ji�]#vj]#hbi�mph´Xno�± i�oºhk]"q�]"�"i(}y�[|�X[o�± ikoÁo<vk|[]#v�i�X[]�hkt[lnhk]
i�h#®�_�� � �
 ��3�
i�Xn]�}yt[i�X[o<vkh²vk]"\º}�vk¦ºikX~}�i²i�X[]�hk]"q�]"�"ikm�o<�Hoy��hkt[lnhk]
i�h�hjXno<tnqp|Hl.]¹|no<�n]�mp�H}�l~}yq�}y�[�#]#|
±²}1f<�³hko�i�X~}·i­i�Xn]� <o�Â³]"qµ}y�"ikmp gm¥i fºmp�[�¸o<vj\:}�i�mpo<�Ámph²}yqphko�l~}yq�}y�n�"]#|�mp�ÁikXn]´hjtnlnhk]
i�h � �
 ��3®
��]"rJ}yvj|nmp�nrKikXn]Ho<vj|n]#v@mp�8±�Xnmp�¯X¾ikXn]Hhkt[lnhk]
i�h�}�vk]U{nvkog�"]#hkhj]#|=�YW²Xn]"f8hjtnr<ry]#hji:i�Xn}�i
]" <]"�£m¥�wi�Xn]�o<vj|n]#v�m�h¹}yvkl[mpikv�}yvbf�m¥i¹mph¹{[vk]"�¸]"v�}yl[q�]�iko�{nvjog�#]"hkh¹hktnlnhj]"i�h¹±�X[m���X£mp�n�"q�tn|[]
�n]"±dmp�[�¸o<vj\º}·i�mpo<��}�h�hkogo<��}yh�{.oyhkhkmplnqp]y®
Ë´]#hj{nm¥i�]»ikXn]�r<ogog|Ã]#\@{nmpvkmp�1}�q¹vk]"hktnq¥i�hB{[vk]#hj]#�Ji�]#|LlJf¿a(e[z!Æ¡�`mpikh�\º}·xbo<vÁ{[vko<lnqp]#\
X~}yh¹l.]"]#�£m¥i�h¹q }��¯¦�o��!{nvjogoy�G�#o<�J <]#vjr<]#�n�"]:}y�n|£}y\�l[m�rytnmpi�f§mp�»ikXn]�tnhj]�oy�G{nvkmpo<vkh � � �3�
}yqphkoUm¥i(X~}�h(l.]"]#�Khbi�}�ik]#|£ikX~}�i�m¥i(�1}��Kqp]1}�|£ikoUqpmp\:m¥i(�"fg�#qp]#h�mp�»i�Xn]�m¥i�]"v�}�ikmp <]�o<l³xb]#�
i

243�56247



����
 =��� ��& #% � � #���� 4 ��� &�� #%  ���!�& � #%����� ; 4 � 
�
�� #%����# 4 #��  .� = :�� ���

]#hbi�mp�~}�i�]"h � �����3®���]#�"]#�Ji�q¥f<�G}��E}��#�"]#qp]#v�}·i�]#|E�"o<�4 <]"vkry]#�4i�o<vk|[]#vk]"|½hktnl[hk]"i@}�q�ryo<vkm¥i�Xn\
±²}yhY{nvk]"hk]"�4i�]"| � �����3�[i�X~}�iY]#hbi�}ylnqpmphkXn]"h´}�ikv�}y|[]#o���l.]"i�±`]#]"��hk{.]#]"|§}y�n|U�"o<�4 <]"vkry]#�n�"]
l4f�t[hkmp�nr�}�{~}yvk}y\@]"i�]"v¹i�X~}�i�tn{.|~}·i�]"h(mpikhk]#q¥�²}yt³i�o<\:}�ikm��#}yqpqpf»}�h¹i�Xn]�m¥i�]"v�}�ikm�o<�[h({[vko�¶
�#]"]#|nh"®�WYXnmph�{~}yvk}y\@]"ik]#v�mp�4i�vjog|ntn�"]#h�}Uq�mp�n]1}�v��#o<\�l[m��~}·i�mpo<�¡l.]"i�±`]#]"�¼i�X[]@�6}yhji�lnt[i
�no<�³¶Å�#oy�4 <]#vjr<]#�Ji�a�e³z­Æ }yqpr<o<vjmpikXn\ }��n|»ikXn]�hjq�o�± lnt³i(�"o<�4 <]"vkr<]"�4i � a(e[z!Æ }�q�r<o·¶
vkm¥i�Xn\ � �<���3®w^²}�hkmp�1}yqpq¥f<�g}�iwikXn]Yl.]#r<r<mp�nmp�nr(oy�.i�X[]�m¥i�]"v�}�ikm�oy�nhG\@o<vj]²±`]#mpr<XJi�mp�nr�m�hwr<m¥ <]#�
i�oBi�X[]ºa�e³z­Æ m�\:}yry]y��m��Koyvk|n]"v�i�oUhk{.]"]#|³¶Åtn{Ki�Xn]@�"o<�4 <]"vkr<]"�n�#]��«}��n|£i�X[]#�=��}yh�i�X[]
mpik]#vk}�i�mpo<�nh�{nvjog�#]"]#|nh"�.\@o<vj]�±`]#mpr<XJi�mp�nrºmph�r<mp <]"�Hi�o�ikXn] � a(e[z!Æ mp\:}yr<](mp�Ho<vk|[]#vYiko
]#�nhjtnvk]��#o<�J <]#vjr<]#�n�"]:oy�GikXn]�r<qpo<l~}yq�}yqpr<o<vkm¥i�X[\H®�WYX[]@\:}·xbo<v¹|nvk}�±�ln}y�¯¦§mph¹i�Xn}�i¹i�X[]
q�mp�n]#}yv!�#oy\�lnm��n}�i�mpo<�º�n]#]"|nh`}�{nvj]#�#}yq��"tnq�}�i�mpo<�Áoy�µ]1}��¯Xºr<tn]"hkh­mp\º}�r<]�¨6m6® ]y®Ga(e[z!Æ�}y�n|
� a(e[z!Æ�¬
�N±�Xnm���X�hkqpo�±�h�ikXn]�}yqpr<o<vjmpikXn\U®YWYXn]�}yt³i�Xno<vjh�hji�}�i�]"|§ikX~}�i�i�X[m�h�mph¹}:{.o<mp�4i
oy���¸tnvji�X[]#v�vj]#hk]#}yvk��X=®

� � �U `��	��»��	��(
��"�B' � ������� ����
  `��	�	��� ­
��"��� �#��
�� 
�)B�
�"� ��'��È	��� `���U�=
�	 �H !
��"��� � �"'���	��

�)U�

��o�±�mpi�±`}yh�h�}�m�|=��i�Xn]:�#o<vjvk]"�"i�mpo<�¼oy�²\@o� <]#\@]#�Ji�X~}yh�l.]#]#�¼{.]#vb�¸o<vk\@]#|¼\:}ymp�nq¥fKl4f
tnhkmp�nrÄ�"o<\@{.o<�n]"�4i�h§}�iki�}y��Xn]#|Li�o8ikXn]¡|n}�i�}8}y�#s4tnmphkm¥i�mpo<�dhbf³hbi�]"\H��mp� }y�%] �Co<vjiHoy�
�n]#ryq�]"�"ikm��nr¡m��³�¸o<vk\:}�ikm�o<�ÀikX~}�i:|[m�hk}yr<vk]"]Hhk{~}·i�m�}yq�q¥fE±�m¥i�XÄ}£hbi�}�ikm��Uvk]
�¸]#vk]"�n�#]��²q�mp¦y]�}
� W mp\:}yr<]���±�Xn]"vk]º}��¸t[hkmpo<�Koy�­\@og|~}yqpm¥i�mp]#h(m�h¹±²}y�Ji�]#|µ®@Ë´m��C]#vj]#�Ji�q¥f<��o<tnv(}y{[{nvkoJ}��¯X
m�h�l~}yhk]"|§mp�HikXn]�mp�[�¸o<vj\º}·i�mpo<�Hoy��i�Xn](lnvk]#}�i�X[m��nr:�"fg�#qp]�i�X~}·i��1}y�Hl.]�m��[�#qptn|n]#|§mp�Hi�X[]
hjik]#{�oy��m�\:}�r<](vk]"�#o<�nhbi�vjtn�"ikm�o<�µ®
Ë´m �µ]"vk]#�JiH}yt[i�X[o<vkhB}yqpvk]#}y|[fÄ�noyikm��"]#|¿i�X[]»�"o<�4 <]"�nmp]#�n�#]£oy��mp�4i�vjog|ntn�"m��nrE�#o<vjvk]#�
i�mpo<�
�6}y�
i�o<vkhUmp�4iko8ikXn]Khjfghbi�]#\ \:}�ikvkm Âµ�¹qpm�¦y]¡}�ikik]#�4t~}�i�mpo<�,�6}y�"iko<vkh"�¹hk�#}�ikik]#vkmp�nr8�6}y�
i�o<vjh#�
|n]"ik]#�
i�o<v�] �:�#mp]#�n�
f<�<]
i���®�WYXnmph��#o<�J <]#�nmp]#�[�#]`�#oy\:]"h��¸vko<\%i�X[]G�6}y�
i�i�Xn}�i�]#}y��X�]#qp]#\@]#�Ji
oy�µi�Xn]�hbf³hbi�]#\ \:}�i�vjm¥Â:�#o<vjvk]#hj{.o<�n|nh­i�o�i�X[]´vj]#q�}�i�mpo<�[hkXnmp{�l.]"i�±`]#]"�U}�rymp <]"��]#\@mphkhkmpo<�
]#qp]#\@]"�4i»}y�[|d}À|n]"ik]#�"iko<v�]"q�]"\@]#�4i#® WYXnm�h�o<�[]
¶Åiko�¶�oy�n]£vk]"q }�ikm�oy�nhkXnmp{ {.]#vk\@m¥i�hHi�X[]
m��[�#qptnhkmpo<��oy��ikXn]#hj](�6}y�"iko<vkhYm���}�hji�vk}ym�ryX4ij�¸o<vj±²}�vk|U±`}�fy®
W�o§�"o<vjvk]#�
i��¸o<v(vj]#hk{[m�vk}�i�o<vbf£\:o� <]#\@]"�4i1��±`]ºXn}� <]ºmp�Ji�vkog|nt[�#]"|E}U�#o<vjvk]#�
i�mpo<�¡�6}y�
i�o<v
i�X~}·i´i�}y¦y]"h�mp�4ikoU}y�"�#oytn�4i�Xno�±Ì}y��]#qp]#\@]#�Ji�o��!]"\@m�hjhkmpo<�K\@o� <]#h(}��n|»|n]
�¸o<vk\@h¹mpikhk]"qp�
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∑
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di dj
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Rdjbn = 0
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�´h(m¥i�±²}yh(h�}ymp|=���¸o<v¹ikXn]@�#}yq��"tnq�}�i�mpo<�Koy�­]1}y��XKhjfghjik]#\ \:}�i�vjm¥Â�i�]#vj\U���[oyi(o<�nq¥f»|nmphb¶
{nq�}y�#]"\@]#�4ikh�oy��]#}y��X�]"\@m�hjhkmpo<�§]"q�]"\@]#�Ji¹}�vk]��#o<�[hkmp|n]#vj]#|§l[t[i�}�q�hko� <o<qptn\@]�|n]
�¸o<vj\º}�¶
i�mpo<�Ho���m¥i1®
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U(x, y, z)
i�X[]�|nmphk{nq�}y�"]#\@]#�4i` <]#�
i�o<v!¤n]#qp|�Xn}� gmp�nr�i�X[]�mp�[�¸o<vk\:}�ikm�oy�ºoy�=Xno�±

}y�§]#\@mphkhjm�o<�»]"q�]"\@]#�4i´±�mpikX��#ogo<vj|nmp�~}�i�]"h
(x, y, z)

\:o� <]#|�mp��hk{n}y�#]�i�o:i�Xn]�{.o<hkm¥i�mpo<�
(xp, yp, zp)

�N}y�[|
ϕ(x, y, z)

i�X[]�|[]"�¸o<vj\º}·i�mpo<�U�¸tn�n�
i�mpo<�H|n]"¤~�[]#|�}�h 


xp = x+ Ux(x, y, z) = ϕx(x, y, z)
yp = y + Uy(x, y, z) = ϕy(x, y, z)
zp = z + Uz(x, y, z) = ϕz(x, y, z)



ϕ(x, y, z)

¨ �1�J¬

WYXn]"�=�nmpi²m�h²{.oyhkhkmplnqp]�iko��1}yqp�#tnq�}�ik]¹ikXn]¹r<v�}�|nmp]#�4i²oy�
ϕ(x, y, z)

}·iY}��"]#vbi�}ymp�U]"\@m�hjhkmpo<�
]#qp]#\@]"�4i

p = (px , py , pz )
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∇pϕ =




∂ϕx

∂x

∂ϕx

∂y

∂ϕx

∂z
∂ϕy

∂x

∂ϕy

∂y

∂ϕy

∂z
∂ϕz

∂x

∂ϕz

∂y

∂ϕz

∂z




∣∣∣∣∣∣∣ x = px

y = py

z = pz

¨3�y�J¬

e³mp�n�#]
∇pϕ = Id +∇U(x, y, z)

±�m¥i�X
Id
i�Xn]�mp|n]"�4i�m¥i�f�\:}�i�vjm¥ÂC�.]#s4t~}·i�mpo<�À¨O���J¬Y�#}y�

l.]�±�vkm¥iki�]"�§}yh 


∇pϕ =




1 + ∂Ux

∂x
∂Ux

∂y
∂Ux

∂z
∂Uy

∂x
1 + ∂ Uy

∂y

∂Uy

∂z
∂Uz

∂x
∂Uz

∂y
1 + ∂Uz

∂z




∣∣∣∣∣∣∣ x = px

y = py

z = pz

¨3� ��¬
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∇ϕ
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ϕ
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hkmpo<�H]#qp]#\@]"�4i�hkt �C]#vjh�}y�H]¯Â³{~}y�nhjm�o<�½¨
|∇pϕ| > 1

¬¯�~}@�"o<�4ikv�}y�
i�mpo<�¼¨
|∇pϕ| < 1

¬`o<vYmp�
mpi¹{nvk]"hk]"vj <]#h(mpikh´ <o<q�t[\:]H¨

|∇pϕ| = 1
¬ � ÍJ���O®�Æ�o<vk]"o� <]"v#��m¥i�mph¹{.o<hkhjm�lnqp]�ikoB�#}yqp�#tnq�}�i�]
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∇pϕ
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]
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P
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D
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∇pϕ = PDP−1 ¨3�<�<¬

Ê,Xn]"vk]y�
D = diag(λ

(0)
p , λ

(1)
p , λ

(2)
p )

±�m¥i�X
λjp(j = 0, 1, 2)
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∇pϕ
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SLAVE LS SLAVE FP SLAVE BP

MASTER

Direct commnicatin master/slave
send of common information

Calculated data goes through master to final destination

Direct communication slave/master
send of slave−specific information

LS Matrix Image update iteration K+1FP estimates

sinogram space
image space
sinogram data
displacement vector field data
image data at iteration K
image data at iteration k+1
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