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_a`cb�dKeSf�g)hBijd�kclnmOopirq3ste[o�q=uvopirdKinwxmyoxijq=s

z e(wx{Bw|oxb6dKe6w�}[q3dKuclre�~ve6w
�/�pqy��e�o���`cir�

�#myu�uLq3�|o z e��pe6}*`ce6�p}*`�e�s]��f=fv�=��g��=kcsce(�y�3�3��g��1��u�my�3e6w

�����6���O�c�=�=��� q3w|o��= ¡�pe6}[q3s�w|ox�pk�}¢opirq3s�w|{vw|oxe�d�w�£�m=wxe z q3s:w|ox�pk�}¢opkc�xe z ljir�3`3o�k�wxe¤m�wxijsc�=lje�}�m=dKe��*m
¥ q3��wxe�s�wxirs���¦�mys z mtuc�pqy��e1}¢oxq3�Sox`�myo�e�dKiropw�q=sce§q3��wxe�¨=e6�pm=l�u�mOoxoxe��ps�w�qO¨=e��Sop`ce§q3£�w|e6�x¨3e z w|k�� ¥ m3}[e=©
ªUe#k�wxe�op`ce ¥ q=ljljqO«�irsc�(m=s�myljq=�3{(£]e[o�«"e�e�sKop`ce6wxe¬wx{vw�ope�d�w	m=s z m(}[lnm=wpw|in}�m=lvo�«"qy­®}�mydKe6�pm�w�ope��pe�q4wx}�q=ucin}
wx{vw�ope�dt¯¤ox`ce�uc�xq=��e6}[oxq=�(}6mys°£]e�wxe�e6s±m=w(q3sce�}6mydKe��*m ¥ q=�¤«�`cij}*`²op`ce�ijd�my�3e§q ¥ ox`�e��= ³wx}�e�sce�ijw
´ scqO«�s±µHi¶o�ijw¬ox`�e�e�dKiro|ope z u�myo|ope��psL·¢¦>mys z ox`ce¤qyox`�e���}6mydKe��*m�wxe�e6w#ox`ce�wxm=dKe�wx}�e�sce ¥ �xq3d¸m=scqyop`ce��
u]q3wxiroxijq=s&©/_a`Bk�w6¦v«�eS}�m=s�k�wxe�ox`ceSlnmy�p�=e ¥ m=dKirlj{�q ¥ mylj�=q=�pirox`cd�w	ox`�myo�m=�xeSmX¨Omyijljm=£clje ¥ q=��w|oxe6�xe6q3wp}[q=uB{3¦
«�irox`�ox`ce�m z ¨Omys4opm=�=eSop`�mOo1¦]wxirsL}[e�«"e�}6mysG}*`cqBq3wxe�ox`�e�}[q3s3ope�s4o¬q ¥ q=sce(q ¥ ox`ce�o�«�q�ijd�my�=e1w�¦L«�e��=e[o
m=s�e1m=wx{�mys z kcs�ij¹4kce(wxq=ljkvoxijq=s�oxq�op`ce(}[q3�x�pe6wxuLq3s z e6s�}[e�uc�pq=£clje�dt©
ªUe�k�wxe�op`cinw#mys�m=lrq3�={�oxq§}6myljir£��pmyoxeSm¤ljqO«a­®}[q3w|o"w|ox�pk�}[oxkc�pe z lrij�=`4o#wx{Bw|oxe6d�}�m=u�my£�lreSq ¥ m=}6¹3k�ir�pirs��

z {4sLmydKij}�wx}�e�sce1w�¦Bmys z oxq¤�xe1}[qO¨=e6�	�= \wx`�myu]e�m=s z oxe�~Boxkc�pe ¥ �pq=dºm�wxijsc�=lje¬ijd�my�=e¬k�w|ijsc��}[q=�p�pe�lnmOoxijq=sc­
£Lm=wxe z w�ope��pe�q3wp}[q3uB{=©
»G¼4½>¾p¿�À �OÁ
�=� wx`�m=uLe3¦�w�op�xkL}¢oxk��xe z ljir�3`4o6¦cw|oxe��pe�q4wx}�q=uB{=¦v}6myljir£c�*mOopirq3s
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 ��� m§ucljkcu�m=�|o z e6w�w|{vw|oxb�dKe1w z e¤�xe1}[q=sLw�op�xk�}[oxijq=sG�= ¡£�m3w��1w¬wxkc�¬lnm§ljkcdKirb6�xe�w�op�xkL}¢oxk����6e
kcoxijlrinw|e6s4o(kcsce§wxe�kcl	}6myd����*m+}[q=dKe§}6myuvope�kc�1¦&e[o¤kcs²uc�xq=��e6}[oxe�k��S¹4kci���dKe[o�k�sUq3k u�lrk�wxije�kc�*w�dKqyopi ¥ w
wxkc��lnmtw|kc� ¥ m=}�eKq=£�wxe��p¨��6e=©��#q=kLw�kvoxijljijwxq=s�wSl�� mys�m=lrq3�=ije�wxkcij¨Xm=s4oxe�mX¨=e1}¤k�s²wx{vw�opb�dKe�w�o�������q4wx}�q=ucin¹4kce
}�ljm3wxwxin¹3k�e�� z e�kv~S}�m=d��6�pm3w�¯&ljeRuc�pqy��e6}[oxe6kc� uLe6kvo���ox�pe/¨Bk(}[q=dKdKe/kcsce�}�myd��6�pm"u]q=kc�&lnm=¹4kce6lrljeRl�� ijd�my�3e
z e�lnm¬wp}[b6sce"�3  e1w�o/}[q3scsBkce�µ8}�� e6w|o
lje"d�q=oxi ¥ uc�pqy��e�o��1·[¦Oe[o�l � mykcox�pe�}�m=d����*m#¨=q3i¶o
ljm¬d���dKe"wp}[b6sce z e�uck�ijw
k�sce§mykvop�xe�u]q3wxi¶opirq3s&©"!#ijs�wxi8¦�q=sUuLe6kvo�kvopirljijwxe��Sopq=kvope�ljm ¥ m=d�ijljlre z � mylj�=q3�xirox`�d�e1w z ijwxu]q=scij£clje6wSu]q=kc�
lnm�w�o�������q3wp}[q3ucije z e�sLw|e3¦cmX¨=e6}¬kcstmX¨Xm=s4opmy�3e#ijd�u]q=�xopm=s4o�¯/uck�ijwp¹4k#� q3s�u]e�kvo#}*`cq3ijwxij��lje�}[q=s4ope�sBk z � kcsce
z e6w z e6kv~ ijd�my�3e6w6¦&q=s²u]e�kvo ¥ m3}[ijlre6dKe�s4o(q=£vope�scij�(kcs�e§w|q3lrkvopirq3s²kcscin¹3k�e§myk²uc�pq=£cljb�dKe z e�dKinw|e�e6s
}�q=�p�xe1w|u]q=s z mys�}�e=©

�¬q=k�w"kvopirljijwxq=sLw"}�e[oxoxe�mys�m=lrq3�=ije¬u]q=kc�a}�m=lrij£c�pe��"kcstw|{vw|oxb�dKe�£Lq3s�d�my�*}*`$�%��ljkcdKijb��pe�w|ox�pk�}¢opkc����e=¦
}6myu�m=£clje z � m3}�¹4k$���pij� z e6wRwp}[b6sce6w z {Bs�mydKin¹3k�e6w6¦ye[o	u]q=k��R�xe1}[q3s�w�op�xk�ir�pe�lje����6q=d��[op�xije��=  e[oRlnm�oxe[~Bopkc�xe
��u�m=�|opir� z � kcs�e(w|e6kclreSijd�my�=e3¦ve�s+kvoxijljijwpmys4o#lnm�w|o��6���6q3wp}[q3ucire�u�m=�#}[q=�p����lnmOoxijq=s!©
&DÀ �1� ¾ ��' 
 �+� ¥ q=�pdKe=¦vljkcdKirb6�xe�w|ox�pk�}¢opkc����e=¦cw|o��6���6q3wp}[q3ucire3¦v}�myljij£c�pm=�=e
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46574 8:9<;>=*?A@B;>=79DC
_a`�e"�3  w|`�m=uLe"q ¥ m¬�3ir¨3e�s¤wxkc� ¥ m=}�e�}�m=s�£]e z ir�3i¶opiFE6e z k�w|ijsc��e�irox`ce6��u�m=wpw|ij¨=e�q=�/m=}[oxij¨=e"dKe[ox`�q z wHG Ic¦Xf,J ©
��m3wxwxir¨3e#dKe[op`cq z w	kLw|e�q=sce�q=��wxe�¨3e��*mylcq3uvoxin}�m=l]wxe�sLw|q3�pw#µ8}�m=d�e6�pm3wp·[¦4m=s z «"q=� ´ e6i¶op`ce��"£B{�e�~Box�*m=}¢opirs��
z e�uvop`Uijs ¥ q3�xd�mOopirq3s ¥ �pq=d mtw|ijsc�=ljeKird�m=�=eGµHm3wSirs²�*mysc�3e ¥ �pq=d ¥ qB}�k�w�q3�(w|`�m=uLe ¥ �pq=d w|`�m z ijsc�4·�q=�
¥ �pq=d o�«"q(q=�"dKq=�pe#ijdKm=�=e1wRo*m ´ e6s ¥ �xq3d z i�K>e��pe�s4oauclnm=}[e1w�¦ ¥ �pq=d «�`cin}*` ¥ e6myoxkc�pe6w"my�pe¬e�~4op�pm3}¢ope z mys z
d�myop}*`ce z opq��=e[o#�3 �w|`�m=uLe�£B{�op�xinmys��=kclnmOopirq3s&©
_a`ce"dKe[op`cq z w&op`�mOo/my�peR£�m3w|e z q=s¤w|q3lr¨Bijsc�#op`ce�}�q=�p�xe1w|u]q=s z e�s�}�eRuc�pq=£clje�d�my�pe	m=ljwxq¬}�m=lrlje z w�ope��pe�qy­

wp}[q3ucin}�dKe�ox`cq z w6©R_a`cq=k��=`�ox`ce6{�my�peSuc�pq=£�m=£clr{§ox`ce�dKq3w|o�«�i z e�lj{�k�wxe z u�m3wxwxir¨3e��3  wxe�s�wxirs���dKe�ox`v­
q z w6¦�ox`�e�{°w|k>K]e6� ¥ �pq=d wxe�¨=e6�pm=l z �*mX«�£�m=} ´ w z kce�opq�op`ce�ij�¤uLm=wpw|ij¨=e§sLmOoxk��xe3¯ ¥ e1mOopkc�xe1w�µH«�`cin}*` }�m=s
£]e�ljirsce1w�¦�uLq3irs4opw6¦cq3��ird�my�3e�my�pe6m=w*·�}�mys�scqyo#£]e�d�mOop}*`�e z £Le�o�«�e6e�s+ird�m=�=e6wai ¥ ox`ce6�xe�m=�xeSscq�s�myoxkc�*myl
¥ e1mOopkc�xe1w(q3s°ox`cet�= ¸wp}[e�s�e=¦Rm=w¤inw(op`ce+}6m=wxe§«�irox` k�sci ¥ q3�xdKlj{4­ }�q=ljq=�pe z q=£v��e1}¢o*w�©�Lcq=�¤ox`�ijw��pe6m=wxq=s!¦
op`ce�k�w|e�q ¥ u�m=wpw|ij¨=e¤w�ope��pe�q3wp}[q3uB{�inw¬u��pm3}¢oxin}�m=lrlj{tlrijdKi¶ope z oxqtmyucucljin}�mOopirq3s�w�«�q3� ´ ijsc�§ijs m ¥ e6mOopkc�pe ¥ kcl
e6sB¨4ij�pq=scdKe�s4o1¦!w|kL}*`²m3w��pe�dKqyope§w|e6s�w|ijsc�L¦!ijs z qBq=��s�mX¨Bij�3myoxijq=s&¦&q3��uclnmysce�opmy�p{�e�~Bu�lrq3�pmyoxijq=s&©��¬mysc�3e
wxe�sLw|ijsc��dKe[op`cq z w¤ox`�myo¤k�wxe�m w|ijsc�3lre�ird�my�3e�k�wxk�m=lrlj{ d�m ´ e�e6¨=e6s±dKq=�pe�m=wpw|k�d�ucoxijq=s�w¤my£]q=kvo�ox`ce
wp}[e6sce�mys z ox`�e�ij�#k�wxe�inw�e6¨=e�s+dKq=�peS�xe1w�op�xin}¢ope z op`�mys ¥ q3�#w�ope��pe�q3wp}[q3uB{=©
_a`ce�m=}[oxij¨=e(�*mysc�3e(w|e6s�wxirsc��d�e�ox`cq z w�mX¨=q3i z ox`�e�uc�pq=£clje�d�w¬e�s�}�q=kcs4oxe6�xe z «�i¶op`Gox`�e�u�m3wxwxir¨3e(�= 

�*mys��=e(wxe�s�wxirs���dKe[op`cq z w¬£B{+e�irox`ce6���3e[oxoxijsc� z ij�pe6}¢o��pm=sc�=e�ijs ¥ q3�xd�mOopirq3s ¥ �xq3d¸ox`ce�w|e6s�w|q3�¤µ8m=w#«�irox`
lnm=wxe��a�*mysc�3eNM�s z e��*wp·[¦vq=��£B{�uc�pqy��e1}¢oxijsc�KmKw�op�xk�}[oxkc�pe z ljir�3`3o�u�myo|ope��ps�opqKwxq=lj¨=e¬ox`ce(}�q=�p�xe1w|u]q=s z e�s�}�e
u��xq3£clre6dt©DO®s�w|ox�pk�}¢opkc�xe z lrij�=`4o�wx{vw�ope�d�w�¦�q=sce(}6mydKe��*m�q ¥ ox`ce¤w�ope��pe�q3wp}[q3ucin}�wx{vw�ope�d³ijw¬�xe6ucljm3}[e z £B{
m�uc�pqy��e6}[oxq3�6¦4mys z�´ scqO«�s�u�mOoxoxe��ps�w"my�pe#uc�pqy��e1}¢oxe z q=s4opq�ox`ceS�= \wp}[e�s�e=©DP�s�}[e¬ox`ce1w|e�u�mOoxoxe6�xs�w�`�mX¨3e
£]e�e6s�e�~4op�pm3}¢ope z ¥ �pq=d ox`ceS}�m=dKe��*m�ird�m=�=e=¦3ox�pinmysc�3kcljmyoxijq=s�£]e[o�«"e�e6s�ox`ce�uc�pqy��e1}¢oxq3�	mys z ox`�e�}�m=dKe��*m
�3ir¨3e6w�ox`�e(�= ��3e�q=dKe�ox�p{�q ¥ op`ce(wp}[e�s�e=©

P�kc��d�q=oxij¨OmOoxijq=s ¥ q3��ox`cinw§«"q=� ´ }�q=dKe6w ¥ �pq=d ox`ce ¥ q=ljlrqO«�ijsc�²q=£�wxe��p¨OmOopirq3s�w�¯QML�pw|o6¦adKq3w|o§ird�­
m=�=e¤uc�xqv}�e6wpw|ijsc��m=s z }[q=dKuckcoxe��S¨Binw|ijq=s d�e�ox`cq z w�ijsB¨=q=lj¨=e z ijsUw|ox�pk�}¢opkc�pe z ljij�=`4oSwx{vw�ope�d�w6¦&w|k�}*`²m=w
}6myljir£��pmyoxijq=s�q ¥ ox`ceKuc�pqy��e1}¢opirsc� z e�¨Bin}[e�q=��u�mOoxoxe6�xs e[~Box�*m=}[oxijq=s&¦&m=�xe¤k�w|kLmyljlr{�wxuLe1}[iFML}�m=lrlj{ z e6wxij�=sce z
¥ q3�#e6m3}*`tq ¥ ox`ce1w|e¤w|{vw|oxe�d�wSRLwxe6}�q=s z ¦Ld�mysB{�w|ox�pk�}¢opkc�pe z lrij�=`4o�wx{vw�ope�d�w��pe�lj{�q3sGuc�xq=��e6}[oxijsc�§w|e6¨=e6�pm=l
uLmOo|ope��ps�wSq=s4opq�op`ce��3 $wx}�e�sceGµH«�i¶op`±m ¥ e6« scqyo*my£cljeKe[~c}[e6uvoxijq=s�w*·¢¦
mys z op`ce�ij�(k�wxeKijwSop`Bk�w�ljirdKiroxe z
opqGox`�e�m=}6¹4kcijwxiroxijq=s²q ¥ w|opmOopij}��= ¸wx}�e�sce1w�¦
«�`ce��pe6m3w�dKq3w|o¤mylj�=q3�xirox`�dKw z e�¨3e�ljq=u]e z ¥ q=� /���"$"��(T�� �= 
wx`�m=uLe#m3}�¹4kcinw|iroxijq=sKmylnw|q�«"q=� ´ q3s z {4sLmydKij}�wp}[e6sce6w6©UO®s�w�ope6m z q ¥ kLw|ijsc� z iFK]e6�xe6s4oRd�e�ox`cq z w ¥ q=�	m3}¢opir¨3e
µHi8© e=©Rw|ox�pk�}[oxkc�pe z lrij�=`4o*·�mys z u�m3wxwxij¨=e¤µHi8© e=©Rw|oxe6�xe6q3wp}[q3ucij}1·Rwx{vw�ope�d�w�¦B«"e�u��xq3uLq4w|e�oxq�k�wxe�m�d�mOo*}*`cirs��
m=lr�3q=�pi¶op`cdºq=�pij�=ijs�myljlr{ z e�¨=e6lrq3uLe z ¥ q3��u�m=wpwxir¨3e�w|oxe6�xe6q3wp}[q=uB{KijstmKw|ox�pk�}¢opkc�pe z lrij�=`4o#wx{Bw|oxe6dt©

465�V WYX[Z7@U;'XB\^]_96`>a
!¬dKq=sc��op`ce#lnmy�p�=e#}�q=ljlre1}¢oxijq=s�q ¥ �pm=sc�=e�­ wxe�s�wxijsc��oxe6}*`�scij¹4kce1wNG I.J ¦=op`ce¬dKe[op`cq z wR£Lm=wxe z q=s�u��xq=��e6}¢opirs��
m ´ scqO«�s lrij�=`4o§u�myo|ope��psPq3sPop`ce��=  wp}[e6sceG`�mX¨3e�£]e�e6s ox`ce�wxkc£v��e1}¢o�q ¥ ¨Omy�pirq3k�w�w�opk z ije6w ¥ q3��ox`ce
lnm=w|o¬o�«"e�s4o�{+{=e1my�*w�©���e6}�e�s4o��pe�¨Bije�«#w¬}�q=dKu�m=�xe�op`ce z i�K>e��pe�s4o�«"mX{vw#q ¥ }[q z ijsc�+mys z e�~Box�*m=}¢opirs����= 
ijs ¥ q3�xd�mOopirq3s ¥ �pq=d³w�op�xk�}[oxkc�pe z ljir�3`3o&Gj�=¦cf�J ©
_a`ce�ljij�=`4o#uc�pqy��e6}[oxe z q3s3opqKox`ce(wp}[e6sceSijw#k�w|kLmyljlr{+}[q z e z k�wxijsc��m�w|u�myoxijqy­ oxe6d�u]q=�*myl>dKq z kclnmOopirq3s

q ¥ ox`�e�ijlrljkcdKijs�mOopirq3s&¦vq=�am(uc�pqy��e1}¢opirq3s§q ¥ }�q=ljq=�x­ e6s�}[q z e z w�op�xiju]e6w6©�_a`�e�uc�pqy��e1}¢opirq3s§q ¥ opirdKe�­ ¨Omy�p{Birs��

bBbdc�e>f�f	g�g
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£�irs�m=�x{4­®}[q z e z uLmOo|ope��ps�w(inw�w|oxijljl�mG«�i z e�lj{²k�wxe z wxq=ljkvoxijq=s&¦
d�myijsclj{ £]e6}6myk�wxe§q ¥ op`ce�wxirdKuclje�ijd�my�3e
u��xqv}[e1wxwxijsc�(sce1}[e6wpwpmy�p{ ¥ q=��ox`�e�e�~4op�pm3}¢opirq3s§q ¥ op`ce�}�q z e ¥ �pq=d ox`�e�ijlrljkcdKijs�mOope z ijd�my�3e6wNG �c¦>�X� J ©/_a`ce
d�m=irs z �*mX«�£�m=} ´ q ¥ ox`ce1w|eSdKe[op`cq z wainw"ox`�myo6¦�wxirsL}[eSw|e6¨=e��*myl>u�myo|ope��ps�w"`�mX¨=e�oxqK£]e�u��xq=��e6}¢ope z q=s�ox`ce
wpmydKe(wp}[e6sce=¦Lox`ce6{+m=�xe�lrijdKi¶ope z opq�ox`ce��= ¡m=}�¹4kcinwxi¶opirq3sGq ¥ w�o*mOopij}(wp}[e6sce6w6©#_a`ce(dKe�ox`cq z w¬£�m=wxe z q3s
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O =

N
∑

i=1

P
∑

j=1

[g(Zij) − ln Ei − ln ∆tj − 2 lnaj ]
2

+ λ

Zmax−1
∑

z=Zmin+1

g′′(z)2,
µ8�=·

«�`�e��pe
g = ln f−1
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ijw¤irs ¥ m=}¢oKm ¥ kcs�}[oxijq=s±q ¥

z ijwp}[�pe[ope(¨Omyljkce6w¬£Le�o�«�e6e�s
Zmin

m=s z
Zmax

¦
g′′
}6mysG£]e¤}[q3dKuckvoxe z £B{ MLsci¶ope z iFK>e��pe�s�}�e6w6¦]m=s z ox`�ijw

£]e6}�q=dKe6w�m�ljirsce1my��lje6m=w|o|­®wp¹3kLmy�pe6w&u��xq3£clre6d «�`cin}*`�}6mys¤£Le��pq=£ckLw�oplr{(wxq=lj¨=e z k�wxirs��¬op`ce�w|ijsc�=k�ljm=�
¨Om=lrkce
z e6}[q3dKuLq4w|iroxijq=sGq ¥ op`ce¤}�q=�p�xe1w|u]q=s z irs���dKmyox�pi¶~ ©#_a`ce � m ´ e��� ����(w|q ¥ o�«"m=�xeS«�`cin}*`�u]e�� ¥ q=�pd�w�ox`�ijw
}6myljir£��pmyoxijq=s�w|oxe6utijw ¥ �pe�e6lr{�mX¨Om=irlnmy£cljeSirstwxq=kc�*}[e ¥ q=�pdt©
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!P�=ij¨=e6s(ucir~ve�l4¨Xm=lrk�e�ijs(op`ce�u��xq=��e6}¢ope z ijd�my�3e	�pe6wxkcl¶o*w!ijs¤m=s(ij�x�*m z inmysL}[eR¨Omyljkce"q=s�op`cea}[q=�p�pe6wxuLq3s z ijsc�
}6mydKe��*m¤uci¶~ve6l «�`cij}*`G}6mys+£Le�«��pi¶oxoxe6stm3w�¯

E = E0 + Ap(Z),
µH�3·

«�`�e��pe
E0

ijw�ox`ce�m=d�£cije�s4o(ij�x�*m z ijm=s�}[etµI«�irox`²op`ce�uc�pqy��e6}[oxq3��q�K	·¢¦
A
inw(mtuc�pq=u]q=�xoxijq=s�m=lriro�{ ¥ m=}[oxq=�

µH«�`cin}*`°«�e§}6myljl	mylj£Le z q4·[¦/mys z
p
inwSox`�e�uc�pqy��e1}¢oxq3���xe1w|u]q=sLw|e�}[k��x¨3e�«�`cij}*`°d�m=u�w�ucir~ve�l	¨Om=lrkce1wSoxq

ijljlrkcdKijs�mOopirq3s&©
E
ijw ´ s�qO«�s ¥ �xq3d$ox`�e�}�m=d�e6�pmK�pe6wxu]q=s�wxe(}[kc�p¨=e3¦

E0

}6mysG£]e�}[q3dKuckvoxe z ¥ �xq3d³m§wxe[o
q ¥ uc`cq=oxq3�=�*myuc`�w	k�wxirsc��ox`ce�uc�pe�¨Bijq=k�wxlr{ z e1wx}��xij£]e z u��xqv}[e z kc�pe#«�irox`�ox`ce�uc�pqy��e6}[oxq3��wx`4kco"q,K°µHq=�a}�m=s
£]e�}[q3s�w|i z e6�xe z E�e6�xq�i ¥ ox`�e��pe¤inwSscqtmyd�£�ire6s3o�ljir�3`4oxijsc�4·[¦

Z
ijw ´ scqO«�s&¦&£�kvo

A
µH«�`cij}*` z e6uLe6s z wSq=s

op`ce�}6mydKe��*mtucir~Be6ln·�mys z
p
my�pe§kcs ´ scqO«�s&© �"{ opm ´ ijsc�:wxe�¨3e��*myl/ijdKm=�=e1w(«�irox` z iFK]e6�xe6s4o¤uc�pqy��e1}¢oxe z

k�sci ¥ q3�xd�ird�my�3e6w6¦v«�eS�3e[oaox`ce(wx{vw�ope�d³q ¥ e1¹4k�mOopirq3s�w�¯

Eij = Ei0 + Aip(vj),
µIf4·

«�`�ij}*`t}�m=s�£]e(w|q3lr¨3e z £B{§dKirscijdKiFE6irs��Kox`ce ¥ q3lrljqO«�irs��¤q3£v��e6}[oxij¨=e ¥ kcs�}[oxijq=s&¯

O =

N
∑

i=1

P
∑

j=1

[

q(vj) + ln Ai − ln E′

ij

]

+ λ

Vmax−1
∑

v=Vmin+1

q′′(V )2,
µ � ·

«�`�e��pe
q = ln p

¦
E′

ij = Eij −Ei0
¦
P
ijw�ox`�e�sBkcd¤£Le6�aq ¥ ijd�my�3e6w	opm ´ e�s�«�i¶op`�kcs�i ¥ q3�xdKlj{�uc�xq=��e6}[oxe z

u�i¶~ve�l!¨Xm=lrk�e6w
vj

¦Lmys z
N
inwaox`ce�s4k�d�£]e��#q ¥ }6mydKe��*m�ucir~Be6ljw�opm ´ e�s ¥ q=��}�myljij£c�pmyoxijq=s&©�_a`ce(uc�pqy��e1}¢oxe z

ijd�my�3e6w z q�scqyo	`LmX¨=eaoxq¤}[qO¨=e6��ox`ce�«�`cq=lje¬}6mydKe��*mSird�m=�=e#my�pe6m�¯!i ¥ ox`ce6�xe¬m=�xe#wx`�m z qO« m=�xe1m=w6¦
Ai

«�ijlrl
£]e&E�e6�xqtµIq3�#}[ljq3wxe�oxq)E�e6�xqL¦v£Le1}�mykLw|eSq ¥ �pm z ijq3wxi¶o�{c·�q=s�ox`ce1w|e(m=�xe1m=w6©

!�w�m��pe6wxkclro"q ¥ £]qyox`+uc`cq=oxq3d�e�ox�pij}�}�m=lrij£c�*mOopirq3s§uc�pqB}�e6wpw|e1w�¦4«"e��3e[oaox`ceS}�m=dKe��*m��pe6wxuLq3s�wxe�}[k��x¨3e
m=s z ox`�e�uc�pqy��e1}¢opq=�&�pe6wxuLq3s�wxeR}[kc�p¨=e3©�_a`cinw&�3ir¨3e6w&kLw!ij�x�*m z ijm=s�}[e/¨Omyljkce1w ¥ q=��ox`�e�}�m=dKe��*maird�my�3eRucir~ve�lnw�¦

	�

������� ����������� ���������
�� �� !�"�#$�&%�')(&��*,+.-��&/10�
.��"2�

� �Ub!�#"

http://www.debevec.org/FiatLux/mkhdr/


���������	�
���
�������������������������� ��!�#"	�$�	���%"&�'"��(���)"��*���+�,���$�)"��-�	�
���."	����/��0��� �1�����(�!�� #" �

m=s z ox`ceSijlrljkcdKirsLmOoxijq=s ¥ q3�"e1m=}*`+uc�pqy��e6}[oxe z ijdKm=�=eSucir~ve�l © �"q=ox`+¨Xm=lrk�e6w�my�pe�lrijsce6m=�xlj{ z e6uLe6s z e6s3o1¦�m=w
wx`cqO«�s�ijsUe6¹]© �c¦>ox`�e��4myijs m=s z q,K>wxe[o�£]e[o�«"e�e�s:ox`ce1w|e�¨Omyljkce6w�£]e�ijsc�+ox`ce�wxkc� ¥ m=}[e�mylj£Le z qtmys z ox`ce
m=d�£cije�s4o§ij�x�*m z ijm=s�}[e3© _a`4kLw�¦a£]qyox` ijd�my�3e6w§m=�xetljqB}6myljlr{Plrijsce1my�plr{±�pe�lnmOope z i ¥ op`ce:wxkc� ¥ m=}[eGm=lr£]e z q
m=s z myd¤£cije�s4o�ij�x�*m z inmysL}[e§my�pe§wxlrqO«�lj{:¨Omy�p{Birs���¦
i8© e=©Ge6¨=e��p{B«�`ce��pe�e[~c}�e�uvo�q3s±wx}�e�sce�}[q=s4opq=kc�*w(mys z
u��xq=��e6}¢opq=��wx`�m z qO« £Lq3kcs z m=�xije6w6©
ªUe�u]e�� ¥ q=�pdKe z q3kc�	e�~vuLe6�xijdKe�s4opw�«�i¶op`�m�£cljm3} ´ m=s z «�`ciroxe�¨Bi z e�q¤}6mydKe��*mc¦4m�}�q=s�wxkcdKe�� z ir�3i¶o*myl

}6mydKe��*mc¦Om=s z m�}[q3s�w|k�d�e6� � �"  ¨Bi z e6q�u��xq=��e6}¢opq=�1© ! ¥ ope��/}�m=lrij£c�*mOopirq3s&¦Xox`ce"£clnm=} ´ m=s z «�`ciroxea}�m=dKe��*m
wx`cqO«"e z m¬lrijsce1my���xe1w|u]q=sLw|e"}[kc�p¨=e3¦6op`ce�}[q3s�w|k�d�e6�
}6mydKe��*m#`Lm z m��3m=dKdKmy­ lji ´ eR�pe6wxuLq3s�wxe�}[k��x¨3e�µI«�irox`
γ ≈ 2

·[¦�mys z ox`�e � �" �uc�pqy��e1}¢opq=�a`�m z mys+ijs4¨3e��*w|e��3m=dKdKmy­ lji ´ e��xe1w|u]q=s�wxe�}[kc�p¨=eKµI«�irox`
γ ≈ 2.6

·¢©
ª `ce6sce�¨3e���k�wxe z «�irox`cijs ox`ce�m=lr�3q=�pi¶op`cd�w�¦"myljl�ox`�eGird�my�3e6wKmy�pe+ox�*mys�w ¥ q=�pdKe z q=s4oxq ox`�e:wxm=dKe

u�`cqyopq=dKe[op�xin}#�pe ¥ e6�xe6s�}[e�µIkcu�oxqKm�ljijsce6m=�	op�pm=s�w ¥ q3�xd§·[¦4«�`�ij}*`�d�e1mys�w	ox`LmOoaox`ce�ox�*mysLw ¥ e6� ¥ kcsL}¢oxijq=s�oxq
�pe6m=l¶­ «"q=�pl z wx}�e�sce#ijs4oxe6s�w|iro�{�d�k�w|o	£]e¬myucu�lrije z opq(£Lq=ox`�op`ce#u�myo|ope��ps�ird�my�3e#mys z op`ce¬}6mydKe��*mSird�m=�=e=©

V 5�V � X 9
	 X ;�`�= � �+@<Z7=�� `>@U;>= 9DC
! ¥ oxe6�+u�`cqyopq=dKe[op�xin} }6myljir£��pmyoxijq=s&¦�op`ce��peUijwtmPlrqv}�m=l�ljijsce6m=�+�pe�lnmOopirq3s £]e[o�«"e�e�s irs4ope�s�wxi¶opire1w+irs ox`ce
uLmOo|ope��ps¤ijd�my�3eam=s z irs�ox`�ea}6mydKe��*m�ird�my�3e=©UO ¥ «"eak�wxeam��*mys z q=d uc�pqy��e1}¢opirq3s�u�myo|oxe6�xstµHm3w z e6wp}[�pij£Le z
£]e�ljqO«�¦!wxe6}=©K��©r�X·¢¦
mysB{�mylj�=q3�xirox`cd ox`�myoSkLw|e1w�scq=�pd�myljiFE6e z }[q=�p�pe�lnmOoxijq=s ¥ q=��d�mOo*}*`cirs���o�«"qtird�m=�=e6w
}6mysU£Le§m=ucucljire z © Lcq3��e[~cmydKuclje=¦!ox`ce ¥ kcs z mydKe�s4o*myl/d�mOop�xir~:q ¥ ox`ce§}�q=�p�xe1w|u]q=s z irs��+w|oxe6�xe6q+wx{vw�ope�d
}6mys+£Le(}�q=dKuckvope z £B{�}[q3�x�pe�lnmOopirq3sv­ £�m=wxe z u]q=ijs4o#dKmyop}*`cijsc��mys z �pq=£�k�w�oae6w|oxijd�mOopirq3s�Gj� � J ©
_�q �3e[o¤ox`ce ¥ kcljl��Rk�}[lji z e6mysP�=e6q=dKe[op�x{Uq ¥ m=s±q=ucoxin}�mylaw|oxe��pe�qUw|e�oxkcu!¦/ox`ce+£]e6w|o�«amX{ inw¤oxq k�w|e

op`ce�ird�my�3e6w¬q ¥ m�}�myljij£c�pmyoxijq=s��3�xi z m3w�wxe�e6s�£B{�op`ce¤o�«�q+}�mydKe6�pm3w�© O®s:q3kc��}6m=wxe=¦>q=sclj{+ox`ceK}�m=dKe��*m
}6mysUw|e6e(ox`�e�ijd�my�3e�q ¥ ox`ce�}�m=lrij£c�*mOopirq3s��=�pi z ¯�ox`ce�¨Bir�xoxkLmyl/}�m=d�e6�pm§�xe6uc�xe1w|e6s4oxe z £4{top`ceKuc�pqy��e6}[oxq3�
q3sclj{�w|e6e6w"op`ce(w�op�xkL}¢oxk��xe z ljir�3`4o#u�mOoxoxe��ps&©	h4opirljl ¦c«�e(}6mys+k�wxeSox`ce�uc�pqy��e1}¢ope z u�mOoxoxe��ps�oxq��pe�d�myu�ox`ce
}6myljir£��pmyoxijq=s��3�xi z irs+ox`�e�uc�xq=��e6}[oxq=�"¨Bir�xoxkLmyl ijdKm=�=e3©

O®s ¥ m=}[o6¦"«�`ce�s op`ce��=  wp}[e6sceGijwKu�ljm=s�my��mys z op`ce��petijw§scq²scq=scljijsce6m=� z ijw|oxq3�|opirq3s&¦	op`ce��petijw�m
`�q=dKq=�3�pm=uc`cin}t�xe6ljmyoxijq=s�wx`ciju £Le�o�«�e6e�s op`ceUu�mOoxoxe��ps ijd�my�=e mys z op`ce²}�mydKe6�pm°ijd�my�3e=© O ¥ «�e k�w|e
m uclnmys�m=��£clnm=} ´ m=s z «�`ciroxe²}�m=lrij£c�*mOopirq3s �=�pi z ¦�ox`cinwt`cq3d�q3�=�*myuc`B{ }�mys £Le²}[q3dKuckvoxe z £B{ u]q=ijs3o
d�myop}*`cijsc�°mys z �pq=£ck�w|oKe6w|oxijdKmyoxijq=s&© ªUe�}[q3d�u�kvoxe z op`cinwK`cq=dKq=�3�pm=uc`B{²£4{ M��pw|o�e[~Box�*m=}[oxijsc�Uox`ce
u]q=ijs4opw�ox`LmOoa`�mX¨=e¬ox`ce�`cij�=`ce1w�oa�xe1w|u]q=sLw|e¬oxq¤ox`ce �¬m=�x�pinwRq=u]e��*mOopq=�1¦3d�myop}*`cijsc�¤ox`ce6dº£4{�s�q=�pdKm=lri E�e z
}�q=�p�xe6ljmyoxijq=s§q ¥ op`ce�ijdKm=�=e�mys z u�myo|ope��ps+ijs4oxe6s�w|iroxije6w6¦cmys z op`ce�ste1w�opird�mOopirs��¤op`ce�`cq3d�q3�=�*myuc`B{ ¥ �pq=d
op`cinw�wxe[o�q ¥ d�mOop}*`�e6w�k�w|ijsc��m��xq3£ck�w|o¬dKe[op`cq z µIlji ´ e(op`ce�lje6m3w�o¬dKe z ijm=s�q ¥ wp¹4k�my�pe6w Gr�1�.J ·[©¬ªUe z e1myl
«�irox`¤scq=s�lrijsce6m=� z inw|oxq=�xoxijq=sLw!q ¥ ox`cea}�m=d�e6�pm#ird�my�3e	£B{S�xe6dKqO¨4ijsc��op`cinw z ijw|oxq3�|opirq3s(£Le ¥ q=�peRop`ce�u��xqv}[e1wxw
µHk�wxirsc��ox`�ea}6mydKe��*m¬}6myljir£��pmyoxijq=s(u�m=�pm=dKe[oxe6�pw*·¢¦ym=s z «"eaw|kcu�uLq4w|e�ox`�myo�ox`ceauc�pqy��e1}¢oxq3�!`�m3w
scqSq=�
lriro|oplre
s�q=scljirs�e6my� z inw|oxq=�xoxijq=s!©
ªUe¤}6mysG�pe�d�myu+ox`�e�u�myo|oxe6�xsGijd�my�3e�q=s4oxqKop`ce¤}6mydKe��*mKird�m=�=e�q ¥ op`ce�uclnmysLmy�¬}6myljir£c�*mOopirq3st�=�pi z ¦

m=s z }�ljm3wxwxi ¥ {Kox`ceS£clnm=} ´ m=s z op`ceS«�`ci¶ope�my�pe6m=w�q ¥ ox`ce�}�m=dKe��*m(ijdKm=�=e�k�wxirsc�¤ox`�e ¥ q3lrljqO«�ijsc��dKe[op`cq z ©
L��xq3d wpmydKuclje6wKq ¥ q=scetijd�my�=etq ¥ op`ce�}�m=lrij£c�*mOoxijq=sP�=�pi z ¦	«"e�}[q=dKuckcoxe+ox`ceGdKe1mys mys z w|opmys z my� z
z e�¨Bijmyoxijq=s

(µw, σw)
q ¥ ox`ce¤irs4ope�s�wxi¶o�{tijsGox`�e�«�`ciroxe¤u�my�xopw¬q ¥ ox`�e¤}�m=lrij£c�*mOopirq3sG�=�pi z ©¬hvirdKijljm=�xlj{=¦]«�e

}�q=dKuckvope
(µb, σb)

¥ q3�Sox`ceK£clnm=} ´ uLmy�xopwSmys z
(µt, σt)

¥ q=��op`ce�«�`cq=ljeKu�mOoxoxe6�xsUird�m=�=e=© � e�o
I(x, y)£]eKox`�e�e[~vuLq4w|k��xe�¨OmyljkceKq ¥ m�u�i¶~ve�l	irs ox`ce§}6mydKe��*m�ird�my�3e6w6¦

T (x, y)
ox`ce�¨Om=lrkce�q ¥ m+ucir~ve�lRijsUox`ce

bBbdc�e>f�f	g�g
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�pe�d�m=ucuLe z ope[~Boxk��xeSijdKm=�=e3¦

α =

∣

∣

∣

∣

I(x, y) − µw

σw

−
T (x, y) − µt

σt

∣

∣

∣

∣

, β =

∣

∣

∣

∣

I(x, y) − µb

σb

−
T (x, y) − µt

σt

∣

∣

∣

∣

.
µH�3·

ª irox`�irs°op`ce�«�`�i¶ope�my�pe6m3wSq ¥ ox`�e��=�pi z ¦�«�e�`�mX¨3e
α � β

¦/mys z «�irox`�irs°op`ce�£�ljm3} ´ m=�xe1m=wS«"e§`�mX¨=e
α � β

¦�wxq¤op`ce(wp}�mylnmy�

G(x, y) =
2

π
arctan

(

β

α

) µ �y·
o*m ´ e6w"¨Omyljkce6w#}�lrq4w|e�oxqG�Sijst«�`ci¶ope(my�pe6m3w�m=s z �¤ijst£clnm=} ´ m=�xe1m=w�µ(M��L©&�1·[©

L
ij�=kc�pet�=¯(hBijd�kclropm=sce�q3k�w(}6myljir£c�*mOopirq3s:q ¥ op`ce§}�m=d�e6�pm+mys z op`ce�uc�pqy��e6}[oxq3�6¯�_a`ceKq=�pij�=ijs�myl/}�m=dKe��*m
ijd�my�3e�q ¥ op`ce§}�m=lrij£c�*mOoxijq=s �=�pi z «�irox`Uox`ce�u��xq=��e6}¢ope z u�mOoxoxe6�xs

I(x, y)
µHlre ¥ o*·¢¦�mys z op`ce�w|k�£vox�*m=}[oxe z

ijd�my�3e
G(x, y)

«�`ce6�xe"op`ce�ird�m=�=ea`�m=w�£]e�e6s�w|e6�=dKe�s4oxe z kLw|ijsc��ox`ce�uLmOo|ope��psKird�my�3e�µH�xij�=`4o¢·¢©6P�£v��e6}[opw
op`�mOo¬m=�xe�q�K:ox`ce�uclnmys�eKµ8w|kL}*`tm3w�ox`ce�`�m=s z `cq=l z ijsc��ox`ce��3�xi z ·��=ij¨=eS�*mys z q=dº¨Omyljkce6w6©

_a`ce�ird�my�3e
G(x, y)

}�myst£]e�k�wxe z «�irox`GmysB{�w|opm=s z m=� z }�m=d�e6�pm�}�m=lrij£c�*mOopirq3s�dKe[op`cq z ox`�myo#k�wxe6w
mSu�ljm=s�my�R£�ljm3} ´ mys z «�`ci¶ope¬�3�xi z ¦yopq�}�m=lrij£c�*mOope�£Lq=ox`Kox`�e¬}�m=d�e6�pm�m=s z ox`�e#uc�pqy��e6}[oxq3�6©
_a`ce#�=�pi z ¥ e1mO­
opkc�pe6w	m=�xe M��*w�o z e[oxe1}¢ope z ijs�op`ce�wxkc£vop�pm3}¢ope z }�m=dKe��*m�ird�m=�=e6w

G(x, y)
¦cmys z }�m=sKox`ce6s�£]e¬�pe�d�myucu]e z

opqtox`ce�u��xq=��e6}¢opq=�S¨Bir�xoxkLmyl/ijdKm=�=e�k�wxijsc�+ox`ce�ijsB¨=e��*wxe�q ¥ op`ce�`cq3d�q3�=�*myuc`B{�}�q=dKuckvope z ¥ q=��u�myo|ope��ps
wxkc£vop�pm3}¢opirq3s&©�_a`Bk�w6¦ ox`ce�wpmydKeK}�mydKe6�pm+}�m=lrij£c�*mOoxijq=s:d�e�ox`cq z }�m=s £]eKk�w|e z ¥ q3��ox`ce�}�m=dKe��*m§iropwxe�l ¥
m=s z ox`ce�uc�pqy��e1}¢opq=�1©
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∑
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√

∑

i,j(I
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x,y)2
∑
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x,y)2

,
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wij = exp(− i2+j2

2σ2 )
«�irox`

σ = 2
ucir~ve�lnwp·[¯

(A0, A) = arg min
A0,A

w
∑

i=−w

h
∑

j=−h

wij

(

Ic
x+i,y+j − (A0 + AI

p
x+i,y+j)

)2 µ��3·
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_a`�e#uc�pq=£clje�d «�irox`�op`ce¬uc�pe�¨Bijq=k�w	myucuc�pq3m3}*`Kijw	ox`�myo"wxkc� ¥ m=}[e#m=lr£]e z q z inwx}�q=s4oxijsBkciroxije6wR`Lmyucu]e�s�¹4kciroxe
q ¥ oxe6s ijs\m �xe1myl�wx}�e�sce3¦�m=s z «"e «"q=k�l z lji ´ e oxq �xe1}[qO¨=e6�§op`ce6wxe z ijwp}[q3s3opirsBkciroxije6wtm3w�«"e�ljl�m=w�ox`ce
}�q=�p�xe1}¢o¤m=d�£cije�s4oKir�p�*m z inmys�}�e�mys z mylj£]e z qUmy�pq=kcs z ox`ce z inwx}�q=s4oxijsBkciroxije6w6©²_a`�e�e1w�opird�mOopirq3s q ¥ ox`ce
u�`cqyopq=dKe[op�xin}�uc�xq3uLe6�|opire1wSq ¥ q=sce�u]q=ijs4o�w|`�q=kcl z q=sclj{:k�wxe�u]q=ijs3o*wSirs°iropw(sce�ij�=`B£]q=�p`cqBq z ox`LmOo(`�mX¨3e
op`ce(wpmydKeSuc`cqyopq=dKe[op�xin}�uc�pq=u]e��xoxije6w6¦Bm=s z qyop`ce���u]q=ijs4opw�wx`cq=kcl z £Le z inwp}�my� z e z ©
_a`cinw
}[lnm=wpw|iFML}�myoxijq=sSq ¥ u]q=ijs4opw�irsSop`ce	sce6ir�3`B£Lq3�x`cqBq z inw z q3sceRk�wxirs��¬m��pq=£ck�w|o!e1w�opird�mOopirq3s�dKe[ox`�q z

£Lm=wxe z q=stop`ce(lje6m=w|o#dKe z inmysGq ¥ wx¹4k�m=�xe1w Gr�1�.J ¦]«�`cin}*`t�xe|��e6}¢o*w#q3kvoxljire6�pw#£4{�oxe1w�opirs����pm=s z q=d¸w|k�£�w|e�opw
q ¥ op`ce�q=�pir�3irsLmylBsce�ij�=`B£]q=�p`cqBq z ©�_a`ceadKe[op`cq z }�mysKmylnwxq�£]eae6m3w|ijlr{¤m z m=uvoxe z wxq�ox`�myo/ox`ce#}�e�s4oxe6�xu]q=ijs4o
q ¥ op`ce�sce�ij�=`B£]q=�p`cqBq z inw�mylj«"mX{vw"u�m=�|o�q ¥ ox`ce�dKq z e6l!mys z }�m=scscq=oa£]e��pe���e6}[oxe z ©

� 5�� WYX���Z7= ���H;�=
C�� ; � X � �+X[C X
P�sL}[e(«"e(`�mX¨3eSox`ce�m=d�£cije�s4o¬ij�p�pm z ijm=s�}[e(m=s z ox`�e¤mylj£]e z q§ijd�my�3e=¦�iro�inw#e1m=wx{§opq§�xe�­ ljij�=`4o#ox`�e�wx}�e�sce
«�irox`¤m�kcsci ¥ q=�pd ljij�=`4o&ox`LmOo!«"q=kcl z £]e�mOo!ox`ce"wxm=d�e	uLq4w|iroxijq=s(m3w>ox`ce�uc�pqy��e6}[oxq3�6©&_a`ce��xe�­ ljiro!ir�p�*m z inmys�}�e
ijd�my�3e

L(x, y)
}6mys�£]e�}[q3dKuckvoxe z ¥ �xq3d op`ce�m=d�£cije�s4o!ij�p�pm z ijm=s�}[e�ijd�my�=e

A0(x, y)
¦Xox`ce"mylj£Le z q#ijd�my�=e

A(x, y)
¦�m=s z ox`ce�ljir�3`4oaijljlrkcdKijs�mOopirq3s

λ
k�wxirsc��op`ce(w|ijdKuclje ¥ q=�pd�kclnmc¯

L(x, y) = A0(x, y) + λA(x, y).
µ|�6�3·

_a`�ijw"�pe[­ lriro"ij�p�pm z ijm=s�}[e¬ird�my�3e�wx`cq3kcl z £Le�ox�*mysLw ¥ q3�xdKe z £4{Kop`ce�}�m=d�e6�pm(ox�*mys�w ¥ e�� ¥ kcs�}[oxijq=s+irs�q=� z e��
opq�wxird¤kclnmOoxe�ox`ceKm=}6¹4kcijwxiroxijq=s�q ¥ m§kcs�i ¥ q3�xdKlj{3­ lji¶o�ird�my�3e�«�irox`:ox`�myoS}6mydKe��*mc© !¡}�q=ljq=�pe z ljir�3`3oS}�m=s
m=ljwxq�£]e+m=ucucljire z i ¥ ox`cet}�m=dKe��*mGird�m=�=e�inw¤irs }[q=ljq=�1¯�ox`cet}[q3lrq3��inw¤}�q=dKu]q3wxe z £B{²k�wxirsc� z iFK]e6�xe6s3o
¨Om=lrkce1waq ¥

λ
¥ q=��e1m=}*`+}*`�myscs�e�l ©

� � ���
���¢���

ªUeSox�pije z ox`ce�dKe�ox`cq z q=st¨Omy�pirq3k�w"q=£v��e1}¢o*w�mys z wp}[e�s�e6w6©	hv}[e6sce6w�}6myst£Le(w|opmyoxin}Sq=� z {Bs�m=dKij}=¦cw|ijs�}[e
op`ce�dKe[op`cq z q3sclj{§k�wxe6waq=s�e�ijd�my�3e=©
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_a`�e¤uc�pqy��e1}¢opq=�Smys z }�mydKe6�pm�u�`cqyopq=dKe[op�xin}¤}6myljir£��pmyoxijq=s:}6mys:£]e z q=sce�q=sL}[eKmys z ¥ q=��myljl8¦&wxijs�}[e¤ox`ce
�pe6wxu]q=s�wxeG}[kc�p¨=e1wKk�w|kLmyljlr{P«�q3s#� o�}*`Lmysc�3e+qO¨3e��KopirdKe µH«�`ce��pe6m3w�ox`ce��3e�q3d�e�ox�pij}t}6myljir£c�*mOopirq3s z mOopm
z q4·¢© !�w z e6wp}[�pij£Le z m=£LqO¨3e=¦"_a`ceG}�mydKe6�pm uc`cq=oxq=dKe�ox�pij}t}�m=lrij£c�*mOopirq3sPinw z q=s�e+£B{ opm ´ ijsc�°w|e6¨=e6�pm=l
ijd�my�3e6w�q ¥ mGscq=�pd�myl"wx}�e�sce§«�irox` z i�K>e��pe�s4o�¨Xm=lrk�e6w(q ¥ ox`ce+myu]e��xoxkc�pe�mys z�� q3��w|`Bkvoxoxe6��wxuLe6e z µIox`ce
ijd�my�3e6wSw|`�q=kcl z �3q ¥ �pq=d k�s z e��x­ e[~vuLq4w|e z opq�qO¨3e��x­ e�~Bu]q3wxe z ¦>m=s z ijd�my�3e6wS}[q3s3o*myijscijsc��`�ir�3` q3��ljqO«
wpmOopkc�*mOoxijq=stmy�pe�k�wxe ¥ kcl!oxqBq4·[©"_a`�e(uc�pqy��e6}[oxq3�#}�myljij£c�pmyoxijq=st}�m=s+£]e z q=sce�ijs�m z my� ´ �pqBq=d µ oxq§mX¨3q=i z
m=d�£cije�s4o(ij�x�*m z ijm=s�}[eX·¢¦&£B{:kLw|ijsc�+ox`ce�}�mydKe6�pm�oxqto*m ´ e�ijd�my�3e6w�q ¥ mGwp}[e6sceKlriro�«�irox`°kcsci ¥ q=�pd �3�pmX{
ijd�my�3e6wa}[q3s3o*myijscijsc��m ´ scqO«�s+¨Omyljkce ¥ �xq3d$£clnm=} ´ opq�«�`ciroxe=©

! o�{Bucin}�m=l�m3}�¹4kcinw|iroxijq=s²wxe6wpw|ijq=s:w|opm=�|o*wS£B{Glrqv}�myoxijsc�+ox`ce�wp}[e6sceK¨=q=ljkcdKe=¦&m=s z ucljm3}[ijsc�+ox`ceKuc�pqy­
��e1}¢opq=�#mys z op`ce(}�m=d�e6�pm�wxq¤op`�mOo1¯

� ox`ce�u��xq=��e6}¢opq=�aijlrljkcdKirsLmOoxe1waox`�e�u�my�xo�q ¥ op`ce(wp}[e�s�e�op`�mOo#`Lm=w"oxq�£]e(m=}6¹4kcir�pe z ¦
� ox`ce�¨3q=ljkcdKeS«�`ce��pe�ox`ce�uc�pqy��e1}¢ope z u�mOoxoxe��ps+ijw�ijs ¥ qv}[k�w�}�qO¨=e��*w�ox`ce�¨3q=ljkcdKe�q ¥ op`ce(wp}[e�s�e=¦
� ox`ce(}6mydKe��*m#M�e�l z q ¥ ¨4ije�«\mys z �*mysc�3e�q ¥!¥ qv}[kLw#}[qO¨3e��*wRop`ce(wxm=dKe�uLmy�xopwaq ¥ ox`ce(wp}[e6sce=©

! �pe6m=wxq=sLmy£clje#}*`cq=in}[e ¥ q=��ox`ce�£�m=wxe�ljijsce¬£]e[o�«"e�e6s�ox`ceS}�m=dKe��*m(mys z ox`ce�uc�pqy��e6}[oxq3�	inwRopq¤�3e[o"m ¥ m=}[oxq=�
q ¥ my£]q=kco � oxqU�6�§£]e[o�«"e�e6s�op`ce¤£Lm=wxe�ljirsce�mys z ox`ceK}�m=dKe��*mO­ oxqy­®wp}[e�s�e z inw�o*mys�}�e�µHm�£cij�=�3e���£�m=wxe�ljirs�e
z e[oxe6�xijq=�*mOope6wRox`ce�¹4k�myljiro�{�q ¥ op`ce z ijwxu�m=�xiro�{KdKm=u&¦v«�`ce6�xe1m=w"m¤wxd�myljlre6��£�m3w|e6lrijsce��=ij¨=e1w	lje6wpwam=}�}�kc�*m=}[{
q3s�op`ce(�=  �xe1}[q=sLw�op�xk�}[oxijq=sL·[©

L
ij�=kc�pe6wR��m=s z f(wx`cqO«P¨Om=�xijq=k�w��pe6wxkclropw/q3s§mS`Bkcd�mys�oxq3�pwxq�¦ykLw|ijsc��mK�1�3�Of
×
�O�1I � �"  uc�pqy��e6}[oxq=�

m=s z m¬w|opm=s z m=� z �yf4�
×
f�I=�"dKq=scqv}*`c�pq=dKe/¨Bi z e�q¬}6mydKe��*mc©�hvq=dKe z e�opmyijlnw&q ¥ op`ce	�pe6m=lyoxe�~Boxkc�pe¬µ(ML��©X� � ·

}6mys§£]eSw|e6e�s�q3s�ox`�e��pe[­ lriro�ijd�my�3e¤µ(ML��©v� � ·¢©6L
ir�3kc�pe � wx`cqO«#w	ox`�myo�op`ce�d�e�ox`cq z «�q3� ´ wRq3s�w|opmOopij}�m=w
«"e�ljl�m3w z {Bs�m=d�in}�wp}[e�s�e6w6©
_a`ce¬q=�pir�3irs�m=lcijdKm=�=e1w/«�e6�xe#m3}�¹4kcij�xe z k�w|ijsc�(m(}�q=s�wxkcdKe�� z ir�3i¶o*myl�}6mydKe��*mc©

� 5�V � � �,;�X 	 Z7= 	 = ;'@U;>= 9HC �

_a`�ijw"w�op�xkL}¢oxk��xe z lrij�=`4oaw|{vw|oxe�dt¦vm=w"mysB{�qyop`ce��a�= \m=}6¹3k�ijwxi¶opirq3s�wx{Bw|oxe6dt¦Bw|oxijljlL`�m3w�wxq=dKe�lrijdKi¶o*mOoxijq=sLw�©
_a`�e6wxe(d�mX{+}�q=dKe ¥ �pq=d¸ox`ce¤k�wxe(q ¥ w|ox�pk�}¢opkc�pe z ljir�3`3o�m=w¬m�dKe[ox`�q z oxq�wxq=lj¨=e�op`ce¤}�q=�p�xe1w|u]q=s z e�s�}�e
u��xq3£clre6dt¦vq=� ¥ �pq=dºop`ce(w�o*mys z my� z w|oxe��pe�q�m=lr�3q=�pi¶op`cd�w�kLw|e z opq��xe1}[qO¨=e6�	op`ce(�= �wx`�m=uLe3©

O ¥ ox`�e�wp}[e�s�e�ijw�`cir�3`clj{�oxe�~Boxkc�pe z ¦
i © e3©+`Lm=w(mt`cij�=` z {4sLmydKij}�m=s z }[q3s4opmyijs�w�`�ir�3`²wxu�myoxinmyl ¥ �pe[­
¹4kce6s�}[ije6w6¦Box`�e�ope[~Boxk��xeSd�mX{�opm ´ e�qO¨=e6�	op`ce�uc�pqy��e6}[oxe z u�myo|oxe6�xs+ijs�op`ce�}�m=d�e6�pm¤ijdKm=�=e3¦cw|q¤ox`�myo�ox`ce
uLmOo|ope��ps�«�ijljl!£]e6}[q3dKe�ijs z inw|oxijsc�=kcinwx`�my£clje ¥ �pq=dºop`ce�wp}[e�s�e�ope[~Boxk��xe3©	_a`ce��pe�my�pe�w|ijdKirlnmy��ljirdKiropmyoxijq=s�w
«�irox`�qyop`ce��/w|ox�pk�}¢opkc�pe z ljij�=`4o�wx{vw�ope�d�waµIe3© �L©�ijs�m�w|ox�piru]e�u��xq=��e6}¢opirq3s¤wx{vw�ope�d�i ¥ ox`�eawp}[e6sce"`�m=w�w|ox�piru]e6w
op`�mOo¬m=�xeSmyljdKq3w|o�u�my�*myljlre6l]oxqKox`�e(w�op�xk�}[oxkc�pe z ljir�3`3o#w|ox�piru]e6w*·¢©
hBq3dKe�ljirdKiropmOopirq3s�wS}[q3d�e ¥ �xq3d¸ox`ce�w�ope��pe�q3wp}[q3uB{�mylj�=q3�xirox`�d+¯au�m=�|o*w¬q ¥ ox`ceKwp}[e�s�e(ox`LmOoSuc�xe1w|e6s4o

m:`cij�=` wxlrq3uLe+«�irox` �pe6wxu]e6}¢o¤oxq:ox`cet}�m=d�e6�pm�¦/�=  w�op�xkL}¢oxk��xe1w�ox`LmOo�my�pe�wxdKm=lrlje���ox`�m=s±op`ce+wxi E�e�q ¥
op`ce¤}�q=�p�xe6ljmyoxijq=st«�ijs z qO«�¦]q=�¬qv}6}[ljk�w|ijq=s�}�q=s4oxq3kc�*w�d�mX{�scq=o�£]e�«"e�ljl��pe�s z e��pe z £B{+ox`ce�m=}6¹3k�ijwxi¶opirq3s
wx{vw�ope�dt©
hvirs�}�e	op`ce"uc�xq=��e6}[oxe z u�mOoxoxe6�xs(inw�}[q3d�u�kvoxe z oxq�«"q=� ´ myo
¨Omy�pijq=k�w
wx}6mylje6w6¦Ow|d�myljlje���w�op�xk�}[oxkc�pe6w
q3��`�ir�3`ce�� z e[o*myijl }[q=k�l z £]eS}�myucoxkc�pe z k�w|ijsc��m E�qBq3dKm=£clje¬u�m=s�mys z oxijl¶o#}6mydKe��*mc¦4«�`cin}*`�}[q3kcl z ¥ qv}[k�w
q3s�m=�xe1m=w"q ¥ irs4oxe6�xe1w�o1© �#ij�=`tw|ljq=u]e�m=�xe1m=wawx`cq=kcl z £]e(m=}6¹4kcir�pe z k�wxirsc�Km z iFK]e6�xe6s3o�¨Bije�«�ijsc�¤u]q3wxiroxijq=s&¦
m=s z d�e6�x�3e z «�i¶op`+ox`ce��pe6w|o�q ¥ ox`ce�wp}[e�s�e=©
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L
ij�=kc�pe(�c¯ � e ¥ o¬opq§�xij�=`4o1¦coxq3utoxq�£Lq=o|oxq3dt¯�� ��� ox`ce�q=�pir�3irs�m=l&ijdKm=�=e�}6myuvopkc�pe z «�i¶op`Gox`�e�uc�pqy��e1}¢oxe z
uLmOo|ope��ps&¦�� 
�� op`ceG}[q3�x�pe6wxuLq3s z ijsc� z ijwxu�my�piro�{Ud�m=uPq3£vopm=irsce z £B{±}[q3�x�pe�lnmOopirq3s±«�irox`Pox`cetuc�pqy��e1}¢oxe z
uLmOo|ope��ps&¦�� ��� ox`ce��xe�­ ljiro¬ird�m=�=e�q3£vopm=irs�e z ¥ �pq=d ijdKm=�=e � ¦&mys z � ��� m=s�ird�m=�=e�q ¥ ox`ce¤kcsci ¥ q=�pdKlr{tlji¶o
wp}[e6sce ¥ q=�#}�q=dKu�my�pinw|q3s�«�irox` � ©

bBbdc�e>f�f	g�g



�6f � �	T.�	����������� �����
�!���������6��"��*�
	�� ������
	�
�

L
ij�=kc�pe�f�¯��=  �xe1}[q3s�w�op�xkL}¢oxijq=sLw ¥ �xq3d op`ce¬ijd�my�=e�q ¥ M��=kc�pe¬� � ¯/w|`Lm z e z ¨4ije�« «�irox`cq3kvoRope[~Boxkc�pe=¦Bmys z
«�irox`+ope[~Boxkc�pe ¥ �xq3d M��3kc�xe�� � ©

L
ij�=kc�pe � ¯°hB`�m z e z �3  �pe6}�q=s�w|ox�pk�}¢opirq3s�w�q ¥ ¨Om=�xijq=k�w�wx}�e�sce1w�¯Umys e�lje�u�`�mys4o§opqO{=¦#m°d�mys «�irox` m
dKq3k�w�o*m=}*`ce3¦�o�«"q§`�m=s z w6©�_a`cinw�w|`cqO«#w#ox`ce�¨Omy�pire�o�{�q ¥ w�o*mOopij}�q=� z {4sLmydKij}¤�=  wx}�e�sce1w�op`�mOo�}�m=s�£Le
m3}�¹4kcij�xe z k�wxijsc�Kox`cinw�wx{Bw|oxe6dt©
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�¬sv­ ljij�=`4oxijsc��m=s z �pe[­ lrij�=`4oxijsc���3ir¨3e6w¬m=sGird�m=�=e�op`�mOo z qBe6wxs#� o¬`�mX¨=e(ox`ce�wxm=d�e¤¹3kLmylji¶o�{tm=w�m��pe6myl
ijd�my�3e�q ¥ ox`�e�kcsci ¥ q=�pd�lj{§lji¶o¬wp}[e6sce=¦ve1w|u]e6}�ijm=lrlj{�q=s�oxe�~Boxkc�pe z wp}[e�s�e6w"q=�aq=stwp}[e�s�e6w"ox`LmOo#`�mX¨3e�d�mysB{
ijs4oxe6s�w|iro�{ z inwx}�q=s4oxijsBkciroxije6w6©#O ¥ `�ir�3`U¹4k�m=lriro�{�wx}�e�sce�ope[~Boxkc�pe�ijwSijdKuLq3�|o*mys4o6¦>op`ce�oxe[~Bopkc�xe�wx`cq=k�l z £Le
m3}�¹4kcij�xe z k�wxijsc�§mystw|k�ucuclje�dKe�s4opm=�x{�ijd�my�3e�q ¥ op`ce�kcsci ¥ q=�pdKlr{�lriro¬wx}�e�sce3©

� � �����"�6���
�[���

ªUe�uc�pe6wxe�s4oxe z mKw|ox�pk�}¢opkc�pe z lrij�=`4o¬wx{Bw|oxe6dºox`LmOo#k�wxe6w"op`ce(mys�m=lrq3�={�£]e[o�«"e�e6stw|ox�pk�}[oxkc�pe z lrij�=`4o#mys z
w|oxe6�xe6q3wp}[q3u4{�oxq�m=}�¹4kcij�pe#ox`�e��3  wx`�myu]eSmys z ope[~Boxk��xe�q ¥ m¤w�o*mOoxin}#q3� z {4sLmydKij}�wx}�e�sce3¯
ox`ce�uc�pqy��e6}[oxq3�
inw#wxirdKijljm=�aoxq§m�}6mydKe��*m¤ox`�myo¬mylj«"mX{vwaw|e6e6waop`ce(wpmydKe�ird�m=�=e=¦vi © e=©Rop`ce(uc�pqy��e1}¢ope z u�mOoxoxe��ps&¦c«�`�e��pe6m=w
op`ce(}�m=dKe��*m¤wxe�e1w"ox`ce(wpmydKe�wx}�e�sce ¥ �pq=d�m z iFK>e��pe�s4o#uLq4w|iroxijq=s!©

P�kc��dKe�ox`cq z «�q3� ´ w�£B{�uc�pqy��e6}[oxijsc�tm�«�`�i¶ope�scq=inw|eKu�myo|ope��ps q3s3opq�op`ce§wp}[e�s�e=¦ o*m ´ irs��tmtwxirs��=lje
ijd�my�3e/k�w|ijsc��m#w�o*mys z my� z }6mydKe��*mc¦Xmys z ox`ce6s(k�wxirsc��m#w�o*mys z my� z }�q=�p�xe6ljmyoxijq=sv­ £�m3w|e z w|oxe6�xe6q#mylj�=q=�pirox`cd
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