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Pixels à l’extérieur du masque

Fenêtre de corrélation
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θ
c�j eG^ j�`S^�q���eG^�j�\phRq

µ
Y





sn+1 = sn + ∆tsF
(
φ, ψ0, s

n, θn, µnx, µ
n
y

)

θn+1 = θn + ∆tθG
(
φ, ψ0, s

n, θn, µnx, µ
n
y

)

µn+1
x = µnx + ∆tµxM

(
φ, ψ0, s

n, θn, µnx, µ
n
y

)

µn+1
y = µny + ∆tµyN

(
φ, ψ0, s

n, θn, µnx, µ
n
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\gq�k&l�`:c�q�j:c4^�o � b�\geg\pc�o � o�`�$(^�\gq�� ^�o�`S^��$hRo�` c�-�c�j d�c `:c�q&d�`:c eG^Fs�hRq0nic�`�_ic�q&s�cQd�oIs�hRq�j:hRo�` ^Rs�j�\vu $(^��:l
`:l�_a\phRq
�:c�q��:\4$�epc %re/f \gq�\gj�\G^�eg\��+^�j�\phRq V � c�ego�\!7 s�\ ^�o�`S^ ^�ephR`
�3��ego���d�c `�\��
=�o&cId�fX^�j�j:c�\gq&d�`:cIo�q b�\gq�\gbFo�b eph
s ^�e d�c eG^
u hRq&s�j�\phRq�q&c�egepc2d�fml�q&c�`�_a\pc�%Eb�\gq�\gb�\��Sc�` V

� c"��c�q&d&^�q0j�<
epc Drh
d/
�epc � o�b,l�`�\�=0o&crd�c F�o�`Nu ^Rs�c BED �-FHG =0o&cPq&hRo��I^�nihRq��I^�o/�(^�`S^�na^�q0jI_il�q&l�`:l BLs�u�V
sSk(^���\gj�`:cQj{G �Sc�bB$�epc;b�\pc�o � `:l"��hRq&d�`:c ^�o � s ^�`S^Rs�j:l�`�\��:j�\�=0o&c	�Id�c	� b,h
d/
�epc	� $(^��:l	����o�` e/f \gq�uLhR`�b=^�j�\phRq d�c
`:l�_a\phRq V A q c�-�c�j�<�e/f \gq0j:c�q��:\gj:l d�c	� ��\!��c�e�� d�o]D �9F4c	��j ��`:h��$hR`�j�\phRq�q&c�egepc)%
e/fX^�egj�\gj�o&d�c d�c	� h�$ !Nc�j
� `:c�s�hRq���j�`�o�\gj
��<
_0^�`S^�q�j�\��
�S^�q0jQ^�o ��$+*�j�\gb,c�q0j
�]d�cB�:c�d�l�jS^Rs:k&c�` d�c�epc�o�`
c�q0n
\g`:hRq�q&c�b,c�q0j(��`:h
s:k&c�<$hRo�d�o�`:c	�:j:c2d�cQe/f \gb=^�_icB�:\
eG^ d�c�q���\gj:lFd�o $+*�j�\ q fmc	��j0�(^�� j�`:h���l�epc�nil�caV^x q ��c�o�j uLhR`:s�c�`
eG^�d�\��:s�`�\gb�\gq(^�j�\phRqPd�f o�q $+*�j�\gb,c�q0j `:c"��`:l	�:c�q0j:l
d&^�q�� epc9D �9F c�qIb,h�d�\!' ^�q�j
e/f k�\���j:hR_a`S^�b�b,c2d�c�s�cQd�c�`�q�\pc�` V�� hRo�` q&hRj�`:c�^��/��eg\ps ^�j�\phRq?<&q&hRo�� ^�nihRq�� ^Rd�h���j:l
epc(��`:l�7/j�`S^�\gj:c�b,c�q�j���o�\gna^�q0jFY

IclippedMNS (x) =
1

2
max

x∈IMNS

(IMNS (x))

[
1 +

2

π
arctan

(
IMNS (x) −m+ s

ζ

)] B � V UrG
^ nic�s

m
Y[b,h nic�q�q&cEd�fX^�egj�\gj�o&d�cFd�o D �-F %�e/f \gq0j:l�`�\pc�o�`4d�o ��hReon
_ihRq&c2s ^�`�j:hR_a`S^���k�\�=0o&c>��o/��c�`���h��:l�^�o)D �-F��

s = ζ tan
(
π(2ratio−1)

2

) _0^�`S^�q0j�\gjB=�o&cFepc	�(��\!��c�e��4d�o D �9F�d�cFna^�epc�o�`
m

�Sc�nic�`�`:hRq�jF^��
��\g_aq&c�`]o�q&c nR^�epc�o�`



����� ���	���
� �������	� ����������
�� � �������
� � ����� ���	�	� � � � � ����
 � ��� �

l�_0^�epc8%
max (IMNS (x))×ratio V C ^ na^�epc�o�` d�c

ratio
^ l�j:l '/��l�c9%

0.95
d&^�q�� q&h�� c�� ��l�`�\pc�q&s�c	� V C ^ na^�`�\G^�$�epc

ζ
�$c�`�b,c�j d�c `:l�_aepc�` eG^#��c�q0j:c d�c eG^4u hRq&s�j�\phRq

arctan
< ��ego��

ζ
�:c�`S^2d�c na^�epc�o�`[u/^�\4$�epc
d�c�na^�q0j � < ��ego�� eG^#��c�q0j:c

�Sc�`S^,l�epc�nil�cFephR`
�
=0o&c
IMNS (x) = m− s

< ^Rs�s�`:hR\��
�S^�q�j4^�\gq��:\ epc�s�hRq�j�`S^���j:c c�q0j�`:cFepc,$+*�j�\gb,c�q�j4s�hRq��:\pd�l�`:lFc�j
epc	��h�$ !Nc�j
�4b,hR\gq��2l�epc�nil	�@V
s s�hRq0j�`S^�`�\ph/< epc>$+*�j�\gb,c�q0jF^�o�`S^ o�q&c \gq�j:c�q���\gj:l�j�`

	�#��c�o d�\!-�l�`:c�q�j:c=d�c	�Qh�$ !�c�j
�
��ego��
l�epc�nil	� V2�]hRo�� ^�nihRq�� sSk&hR\���\

ζ = 0.5
V9C ^�'&_ao�`:c � V � ��`:l	�:c�q�j:cQo�q�$+*�j�\gb,c�q0j
d&^�q�� o�q&c4\gb=^�_ic#�S^�j:c�egeg\gj:c

c�jQd&^�q��4epc
D �9F ��`:l�7/j�`S^�\gj:l3�:c�ephRq;e/fml	=0o(^�j�\phRq B � V UrG�V�x q s�hRq���jS^�j:c>=�o&cFepc
D �-F ��`:l�7/j�`S^�\gj:l3�:cF`S^��/��`:h�sSk&c
��ego�� d�f o�q&c2\gb=^�_ic#$�\!7 ��k(^��:\�=0o&c�^�o �:c�q�� d�cQeG^ b,h nic�q�q&c�< c�j
^�o�`S^ ��ego�� d�c2sSk(^�q&s�c�d�c4u hRq&s�j�\phRq�q&c�`]^ nic�s2epc
j:c�`�b,c d�fX^�j�jS^Rs:k&c ^�o �;d�hRq�q&l�c	�Fd�o b,h�d/
�epc,d�c � k(^�q.c�j��[c	�:c�hRo.d�o b,h
d/
�epc�� ^ nil	��\pc�q V � l ^�q�b,hR\gq���< eG^
`:c�s�hRq��:j�`�o&s�j�\phRq jRZ d�o D �-FPc	��j]j�`

	��� $�`�o�\gj:l�c�� < epc	����\!��c�e��4q&hRq;`:c�q��:c�\g_aq&l	�9n �:hRq�jQq&hRbB$�`:c�o ��V�s \gq���\ <�\ge
�Sc�bB$�epc�d�\ K=s�\gepc�d�fmh�$�j:c�q�\g`
o�q&c,�:c�_ab,c�q�jS^�j�\phRq ��`:l�s�\��:c�d�o�$+*�j�\gb,c�q0j4c�qIo�j�\geg\��S^�q0j o�q�\�=0o&c�b,c�q�j
epc9D �-F$V

���
	���
������������������������������ �! "	$#&%�'(�!��)*����)+�,����-/.0�1�!2 ��
������/3+��453645�,����4�)+)7�������
8 ���:97�5;+���<;+�=	

>@?�A:B � V � Y/C
c"��`:l	�:c�q�jS^�j�\phRq��
d�\!-�l�`:c�q0j:c	�]d�c4eG^ b���b,c,�:s	
�q&caY \gb=^�_ic��S^�j:c�egeg\gjS^�\g`:c2c�j `:c�s�hRq��:j�`�o&s�j�\phRq jRZ V

� hRo��8��`:h���h��:hRq�� d�c u o���\phRq�q&c�` e/f \gq�u hR`�b=^�j�\phRqI`S^Rd�\phRb,l�j�`�\�=0o&cQd�c]e/f \gb=^�_ic(�S^�j:c�egeg\gjS^�\g`:cQc�j d�fX^�egj�\gj�o&d�cQd�o
D �9F ��hRo�` b,c�q&c�`(%3$�\pc�q�eG^ �Sc�_ab,c�q0jS^�j�\phRq d�c#$+*�j�\gb,c�q0j V � c�j�j:c2uLo���\phRq�d�cFd�hRq�q&l�c	� c���hR_:
�q&c	� c	�:j b,hRj�\!7
nil�c1�(^�`8epc	� `:c"��`:l	�:c�q�jS^�j�\phRq�� s�hRb3��epl�b,c�q0jS^�\g`:c	�
d�c eG^��:s	
�q&c1=�o&c.��`:h���h��:c�q�j8e/f \gb=^�_ic]d�c j:l�epl�d�l�j:c�s�j�\phRq c�j8epc
D �9F$Y

;

ZQ^�q��4e/f \gb=^�_ic3�S^�j:c�egeg\gjS^�\g`:c�<�epc	�($�hR`:d/�Qd�o $+*�j�\gb,c�q�jB�:hRq�jQepc���ego��#�ShRo�nic�q0j4u/^Rs�\gepc	�,% s ^�`S^Rs�j:l�`�\��Sc�`�c�j
e/f \gb=^�_icP^ o�q `S^��/�$hR`�j ��\g_aq(^�e�%E$�`�o�\gj=j�`

	�=l�epc�nilaV � c"�$c�q&d&^�q�j�< eG^E��`:l	�:c�q&s�cPd�fmhRbB$�`:c	��< d�fmh�$ !�c�j
�
��l�`�\4��k&l�`�\�=0o&c	�I^�o �:hRe hRo h�s�s�o�egjS^�q�j �(^�`�j�\pc�egepc�b,c�q0jtepc $+*�j�\gb,c�q0jI`:c�q&d eG^ �:c�_ab,c�q�jS^�j�\phRq d�\ K=s�\gepcaV
C[f k&l�j:l�`:hR_il�q&l�\gj:l d�c2eG^,`S^Rd�\phRb,l�j�`�\pc d�o�j:hR\gj4hRoPd�c2e/fmc�q�n�\g`:hRq�q&c�b,c�q�j2d�o $+*�j�\gb,c�q�j���c�o�j
b,c�j�j�`:cEc�q
l�s:k&c�s2epc	� b,h�d/
�epc	� d�fX^�j�jS^Rs:k&cE^�o � d�hRq�q&l�c	�0$(^��:l	�.��o�` epc	� `:l�_a\phRq�� k&hRb,hR_:
�q&c	� V

;

s e/f \gq0nic�`
�Sc�< epc D �-F.`:c"��`:l	�:c�q�j:cIb=^�e epc	�>$$hR`:d/� d�o j:hR\gj�d�o $+*�j�\gb,c�q0j s ^�`EeG^r`:c�s�hRq��:j�`�o&s�j�\phRq c�q
j�`:hR\�� d�\gb,c�q��:\phRq�� c	��j8d�l�eg\ps ^�j:c0��o�` epc	� eg\pc�o �,d�c j�`S^�q��:\gj�\phRq d�fX^�egj�\gj�o&d�caV � c"��c�q&d&^�q0j�<
epc)��`:h�$�e�
�b,c]d�c	�
hRbB$�`:c	�
c�j d�c	� h�$ !Nc�j
� ��l�`�\4��k&l�`�\�=0o&c	�1��\gj�o&l	� ^�o q�\gnic ^�o�d�o �:hRe�c	��j l�s ^�`�j:laV2C c($+*�j�\gb,c�q�j `:c"��`:l	�:c�q�j:l
d&^�q�� epc D �9F c	��j b�\pc�o � d�\��Ss�`�\gb�\gq&l�d�oI`:c	��j:c2d�c4e/f \gb=^�_icaV
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� c	�8d�c�o �,`:c"��`:l	�:c�q0jS^�j�\phRq��)�Sc
s�hRb3��e�
�j:c�q0j d�c u ^ml�hRq �S^�j�\��Nu/^�\��S^�q�j:caV � c"�$c�q&d&^�q�j �:\(hRq d�l	�:\g`:c epc	� u o���\phRq�q&c�`�<
c�egepc	� d�hR\gnic�q�j
`:c�b3��eg\g`
s�c�`�jS^�\gq&c	� s�hRq&d�\gj�\phRq�� d�cQs�hRk&l�`:c�q&s�caY

� V����	��

���
�����	��

���������������	�
���	���������	� �!�#"%$�"%�&��')(*�+��
-,.�/�����	��$+�iYEs�c�s�\2�$h��Sc�epc3��`:h�$�e�
�b,c d�c
eG^Id&^�j:c,d�fX^Rs	=�o�\���\gj�\phRq.d�c	��d�hRq�q&l�c	�@V10 jS^�q�jFc���hR_:
�q&c	��< epc	��d�hRq�q&l�c	�B�:hRq�j���o��:s�c"��j�\4$�epc	�Fd�fX^�nihR\g`El�j:l
^Rs	=0o�\��:c	�(%,d�c	� \gq���jS^�q�j
�]d�\!-�l�`:c�q0j
� < \gq��:jS^�q0j
�]c�q0j�`:cEepc	�
=�o&c�e�� d�c	�]s:k(^�q�_ic�b,c�q�j
�2^�o�`S^�\pc�q0j(��o �:o�`�nic�7
q�\g` V
s \gq���\ <�o�q $+*�j�\gb,c�q�j�`:c"��`:l	�:c�q�j:l=d&^�q��Qepc D �9Ft_il�q&l�`:l % �(^�`�j�\g`�d�f \gb=^�_ic	��^Rl�`�\pc�q�q&c	��d�c � �����
�$c�o�j[j�`

	�2$�\pc�q ^�nihR\g`8d�\����(^�`�o ��o�`[e/f \gb=^�_ic32 o�\ps54 $�\g`:d=d�c#u ��� u�V � c�j�j:c s�hRq&d�\gj�\phRq d�c s�hRk&l�`:c�q&s�c q&hRo��
\gb3�$h��:cEd�cFj:c	��j:c�` eG^,uLo���\phRqrd�cEd�hRq�q&l�c	�Qc���hR_:
�q&c	���:o�`]d�c	��# hRq&c	�4hRoPe/fmh�$ !�c�jQd�f \gq0j:l�`���j2d�cFeG^ �Ss	
�q&c
c	��j \gq&s:k(^�q�_ilFc�q0j�`:c2epc	�
d&^�j:c	� d�fX^Rs	=0o�\��:\gj�\phRq V

u�V����	�6

���
�7�	�	�8

�����������9$	���:�%�<;��=�	�����>��?@'A�!�	�iY
s:k(^�=�o&c���\!��c�e d�c	�Qd�hRq�q&l�c	�,%�uLo���\phRq�q&c�`Qd�hR\gj4`:c�7
��`:l	�:c�q0j:c�`�eG^Pb���b,c �(^�`�j�\pcId�f o�q h�$ !Nc�j�d�c eG^ �:s	
�q&caV � c�j�j:cIs�eG^�o��:c �:hRo�e�
�nic d�c�o � =�o&c	��j�\phRq�� V�C ^
��`:c�b�\�
�`:cIc	��j `:c�eG^�j�\gnic %�eG^ ��`:l�s�\���\phRq d�o `:c�s ^�eG^�_icId�c	��d�hRq�q&l�c	� V.Z4^�q�� q&hRj�`:cIs ^�� < e/f \gb=^�_icIc�j epc
D �9F3�:hRq�j _il�h�s�h
d�l	� d&^�q��8epc b���b,c(� n �:j

�b,c s ^�`�j:hR_a`S^���k�\�=�o&caV2C[f \gb=^�_ic2^2o�q&c1��`:l�s�\��:\phRq d�c]_il�h
s�h�7
d&^�_ic \gq�u l�`�\pc�o�`:c2^�o ��\!��c�e ^�ephR`
�)=�o&c s�c�egepcQd�o D �9F c	��j l�_0^�epc(%Ed�c�o � ��\!��c�e�� V � c�s�\?�:c�b�$�epc(��o2K �S^�q0j�<
�S^Rs:k(^�q�j0=0o f %EeG^�'&qtd�c]eG^ s�hRq�nic�`�_ic�q&s�c�d�ots�hRq0j:hRo�`]^Rs�j�\vu <�\ge c	��j)��h��
��\4$�epc4d�c4`:l�d�o�\g`:c4e/f \gq2I&o&c�q&s�cFd�o
D �9F c�j]^�\gq��:\ d�fX^Rs�s�hR`:d�c�`���ego�� d�cB�$hR\pd/��%�e/f \gb=^�_ic&=0o�\ c	�:j
eG^3��ego��.' ^�$�epcaV.C ^=d�c�o �
\�
�b,c&=0o&c	�:j�\phRq
s�hRq&s�c�`�q&cQeG^E_il�hRb,l�j�`�\pc�d�c	� d�hRq�q&l�c	��%Fu o���\phRq�q&c�` V9C c9D �9F c	��j c�qI_il�hRb,l�j�`�\pc�hR`�j�k&h��Ss�h���\�=0o&c�^�ephR`
�
=0o&c4e/f \gb=^�_ic��S^�j:c�egeg\gjS^�\g`:cB2 o�\psC4 $�\g`:d�q&cQe/fmc	��j.�(^�� V � c�s�\ s ^�o��:c�`S^,^��
�:o�`:l�b,c�q0j d�c	�0��`:h�$�e�
�b,c	�
d�c,�:o 7
�$c�`���h���\gj�\phRq ��hRo�` epc	�)$+*�j�\gb,c�q0j
�]l�epc�nil	�0=�o�\?��`:l	�:c�q�j:c�q0j o�q&c2d�\���j:hR`
��\phRq�d�o&c�% eG^&�$c�`
�
�$c�s�j�\gnic2d&^�q��
e/f \gb=^�_icaY�epc=j:hR\gj�c�j�e/fmc�b3��`:c�\gq�j:c ^�o �:hRe[q&c �ShRq0jF^�ephR`
����ego��B��o/��c�`���h��:l	��< s�hRq�j�`S^�\g`:c�b,c�q0j=^�o�D �9F$V
� c�eG^4q&hRo��[s�hRq0j�`S^�\gq&d�`S^&%4j�`S^�\gj:c�`[o�q�\�=�o&c�b,c�q0j8epc	�6$+*�j�\gb,c�q�j
�9��c�o,l�epc�nil	��< %2d�l�u ^�o�j d�c ��h��
�:l�d�c�` o�q&c
\gb=^�_ic,�S^�j:c�egeg\gjS^�\g`:c2hR`�j�k&h��:s�h���\�=�o&caV

A q ��ego�� d�c
s�c	� d�c�o � s�hRq&d�\gj�\phRq�� d�c]s�hRk&l�`:c�q&s�c�<
o�q&c krn ��hRj�k�
	�:c \gb3��eg\ps�\gj:cQ^�l�j:l
u ^�\gj:c���o�` e/f \gq&d�l"�$c�q&d&^�q&s�c
d�c	� d�hRq�q&l�c	��%Fu o��:\phRq�q&c�` V � c�egepc�7 s�\ c	��j `:l ^�eg\��Sl�c#�(^�` epc2s ^�`S^Rs�j

�`:c2c���hR_:
�q&c2d�c	� \gb=^�_ic	�@Y

p (Isat, IMNS |φ) = p (Isat|φ) p (IMNS |φ)

hmp
Isat

c	��jQe/f \gb=^�_ic �S^�j:c�egeg\gj:c�<
IMNS

c	��jQe/f \gb=^�_ic,d�o D �9F$V A q���o/�/��h��S^�q0j�=0o&c epc	�2d�c�o � s�hRq&d�\gj�\phRq��Ed�c
s�hRk&l�`:c�q&s�c�^�\gq��:\0=0o&cIs�c�egepc�d�f \gq&d�l"�$c�q&d&^�q&s�c �:hRq0j,nil�`�\!'(l�c	� < q&hRo���u o���\phRq�q&hRq��=e/f \gb=^�_ic �S^�j:c�egeg\gjS^�\g`:ctc�j=epc
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+λMNS

[∫

Ω
|IMNS (x, y) − cMNS,in|2H (φ (x, y)) dxdy

+

∫

Ω
|IMNS (x, y) − cMNS,out|2 (1 −H (φ (x, y))) dxdy

] B � V � G
hmp

JCV
c	��j,d�l�'&q�\pc�c�q l	=�o(^�j�\phRq B U&Vkj � G�<

IMNS
c	��j�e/f \gb=^�_ic�d�o D �-F$V6C c	� =�o(^�q0j�\gj:l	� �:jS^�j�\���j�\�=0o&c	�

\gq&d�c���l�c	�0�(^�`
MNS

�ShRq0j4d�l�'&q�\pc	�]s�hRb�b,cEc�q;l	=0o(^�j�\phRq�� B U&Vkjvu 7/U&Vkjvj{G
b=^�\�� `:l�u�
�`:c�q�j2^�o D �-F$V�C c�j:c�`�b,c
=�o&c
q&hRo��8nic�q&hRq�� d�fX^ !�hRo�j:c�`.%2eG^2uLhRq&s�j�\phRq�q&c�egepc

JCV
c	��j8epc j:c�`�b,c]l�q&c�`�_il�j�\�=�o&cQd�fX^�j�jS^Rs:k&c2^�o � d�hRq�q&l�c	� d�c

� k(^�q�c�j �[c	�Sc4`:c�eG^�j�\vu2%�eG^ d�hRq�q&l�c2c���hR_:
�q&c�d�o)D �9F$V

C fmc��
j:c�q���\phRqPd�otb,h�d/
�epc � ^ nil	��\pc�qPd�c4e/fml	=�o(^�j�\phRq�B U&V UaUrG c	�:j.��\gb�\geG^�\g`:caY

Jfusion,Bayes (φ) = JBayes (φ)



��� u ���	���
� �������	� ����������
�� � �������
� � ����� ���	�	� � � � � ����
 � ��� �

+λMNS

[∫

Ω

(
|IMNS (x, y) − cMNS,in|2

2σ2
MNS,in

+ ln
(
2πσ2

MNS,in

)
)
H (φ (x, y)) dxdy

+

∫

Ω

(
|IMNS (x, y) − cMNS,out|2

2σ2
MNS,out

+ ln
(
2πσ2

MNS,out

)
)

(1 −H (φ (x, y))) dxdy

] B � VXW{G
5 e�c	��j ^�o��
��\�s�hRq&s�c�nR^�$�epc d�c u o��:\phRq�q&c�` eG^]d�hRq�q&l�c d�o D �9FF^�nic�s epc b,h�d/
�epc d�fX^�j�jS^Rs:k&c ^�o �Fd�hRq�q&l�c	� $(^��:l ��o�`
e/f \gq�u hR`�b=^�j�\phRq d�c�uL`:hRq0j�\�
�`:c B��&��� G B��Sc�s�j�\phRq.U&Vkj�Vku�Vku{G�V � hRo��Fs:k&hR\���\�� �:hRq��Fd�f \gq�j:l�_a`:c�`FeG^�d�hRq�q&l�c=c���hR_:
�q&c
d�o D �9F.^ nic�sIo�q b,h�d/
�epc $(^��:l ��o�` e/f \gq�u hR`�b=^�j�\phRq d�c `:l�_a\phRq V A[q c�-�c�j�<[epc D �-F.`:l"��hRq&d b�\pc�o � %PeG^
s ^�`S^Rs�j:l�`�\��:j�\�=0o&cAd�f o�q&c;\gb=^�_ic s�hRq���jS^�q0j:c.hRo k&hRb,hR_:
�q&c �(^�`Ib,hR`:s�c ^�o ��V 5 e(�(^�`S^ @pj�d�hRq&sE��ego���!No���j�\!'(l
d�f o�j�\geg\��Sc�`
o�qIb,h
d/
�epc#$(^��:l,��o�` e/f \gq�u hR`�b=^�j�\phRqPd�c2`:l�_a\phRq ��ego�j��Rj0=�o&c#��o�` epc	� uL`:hRq0j�\�
�`:c	� V9C[f \gq0j:l�_a`S^�j�\phRq d�o
D �9F �:c�ephRqtepc4b,h
d/
�epc2d�c � k(^�q�c�j �[c	�:c2`:c�n�\pc�q�j1%Ee/fml	=0o(^�j�\phRq ��o�\gna^�q0j:caY

φ (x, t)t = −〈(u,v),∇φ (x, t)〉

−λMNSδa (φ (x, t))
(
− [IMNS (x) − cMNS,out (φ (x, t))]2 + [IMNS (x) − cMNS,in (φ (x, t))]2

) B � V z G
F
c�ephRq epc	�Qb,h
d/
�epc	�Qd�c	�2l	=0o(^�j�\phRq�� B � V � G#% B � V z G�< epc�s�hRq0j:hRo�`E^Rs�j�\vu l�nihRego&c�`S^ �(^�`S^�ege�
�epc�b,c�q�j���o�`2d�c�o �

\gb=^�_ic	�@Y epc D �9F c�j e/f \gb=^�_icB�+^�j:c�egeg\gjS^�\g`:c�<(c�j1�Sc�`S^ o�q�s�hRb3��`:hRb�\��]c�q0j�`:c2epc	�
\gq�uLhR`�b=^�j�\phRq��]d�l�`�\gnil�c	�]d�c2s�c	�
d�c�o �,`:c"��`:l	�Sc�q0jS^�j�\phRq�� ^�\gq���\+=�o&c s�c�egepc
d�c eG^Qs�hRq0j�`S^�\gq�j:c]d�c uLhR`�b,cB�0� � ������� V 5 e c	��j %4q&hRj:c�`8=0o&c eG^#��`:l�s�\���\phRq
d�c _il�h
s�h
d&^�_ic,d�oQD �9F�B ' 1m

G]c	��jQ\gq�u l�`�\pc�o�`:c % s�c�egepc,d�c e/f \gb=^�_ic `:c�s�j�\!'(l�c 2 o�\psC4 $�\g`:d�=�o�\ ^ ��hRo�`Qnih�7
s ^�j�\phRq;d�f ��j�`:cFeG^ �:hRo�`:s�cFd�f \gq�uLhR`�b=^�j�\phRqreG^3��ego��0' ^�$�epc B ' 0.2m

G�V#s
\gq���\ <(q&hRo��]^�q�q�o�ephRq��]epc,��hR\pd/�
λMNS% eG^ '&qrd�oE��`:h
s�c	�
��o��]d�c s�hRq0nic�`�_ic�q&s�c>��hRo�`�=�o&c�epc s�hRq�j:hRo�`Q^Rs�j�\vu �:hR\gj���ego��0'(d/
�epc3%=e/f \gb=^�_icaV#C ^ ��k(^��:c

��`:l�eg\gb�\gq(^�\g`:c�s�hRq��:\���jS^�q0j,% ^Rs�s�hR`:d�c�`#��ego��]d�cEs�`:l�d�\gj2^�o D �9Ftc	��j4d�c	��j�\gq&l�c>% �Sc�`S^��/��`:h
s:k&c�`Q`S^���\pd�c�b,c�q�j
d�c2eG^>�:hRego�j�\phRq�'&q(^�epcB�+^�q�� epc	�.��`:h�$�e�
�b,c	�
d�c	� b�\gq�\gb=^�eph
s ^�o ��V

ZQ^�q�� t U z w <��QV��]o&hAu ^�\gj l�nihRego&c�`Io�q s�hRq0j:hRo�`P^Rs�j�\vuEd�cPj n ��c �
	����&� ��o�` o�q&cr\gb=^�_ic;d�crj:l�epl�d�l�j:c�s�7
j�\phRq hR`�j�k&h��:s�h���\�=�o&c�c�j]o�q D �-Ft`:l ^�eg\��:l&�(^�`#C?5 ZWs�CFV�; q&cEd�\!-�l�`:c�q&s�cEq&hRjS^�$�epc�^�nic�s q&hRj�`:c ^��/��`:h�sSk&c�c	��j
e/f o�j�\geg\��+^�j�\phRqAd�f o�q j:c�`�b,c,d�fX^�j�jS^RsSk&c ^�o � d�hRq�q&l�c	�#$(^��:l3��o�`Qepc	�4uL`:hRq0j�\�
�`:c	��d&^�q��Qe/f \gb=^�_ic=^�egj�\gb,l�j�`�\�=�o&c=c�j
�+^�j:c�egeg\gjS^�\g`:c�< s�c#=�o�\ \gb3��h��:cQe/fmc�b3��ephR\ d�cQuLhR`:s�c	�
^�`�j�\!'(s�\pc�egepc	�]d�cQ_ihRq2I ^�_icaV8Z4c#��ego���<(^�o&s�o�q&c2s�hRq�j�`S^�\gq0j:c d�c
u hR`�b,c]q fml�jS^�\gj c�b3��eph nil�c2c�j o�q D �9F d�c]b,c�\gegepc�o�`:c#=0o(^�eg\gj:l�<
\��
��oId�f o�q&c]b,c	��o�`:c4c�j q&hRqId�f o�q&c4`:c�s�hRq���j�`�o&s�7
j�\phRq?<(l�jS^�\gj o�j�\geg\��:laV

C ^ s�hRq�j�`�\4$�o�j�\phRq�d�o<D �-F#�$hRo�` o�q&c b,hR\gq&d�`:c8�:c�q���\4$�\geg\gj:l ^�o �2b�\gq�\gb=^
eph
s ^�o �Qc	�:j@��`:l	�:c�q�j:l�c c�q&�:c�s�j�\phRq
� V � V � V � V

�9,�
 021
PaZ"4535>?6W1 \
dT:<P[Pa6W:<\
dTZ 8
Z�d?U � 6^4 S�Z ��������������� �]Z`i > Y
>Td?>N3 �'Pa\
U^35>?6��
37Z S�\ 6^4fZ%d?d?Z 8
Z

λ

�����&! ���"!
��#%$'&��)(�*+���",.-�=/�%01#"02!�03&%#4!�01(5$76�-98�0:03&<;=��!.!�0=8.>?��&%#%$'&%;=01;@$'!.,�0�7�-A6B$'CD01>"(A�%8�!���E"�%8.,�0�<"&%���%8F#4-98�;3� 7
,���&%82#%$'&%82;=03,.,�078�0=;3,.-9��&G#"0H(�* -A&2I%�%03&%;=0I#4�J>?��-9#"8

λ
=K�"-�6L03,�03&GEM$'(5$'&%;=01(�* -A&4NO��!.6B$',.-9��&P#"0:(�* -A6B$'CD0I03,�(5$

;=��&/,.!Q$'-A&K,�0R#"0LNS��!.6L0T#%$'&%81(90=87U	=K�M$',.-9��&%8 BWV%X V � G103, BWV%XZY'VrG[X C�0B!�U3C\(5$'CD0T#"0T;=03,.,�0T;=��&%8�,Q$'&K,�0T>]��&%#"U3!Q$'&/,
(�* -A&2I%�%03&%;=0H#"0^(5$I;=��&K,.!Q$'-A&/,�0H#"0^NS��!.6L02&�*+0=8.,�>M$�8),.!.-A_/-5$'(�>]���"!)(90=8)!Q$'-98Q��&%8�8.�"-A_\$'&K,�0=8@`

a X.;F&%0F;=��&/,.!Q$'-A&K,�0:,.!���>bN�$'-AE"(90�&%0F>?03!.6L03,)>M$�8�#"0�!�U3C\�"(5$'!.-98�03!�8.�2KB8Q$'6�6L03&/,�(902;=��&K,����"!�$�;3,.-cN =/�"-d8�03!Q$
$'-A&%8.-e8�03&%8.-AE"(90I$'�4fG$'(A,�U3!Q$',.-9��&%8^#"0:(�* -A6B$'CD0\X:g�0=;3-e6Lh3&%03!Q$biL�"&%0H8Q03C\6L03&K,Q$',.-9��&P03!.!���&%U=0I#"0:(�*+��E !.03,
=/�"-j;=��!.!�0=8�>]��&%#Pib�"&k6�-A&"-A61�"6l(9�/;@$'(m#"0I(5$TNO��&%;3,.-9��&"&%03(A(90

J
#"0I(�*+U	=/�M$',.-9��& BWV%X V � G[XIn^$'&%8^;=0�;@$�8�<

(90=8)6�-A&"-A6B$I(9�o;@$'�4f <�=K�%02&%���%8�&%��6�6L03!���&%8F#"02>"!�036�-9h3!�0H0=8.>]h=;=0�<"8Q��&K,�&%��6HE"!�03�4f?X



�	��� � � � � ������� ��� ��� 
 � � ��
���� � ��� � � ����� � �������	��
��	��
�
�
 a\a j
u4X#s (�*+��>">?�\8�U�< �"&%0 >"!�U3>?��&%#"U3!Q$'&%;=0<#"0 (5$k;=��&K,.!Q$'-A&/,�0 #"0bNO��!.6L0 (A-A6�-A,�0 (90=8I>]�\8Q8.-AE"-A(A-A,�U=8L#4� ;=��&K,����"!

$�;3,.-cN�iG8@*+U=;��M$'>">?03!L#"0=876�-A&"-A6B$G(9�/;@$'�4f #"0b(5$ NO��&%;3,.-9��&"&%03(A(90<i 6�-A&"-A6�-98Q03!
J
X n^$'&%8�;=0BCD03&"!�0R#"0

8.-A,.�M$',.-9��&?<�-A(^03& ;=�&%",�03!Q$ >"(A�%8 $'� ;=��&K,����"! $�;3,.-cNI#"0J8Q0J#"U[NO��!.6L03! >]���"!<$',.,�03-A&%#4!�0k(5$ ;3-AE"(90G#%$'&%8
(�* -A6B$'CD0�=K�%0b#"0b!�0=8.,�03!�-A6�6L��E"-A(90R03,��M#"h3(90 iJ(5$ NO��!.6L0T-A6�>?�\8�U=0b>M$'!I(5$G;=��&K,.!Q$'-A&K,�0\X C�$G8���(A�",.-9��&
;��%��-98.-90I0=8.,^$'-A&%8.-e�"&J6�-A&"-A6H�"6 (9�/;@$'(^BS#"0H8Q0=;=��&%#"070=8�>]h=;=0 G0=K�"-j;=��!.!�0=8.>?��&%# $'�%8�8.-eiB�"&%076B$'�"_�$'-98Q0
8�03C\6L03&K,Q$',.-9��&���!�0=;@$'(5$'CD0I#"02(�*+��E !.03,�#%$'&%8�(�* -A6B$'CD0\X

n2U3,�03!.6�-A&%03!������������ � �"&%0m_\$'(903�"!���>",.-A6B$'(90
λopt

#4�:>]��-9#"8�#"0 ;=��&/,.!Q$'-A&K,�0 >M$'!Q$ @9,��"&%0 ,"!�;"�%0 #"U3(A-9;@$',�0 >"�"-98
=/�%0
;=03(A(90�7 ;3-]#"U3>]03&%#4!Q$'-A,�i^(5$�NO��-98 #"0�(�* -A6B$'CD0�03, #4�b#"03C\!�U�#d*Z$'(A,�U3!Q$',.-9��& =K��*+03(A(90F;=��6�>]��!.,�0��4;=0=8 ;@$'!Q$�;3,�U3!.-98�,.-�=K�%0=8
&%0�8���&K,j&%U@$'&"6L��-A&%8m>M$�8j;=��&"&/�%0=8 i�(�*Z$@_�$'&%;=0\Xmn^$'&%8e(90�;=��&K,�0[f4,�0)#"0 (�* -A6B$'CD03!.-90�6LU=#4-9;@$'(90�<$#IX\g%�%03&I>"!���>]�\8Q0
#d*+0=8�8
$ nD03!m>"(A�%8.-903�"!�8m_\$'(903�"!�8m#4��>?��-9#"8m#"0);=��&K,.!Q$'-A&K,�0F03,m#"0�!�03,�03&"-A!m(5$�_�$'(903�"!m;=��!.!�0=8.>?��&%#%$'&K,�i�(5$�6L03-A(A(903�"!�0
8���(A�",.-9��&bU3_�$'(A�%U=0�C\!"!�;=0�i:#"0=8 >"!��&�%(98 !Q$�#4-9��6LU3,.!.-�=K�%0=8-tkuvu w X g�03,.,�0F8���(A�",.-9��&B>M$'!Q$ @9,�8����%8(' ��>",.-A6B$'(90F>"�"-98
=/�%0

λopt
&�*+0=8.,^>M$�81$�8�8.�"!�U36L03&/,10=8.,.-A6LU�<�#"0I>"(A�%8�<d(90I>"!��o;=0=8�8.�%8:#"0�8�03C\6L03&/,Q$',.-9��& #"��-A, �3,.!�0I!�U3>?U3,�U�>"(A�%8.-903�"!�8

NO��-98@X9A &)�%&?<M(901!�U3C\(5$'CD01#"U3(A-9;@$',F#"0
λ

0=8�,�#d*Z$'�",Q$'&K,�>"(A�%8F#4- KB;3-A(90�=K�%0:(90=8���E !.03,�8F#"0=8�-A6B$'CD0=8�,.!Q$'-A,�U=0=8F8���&K,
>?03�P#4-98�;3!.-A6�-A&%U=87#4� NS��&%#dXTn^$'&%81;=0L;@$�8�<�(�* -A&4NS��!.6B$',.-9��& !�03(5$',.-A_D0Ti (�* -A6B$'CD0T0=8.,1$�*�$'-AE"(A-90B;=��6�>M$'!�U=0TiR(5$
;=��&/,.!Q$'-A&K,�0 #"0bNO��!.6L0 =/�"-)#"03_/-903&/,B>"!�U=#"��6�-A&M$'&K,�0�<);=03(5$ $'�"C\6L03&/,�0<(�*+�o;=;3�"!.!�03&%;=0 #"0 6�-A&"-A6B$k(9�o;@$'�4f #"0
8�0=;=��&%#"0�0=8.>?h=;=0\X g�03,)0 *?03,�0=8.,�#d*Z$'�",Q$'&K,)>"(A�%8�8.-AC\&"-+�M;@$',.-cN�(9��!�8 =K�%0F(90F;=��&/,����"!�$�;3,.-cN�0=8.,�-A&"-A,.-5$'(A-98�U�,.!���> (9��-A&
#"02(�*+��E !.03,Fi7!�03,.!����"_D03!F#%$'&%8�(�* -A6B$'CD0\X

�e���"! !�U=8����%#4!�0G(90 >"!���E"(9h36L0k#"0=8b6�-A&"-A6B$ (9�/;@$'�4f -A&,�%U3!�03&/,�8 i �"&%0J8����%8b��� 8.�"!(' 0=8.,.-A6B$',.-9��& #"0J(5$
;=��&/,.!Q$'-A&K,�01#"0�NO��!.6L0�<"&%���%8)>"!���>?�\8���&%8�#"0^;=��&/_D03!.,.-A!�(90^>?��-9#"8);=��&%8.,Q$'&K,

λ
#"0=8�U	=/�M$',.-9��&%8�BWV%X V � G�03,�BWV%XZY'VrG

03& �"&%07NO��&%;3,.-9��&P#"0I(�*+0=8.>M$�;=0\X3C�0IE"�",1#d* �"&%0I,�03(A(907NO��&%;3,.-9��& 0=8.,:#"0I!�03(5$�f"03!^(�* -A&2I%�%03&%;=0L#"0I(5$ ;=��&/,.!Q$'-A&K,�0
#%$'&%8��"&<_D��-98.-A&M$'CD01#4�J&"-A_D0@$'�.-�#"0:(�*+03&%8�0361E"(907#"0:&"-A_D0@$'�4f

ψ
<M,����",F03&<>"!�U=8�03!._\$'&K,��"&%0:;=��&/,.!Q$'-A&K,�0HNS��!.,�0

03,��"&"-cNO��!.6L02(9��-A& #"02(5$1NO��!.6L0/�0��� �������SX g�0=;3-�$'�",���!.-98�02�"&%02>"(A�%8�C\!Q$'&%#"02(A-AE?03!.,�U^03, IM0[f4-AE"-A(A-A,�U^#4�R;=��&K,����"!
$�;3,.-cN6=K�"-d!�0=8�,�03&K,�&%U@$'&"6L��-A&%8F8.>M$',.-5$'(9036L03&K,�E?��!.&%U=0=8@X
�e$'!�;=��&%8�U	=/�%03&K,�<%(90^;=��&/,����"!�$�;3,.-cN 8�03!Q$�iI6��36L01#"0
!�0=8�8Q0361E"(903! C\(9��EM$'(9036L03&/,�i�(5$FNO��!.6L01�2��������� ��,����", 03&B$'�",���!.-98Q$'&/, #"0=8m_\$'!.-5$',.-9��&%8 (9�o;@$'(90=8@Xmg�03,.,�0VIM0[fo-AE"-A(A-A,�U
0=8.,��"&%07>"!���>"!.-9U3,�U�#"U3,�03!.6�-A&M$'&K,�0�>?���"!2U3_/-A,�03!2(90=8�6�-A&"-A6B$b(9�/;@$'�4fG#"078Q0=;=��&%#"070=8�>]h=;=0\X43����%8�>"!���>]�\8���&%8
#"0�NO��!.6B$'(A-98�03! (90�>"!��&�%(M8.>M$',.-5$'( #"0�!�03(5$�f"$',.-9��&b;=��6�6L0��"&%0�NO��&%;3,.-9��&B8 no6LU3,.!.-�=K�%0�#"0)(5$^#4-98.,Q$'&%;=0�i2(5$�NO��!.6L0
�4��� �5��� �
`

λspace (ψ (x)) = λ

(
1 − e

−
“

ψ(x)
d

”2) B�64X � G
C�$HNO��&%;3,.-9��&J#"02!�03(5$�f%$',.-9��&J8�>M$',.-5$'(90:#"0^(�*+U	=/�M$',.-9��& B�64X � G�0=8.,�&/�"(A(90:8.�"!)(90=8�(A-903�4f #"0^(5$INS��!.6L0/�7��� �5�8��� !�0 '
>"!�U=8�03&/,�U=0�>M$'!

ψ
03,�,�03&%#R$�8 no6�>",���,.-�=K�%036L03&/,�_D03!�8�(5$1;=��&%8.,Q$'&/,�0

λ
X6C�0F>M$'!Q$'6Lh3,.!�0

d
;=��&/,.!���(902(5$1,Q$'-A(A(902#"0

(�*+0=8.>M$�;=07#"0H!�03(5$�f"$',.-9��&�X^g�03,.,�0:NO��!.61�"(5$',.-9��& &�*Z$B>M$�8�#"0 ! �%8.,.-+�M;@$',.-9��&k,9�%U=��!.-�=K�%0703,2#d*Z$'�",.!�0=8�0[f4>"!�0=8�8.-9��&%8
>"(A�%8�8�-A6�>"(90=8)>]���"!.!Q$'-903&/,F8Q$',.-98.NO$'-A!�0^(90=8�6��36L0=8�;3!.-A,�h3!�0=8�#"0^!�03(5$�f%$',.-9��&�X�3����%8)_DU3!.-+�M03!���&%8F0[fo>?U3!.-A6L03&K,Q$'(90 '
6L03&/,�03&R8�0=;3,.-9��&:64X�64X�64Xku&=/�%0�(5$H#"U3!.-A_\$'E"-A(A-A,�U^03,�(90F>?��-A&K,�8�,Q$',.-9��&"&M$'-A!�0^#"0

λspace
03&
ψ (x) = 0

$'6LU3(A-9��!�03&/,
(�* -A&%8�03&%8�-AE"-A(A-A,�U1$'�4fb6�-A&"-A6B$L(9�/;@$'�4fdX

C *+0[fo-98.,�03&%;=0b#"0T(�*+0=8.>M$�;=0T#"0T!�03(5$�f%$',.-9��& >M$'!Q$'6LU3,.!�Ub>M$'!
d

0=8�,H#"0=8.,.-A&%U i<036�> �=;��%03!I(90b;=��&K,����"!L$�;3,.-cN
#d* �3,.!�0:8��&! 03,F$'�4fR6�-A&"-A6B$L(9�/;@$'�4fR#"0:8�0=;=��&%#"0H0=8.>]h=;=0\X�g�03>]03&%#%$'&/,�<M(5$�(A-AE]03!.,�U1$�;=;=��!�#"U=07$'� ;=��&K,����"!^$�;3,.-cN
#%$'&%8 (�*+0=8.>M$�;=0�#"0�!�03(5$�f%$',.-9��&T&%0F>]03!.6L03,.,.!Q$1>M$�8�#d*+U3_/-A,�03!�(90=8 6�-A&"-A6B$H#"0F>"!�036�-9h3!�0F0=8.>?h=;=0\X
�e���"! !�U=8����%#4!�0
;=0�>"!���E"(9h36L0�</&%���%8j>"!���>]�\8���&%8 #"0�!�U=#4�"-A!�0)#%$'&%8m�"&L8�0=;=��&%#I,�036�>%8#BOi�>M$'!.,.-A! #"0

t1
G�(�*+0=8.>M$�;=0)#"0�!�03(5$�f"$',.-9��&�X

sF(9��!�8)=K�%02;=03,�0=8.>M$�;=0^#4-A6�-A&/�%0�<%(�*+0LKB;@$�;3-A,�U:#"0�(5$I;=��&/,.!Q$'-A&K,�01#"0�NO��!.6L0^0=8.,�!�U3,Q$'E"(A-90^�"&"-cNO��!.6LU36L03&K,�8.�"!�(90
#"��6B$'-A&%0T#"0�(�* -A6B$'CD0\X C * -9#"U=0T0=8�,1#"��&%;L#d*Z$',.,�03-A&%#4!�0T�"&%0B8�03C\6L03&/,Q$',.-9��& C\!��\8�8�-9h3!�0B#"0�(�*+��E !.03,H#"0�(�* -A6B$'CD0
$@_D0=; !�03(5$�f"$',.-9��& 8.>M$',.-5$'(90QB

t < t1
G�<m>"�"-98�#"0 !�U3,Q$'E"(A-A!�(5$G;=��&K,.!Q$'-A&K,�0J#"0TNS��!.6L0;�<��������� �:�"&"-cNS��!.6L0R#%$'&%8

�"&k8�0=;=��&%#J,�036�>%82>]���"!�_�$'-A&%;3!�07(90=8^$'(A,�U3!Q$',.-9��&%8^#"0H(�* -A6B$'CD0 B
t ≥ t1

G[X�C�0H>?��-9#"8�#"07;=��&/,.!Q$'-A&K,�0�#"0HNO��!.6L0
#"03_o-903&K,1$'-A&%8.-j�"&%07NO��&%;3,.-9��&P#"07(�*+0=8.>M$�;=0�03,:#4�k,�036�>%81$'!.,.-+�M;3-903( #4� >"!��/;=0=8Q8.�%82-A,�U3!Q$',.-cN X�C�$ #"U=;3!���-98�8Q$'&%;=0
#"0F(�*+0=8.>M$�;=02#"0�!�03(5$�f%$',.-9��&<8�0�NO$'-A,�>M$'!�(90�!�036�>"(5$�;=036L03&/,�#"0�(5$1;=��&%8.,Q$'&/,�0

d
>M$'!��"&%0�NO��&%;3,.-9��&b(A-A&%U@$'-A!�02>M$'!
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6L��!�;=0@$'�4f 03,�#"U=;3!���-98Q8Q$'&K,�0H03& NS��&%;3,.-9��&G#4�R,�036�>%8@`

d (t) =





d0 si t < t1
(ε− d0)

t−t1
t2−t1

+ d0 si t1 ≤ t < t2
ε si t2 ≤ t

B�64X � G

�mp
(d0, ε, t1, t2) ∈ R

∗+ $=_D0=;
d0 > ε

03,
ε � 1

X
d0

0=8�,1�"&%0b;=��&%8.,Q$'&K,�0 #"U3,�03!.6�-A&M$'&K,B(5$R,Q$'-A(A(90b-A&"-A,.-5$'(90
#"0 (�*+0=8.>M$�;=0G#"0<!�03(5$�f%$',.-9��& 03,

t2
!�h3C\(90 (5$ _o-A,�0=8�8�0<#"0J#"U=;3!���-98�8Q$'&%;=0\X 3����%8B_D03!.!���&%8b03& 8�0=;3,.-9��& 64X�64X�64Xku

=/��* �"&%01#"U=;3!���-98Q8Q$'&%;=0^,�036�>?��!�03(A(90:>"(A�%8�8.-A6�>"(901#"0^, no>]01U=;��%03(9��&J#"0��F0@$@_/-98.-9#"010=8.,)6L��-A&%8�0LKB;@$�;=07i�;@$'�%8�0
#"0:(�* -A&%03!.,.-901#4�%0:iI(�*+0=8.,.-A6B$',.-9��&J#"0=8)>M$'!Q$'6Lh3,.!�0=8F#"0

Tsim
X

�e-A&M$'(9036L03&K,�<o&%���%8 !�03&4NO��!?l=��&%8�(5$^!�03(5$�f%$',.-9��&b8�>M$',.-5$'(90F03, (90�!�U3,Q$'E"(A-98�8�036L03&/,)#"0�(5$:;=��&/,.!Q$'-A&K,�02�"&"-cNO��!.6L0
03& !�036�>"(5$ml@$'&/,<(90GN�$�;3,�03�"!

λ
#"0G(�*+U	=K�M$',.-9��&�B 64X � GT>M$'!b�"&%0GNO��&%;3,.-9��& ;3!���-98�8Q$'&/,�0 #4� ,�036�>%8

λa (t)
=/�"-

;=��&/,.!���(903!Q$<(�*Z$'6�>"(A-A,.�%#"0BC\(9��EM$'(90B#"0�(5$ NS��&%;3,.-9��& 8�>M$',.-9�&'�,�036�>]��!�03(A(90T#4�P>]��-9#"81#"0L;=��&K,.!Q$'-A&/,�0\Xbn��"!Q$'&/,1(5$
>,�M$�8Q0)#"0�!�03(5$�f"$',.-9��&)B

t < t1
G�<\(5$F_�$'(903�"! 0=8.,j6�-A&"-A6B$'(90)>?���"! $�;=;=��!�#"03!m>"(A�%8 #"0 IM0[f4-AE"-A(A-A,�U�$'�L;=��&K,����"! $�;3,.-cN.X

s >M$'!.,.-A!�#"0
t1
<%(�*Z$'6�>"(A-A,.�%#"0�$'�"C\6L03&K,�0H>]���"!2$',.,�03-A&%#4!�01�"&J6B$�fo-A6H�"6 =/�"-�!�03&4NO��!�;=03!Q$�(901!�U3,Q$'E"(A-98�8�036L03&/,

#"0�(5$^;=��&K,.!Q$'-A&/,�0^$��%&T#"0�8��"!.6L��&K,�03! (90=8�$'(A,�U3!Q$',.-9��&%8�#"0)(�* -A6B$'CD0\X2C�$�NO��&%;3,.-9��&T8�>M$',.-9�&'�,�036�>]��!�03(A(902#4�L>?��-9#"8
#"0:(5$I;=��&K,.!Q$'-A&K,�07#"02NO��!.6L0^0=8., �%&M$'(9036L03&/,@`

λflex (ψ (x) , t) = λa (t)

(
1 − e

−
“

ψ(x)
d(t)

”2) B�64X a -{G
�mp

λa (t)
_�$'!.-90�03&/,.!�0

λmin
03,
λmax

$=_D0=;L�"& >"!��&�%( ��>">]�\8QULi ;=03(A�"- #"0I(�*+U	=K�M$',.-9��&�B�64X � G[X3C�$ �%C\�"!�0 64Xku
-A(A(A�%8�,.!�01iI,.!���-98�#4-A6L03&%8.-9��&%8�(5$7NO��&%;3,.-9��& 8.>M$',.-9�&'�,�036�>?��!�03(A(90

λflex (ψ (x) , t)
X

>:?�A:B%64Xku4` � $'!.-5$',.-9��& 8.>M$',.-9�&'�,�036�>?��!�03(A(90 #"0R(5$JNO��&%;3,.-9��& >?��&%#"U3!Q$'&K,B(5$k;=��&/,.!Q$'-A&K,�0G#"0 NO��!.6L0\X
d0 = 3

<

t1 = 100
<
t2 = 400

<
λmin = 1.25

03,
λmax = 2

X
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-A(A(A�%8.,.!�03!���&%81#"0=8^!�U=8.�"(A,Q$',�8:��E",�03&/�%8H$=_D0=;B#"0=82-A6B$'CD0=8:�",.-A(A-98�U=0=8:03& ��-98.-9��&k>M$'!
xF!�#4-A&M$',�03�"!103,:03& -A6B$'CD0 '
!.-90I6LU=#4-9;@$'(90\XRg�0=8:-A6B$'CD0=81>M$'!.,Q$'CD03&K,1(5$R6��36L0B;@$'!Q$�;3,�U3!.-98.,.-�=/�%0 =/�%0I(90=8:-A6B$'CD0=8H8Q$',�03(A(A-A,Q$'-A!�0=8103&P6�-A(A-903�
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ψ0(x)

;=��!.!�0=8.>?��&%# ���$��0,1 � �"�[	21I$'�4f
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u4X�/�0<;=��&K,����"! $�;3,.-cN^-A&"-A,.-5$'(�!�03>"!�U=8�03&/,�U<>M$'!B(�*+03&%8Q0361E"(90 #"0<&"-A_D0@$'�4f
φ(x, t = 0)

0=8.,L8.-A6�-A(5$'-A!�0Gik(5$
NS��!.6L0 �<��� �5�8���

ψ0(x)
X43 (�0=8�,703&%8.�"-A,�0b,.!Q$'&%8 NO��!.6LUb>M$'!H�"&%0 8.-A6�-A(A-A,.�%#"0b>"(5$'&%0 #4-A!�0=;3,�0

Tsim
#"��&K,

(90=8�>M$'!Q$'6Lh3,.!�0=828���&K,
ξ0 = (s0, θ0, µx,0, µy,0)

X5/�0:E"�",F#d* �"&%0:,�03(A(901,.!Q$'&%8 NO��!.6B$',.-9��&G0=8.,F#"01;3!�U=03!��"&
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>]���"_D��-A!�#"02!�0=;@$'(5$'CD0H#"02(5$I6LU3,9�%�o#"0\X
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Tsim
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�1��� �������

ψ0
0=8�,F;��%��-98�-90H>M$'!.6�-e(90=82#"03�4fJ0[f"036�>"(90=8F#"0H(5$ �%C\�"!�0 64Xkj4XV/�0H;=��&/,����"!:$�;3,.-cN !�03>"!�U=8�03&K,�U7>M$'!

φ03,^,.!Q$'&%8 NO��!.6LU�>M$'!
Tsim

#"0L>M$'!Q$'6Lh3,.!�0=8
ξ0

&�*+U3_D��(A�%03!Q$R>M$�81$'�P;=���"!�81#4�P,�036�>%8 BO$'�%;3�"&%0INO��!�;=0�0[fo,�03!.&%0
#4�%0:iI(�* -A6B$'CD0:&�*+0=8.,�036�>"(9� nDU=0�+M&%���%8),.!Q$=_\$'-A(A(9��&%8F�"&"-.-K�%036L03&/,F#%$'&%8)(�*+0=8.>M$�;=01#"0=8)NO��!.6L0=8/G[X

/ *+��E ! 0=;3,.-cN�0=8�, #"0�;=��&%8.,Q$',�03!�8�-M(90=8�#"03�4fB6LU3,9�%�/#"0=8 >M$'!._o-903&"&%03&K,�i:0=8�,.-A6L03!
ξ0

>M$'! (5$16�-A&"-A6�-98Q$',.-9��&R#"0
(�*+U3&%03!.C\-90H#"��&"&%U=0H03& U6-/�M$',.-9��&�B�64Xkj{G[X!/�0^&%��61E"!�07#d* -A,�U3!Q$',.-9��&%8�>]���"!2$',.,�03-A&%#4!�0:(5$L;=��&/_D03!.CD03&%;=0�$'-A&%8.-�-/�%0
(90=8j,�036�>%8m#"0);@$'(9;3�"(%8�03!���&/, ;=��6�>M$'!�U=8@X 3����%8j6L03&%��&%8m>"(A�%8.-903�"!�8eNO��-98j(5$�6��36L0�0[fo>?U3!.-903&%;=0)$=_D0=;�#4-+*dU3!�03&K,�0=8
-A&"-A,.-5$'(A-98Q$',.-9��&%8

(s0, θ0, µx,0, µy,0)
`

a X���!Q$'&%8.(5$',.-9��&G8�03�"(90\`
ξ0,1 = (1, 0, 10,−5)

X

u4X C���,Q$',.-9��& 8�03�"(90\`
ξ0,2 = (1, π/3, 0, 0)

X

j4X 0 ;��%03(A(90H8�03�"(90\`
ξ0,3 = (1.2, 0, 0, 0)

X

V%X F/-A6�-A(A-A,.�%#"0:>"(5$'&%0:#4-A!�0=;3,�0\`
ξ0,4 = (1.2, π/3, 10,−5)

X

n^$'&%8�(90=8�0[f4>]U3!.-903&%;=0=8e6L03&%U=0=8,+�&%���%8j$=_D��&%8j>"!.-A_o-A(9U3C\-9U (5$�!���E"�%8.,�0=8Q8�0 #"0=8j��>",.-A6�-98Q$',.-9��&%8m03&H,.!Q$=_\$'-A(A(5$'&K, $=_D0=;
�"&%0�EM$'&%#"0BU3,.!���-A,�0L#"0 a\a >"-cf"03(98@XW/�0=81,�036�>%8:#"0L;@$'(9;3�"(�8�03!���&K,1U3(903_DU=8X+�6B$'-98:(90LE"�",1#"0�;=0=810[f4>]U3!.-903&%;=0=8
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>:?�A:B864Xkj4`��%��!.6L0=8 �%��������� �%BS03&7E"(5$'&%;�+ {x/ψ0 (x) = 0} G�03,�(903�"!�8j03&%8�0361E"(90=8j#"0 &"-A_D0@$'�4f7$�8�8��o;3-9U=8VBW&"-A_D0@$'�4f
#"0:C\!.-98,+ |ψ0 (x)| G[XWBO${G ! ���%03,�BWE5G�E !',.-A6L03&K,F03&S/

0=8�,T(5$ ;=��6�>M$'!Q$'-98���& #"0=8b#"03�4f $'(ACD��!.-A,9�"6L0=8b03,b&%��& (903�"!�8T>?03! NO��!.6B$'&%;=0=8 $'E%8Q��(A�%0=8@X /�0G8.-A6�>"(90[f 03,b(5$
#"0=8Q;=03&K,�0 #"0BC\!Q$�#4-903&/,B$'�"!���&K,�;=��&K_D03!.CDU (9��!�8O-K��* -A(98H_DU3!.-+�M03&K,�(90b;3!.-A,�h3!�0\` ∣∣∣Jn+1

shape − Jnshape

∣∣∣ < 10−4 X /�0=8
#"03�4f $'(ACD��!.-A,9�"6L0=8���&K,�U3,�U2>M$'!Q$'6LU3,.!�U=8�#"0^(5$HN�$ml=��& 8.�"-A_\$'&K,�0\`

a X�n20=8�;=03&K,�0=8F#"02C\!Q$�#4-903&K,@`
∆ts = 5.10−7 + ∆tθ = 2, 5.10−7 + ∆tµx = 2, 5.10−3 03,

∆tµy = 2, 5.10−3

u4XJF/-A6�>"(90[fd`
δs = 0.25

+
δθ = π

+
δµx = 10

03,
δµy = 10

/�0=8R,Q$'E"(90=8:64X a 03, 64Xku -A(A(A�%8.,.!�03&K, (90=8 !�U=8.�"(A,Q$',�8<��E",�03&K�%8J$=_D0=; (5$ #"0=8�;=03&/,�0P#"0GC\!Q$�#4-903&K,J03, (90 8.-A6�>"(90[f
!�0=8�>]0=;3,.-A_D036L03&/,@X��F&%0L>"!�036�-9h3!�0b;=��&%8.,Q$',Q$',.-9��& 0=8.,:(5$ !���E"�%8.,�0=8�8�0T#4� 8.-A6�>"(90[f -/�"- 0=8�,.-A6L0B;=��!.!�0=;3,�036L03&K,

ξ0
#%$'&%8^,����",�0=8:(90=8^8.-A,.�M$',.-9��&%8@X /�0IC\!Q$�#4-903&K,70=8.,2>"(A�%8:8�03&%8.-AE"(90L$'�4fG6�-A&"-A6B$ (9�o;@$'�4fk#"0I(5$BNO��&%;3,.-9��&"&%03(A(90

#d*+U3&%03!.C\-90
Jshape

03,�U=;"�%���%01$'-A&%8.-�#%$'&%8),.!���-98);@$�8�i�$�;=;=��6�>"(A-A!�(�*+0=8.,.-A6B$',.-9��& ;=��!.!�0=;3,�0^#"0=8)>M$'!Q$'6Lh3,.!�0=8@X</�$
#"03�4f4-9h36L0L!�036B$'! -/�%0B;=��&%;=03!.&%0B(90=8:,�036�>%87#"0L;@$'(9;3�"(�X /�0L8.-A6�>"(90[fP8�0�!�U3_Dh3(90T0[fo,.!��36L036L03&/,H>"(A�%8H0LKB;@$�;=0
-/�%0I(5$ #"0=8�;=03&/,�0L#"0IC\!Q$�#4-903&K,@X /�0L&%��61E"!�0L#d* -A,�U3!Q$',.-9��&%81&%U=;=0=8�8Q$'-A!�0=8^>?���"!1$',.,�03-A&%#4!�0�(5$ ;=��&K_D03!.CD03&%;=0T0=8.,
6L��-A&%#4!�0�+"$@_D0=;�+/#%$'&%8 ;=0=8 0[f4>]U3!.-903&%;=0=8,+K�"&%0�!Q$'>"-9#4-A,�UF8.�">]U3!.-903�"!�0�_�$'!.-5$'&/, #d* �"&T!Q$',.-9�16:i:Y � X�/�$^>"!.-A&%;3-A>M$'(90
!Q$'-98Q��& #"0L(5$R(903&K,�03�"!I#"0L(5$R#"0=8�;=03&/,�0T#"0LC\!Q$�#4-903&K,I0=8.,:(5$<8�,Q$'E"-A(A-A,�UL&K�"6LU3!.-.-/�%0\X��F&P>M$�81,�036�>?��!�03( >?03,.-A,
#"��-A, �3,.!�0^�",.-A(A-98�U2>?���"!�;��M$H-/�%0:#"0=8�;=03&K,�07$��%&<#"0:8Q$',.-98 N�$'-A!�02(90=8);=��&%#4-A,.-9��&%8�#"0^8.,Q$'E"-A(A-A,�U�+M$'�R!.-98 -/�%0^#"02_D��-A!
(9028 n48.,�h36L0F-A&%8.,Q$'E"(902���b#4-A_D03!.CD03!@X<3 (?0=8.,�&%U@$'&"6L��-A&%8)-A6�>]��!.,Q$'&/,�#"0�!�036B$'! -/�%03! -/��* �"&T!�U3C\(5$'CD02(9U3CDh3!�036L03&/,
#4-+*dU3!�03&K,�#"0=8�>M$�8),�036�>?��!�03(98�0=8.,�8.�%8�;=03>",.-AE"(90:#"0^NS���"!.&"-A!�#"0=8F;=��&K_D03!.CD03&%;=0=8��"&<>?03�R>"(A�%8�!Q$'>"-9#"0=8F���<>"(A�%8
(9��&"C\�%0=8 X�/�0=8�!�U=8.�"(A,Q$',�8�#4�T,Q$'E"(90@$'� 64X a #"��-A_D03&K,�$'-A&%8.- �3,.!�0�&/�M$'&%;=U=8�6B$'-98�#"��&"&%03&K,��"&b��!�#4!�02#"0FC\!Q$'&%#"03�"!
#"0=8�,�036�>%8�#"0:;=��&/_D03!.CD03&%;=0\X
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 � a\a z
�����:��;�� ?@'
�����!;7�

� ����"%� ���)�������!�����+�
∆θ

�[	.�(���
∆s ∆µ

�[	 ��� �	� � � 3 ,�U3!Q$',.-9��&%8 ��036�>%8
BS8/G
ξ0,1

- - 	 V\V - a 6

D���%03,

ξ0,2
-4X � a X�-86

(−14.3,−3.17)
a Y � - 6 �

ξ0,3
- - 	 6868- u a

ξ0,4
-4X � a X�-86

(−14.3,−3.17)
u z&� - ���

ξ0,1
- - 	 V u8- a\a

� !',.-A6L03&K,�03& /
ξ0,2

- - 	 u z 68- Y �
ξ0,3

- - 	 jvj8- �

ξ0,4
-4Xkj a X�6 a

(16.47, 12.54)
a\a z - j8-

�
��� B�64X a `��m!.!�03�"!T$'E%8���(A�%0 03&K,.!�0
ξ0

03,L8���& 0=8.,.-A6LU=0
ξ̂0

>M$'!7(�*Z$'(ACD��!.-A,9�"6L0 #"0R#"0=8�;=03&K,�0R#"0bC\!Q$�#4-903&K,T03,
,�036�>%8�#"01;@$'(9;3�"(�X

�3�:����;7� ?@'7�����/;��
� �>� " � ���)�������!�����+�

∆θ
�[	 �(���

∆s ∆µ
�[	/��� � � � � 3 ,�U3!Q$',.-9��&%8 ��036�>%8<BS8/G

ξ0,1
- - 	 jvj � j


D���%03,
ξ0,2

- - 	 u86 a j
ξ0,3

- - 	 u8-'V j
ξ0,4

- - 	 j � - j
ξ0,1

- - 	 u8- a �:a
� !',.-A6L03&K,F03&G/

ξ0,2
- - 	 j a u a

ξ0,3
- - 	 u a Y a

ξ0,4
- - 	 u z Y a

�
��� B 64Xku4`��m!.!�03�"!�$'E%8���(A�%0203&/,.!�0
ξ0

03,)8���& 0=8.,.-A6LU=0
ξ̂0

>M$'!�(�*Z$'(ACD��!.-A,9�"6L0^#4�R8.-A6�>"(90[f 03,�,�036�>%8)#"0�;@$'(9;3�"(�X

�
	��
	�� 9:��(I���$#�� M���#B��( F��L�B*'����(<(<*=#&>H>P*�(A��� F<��� ���$%;�����
 "!$#% "! �!��M�� �B*'>P�2K�%;�2(I�H*Q��#B�I(
n^$'&%8m;=03,.,�0)8�0=;3,.-9��&�+K&%���%8m;=��6�>M$'!���&%8 (90=8j>?03! NS��!.6B$'&%;=0=8 #"0=8 ;=��&K,����"!�8 $�;3,.-cNO8m;��%��-98�-98 03&L8�0=;3,.-9��&�V%Xkj4Xku^$=_D0=;
03,�8Q$'&%8�-A&%;=��!.>?��!Q$',.-9��&J#"0�NO��!.6L0/�4��������� �WX�/�02E"�",�0=8.,�#d* -A(A(A�%8.,.!�03!�(5$7&%U=;=0=8�8�-A,�U^#d* �",.-A(A-98�03!�(5$I;=��&"&M$'-98�8Q$'&%;=0
#"0�NO��!.6L0�$��%&B#"0�8Q03C\6L03&K,�03! ;=��!.!�0=;3,�036L03&/, �"&T��E ! 03, #"��&/, (5$2!�03>"!�U=8�03&/,Q$',.-9��&b0=8�, $'(A,�U3!�U=0�#%$'&%8 �"&%0)-A6B$'CD0\X

/�$ �%C\�"!�0 64X V:>"!�U=8�03&/,�0)(90=8m!�U=8.�"(A,Q$',�8 ��E",�03&/�%8 $@_D0=;�(90�6L�o#"h3(90)#"0Fg%�M$'&L03,/� 0=8�0)03,m(90�6L�o#"h3(90 �)$ nDU=8.-903&
$@_D0=;��"&PE !',.-A6L03&K,H!�U3>]��&%#%$'&/,7$'� ;3!.-A,�h3!�0B#d* �%��6L��CDU3&%U3-A,�U\XTn^$'&%8:;=03,.,�0T0[fo>?U3!.-903&%;=0L�mp (5$R;=��&/,.!Q$'-A&K,�0b#"0
NO��!.6L0 &�*+0=8.,�>M$�8��",.-A(A-98�U=0�+ (90R;=��&K,����"! $�;3,.-cN�-A&"-A,.-5$'(�&�*Z$G>M$�8L8.�"E"-�#"0R,.!Q$'&%8 NO��!.6B$',.-9��& B

ξ0 = (1, 0, 0, 0)
G

03,I8�0T,.!����"_D0 $'-A&%8�-�0[f%$�;3,�036L03&K,L8.�">?03!.>?�\8�UT$'� E !',.-A6L03&K,L03& NO��!.6L0T#"0 � #"0T(�* -A6B$'CD0\X&�m& #"U3>"-A,I#d* �"&%0
-A&"-A,.-5$'(A-98Q$',.-9��& #4� ;=��&/,����"!<$�;3,.-cN1;=��&4NS��&%#4�%0k$=_D0=;J(5$P8���(A�",.-9��& #"U=8.-A!�U=0�+);=03(A�"-+' ;3-2U=;��%���%0kiP8�03C\6L03&/,�03! (90
E !',.-A6L03&/,�;=��&%8.-9#"U3!�U\X#xF&G;=��&%8.,Q$',�0 -K�%0:#%$'&%8�;=01;@$�8X+%(901;=��&/,����"!2$�;3,.-cN $L�"& ;=��6�>?��!.,�036L03&K,:$',.,�03&%#4�G8��"!
(90=8 #@��&%0=8H#"0BN�$'-AE"(90T;=��&/,.!Q$�8.,�0T#"0T(�* -A6B$'CD0\`�(90T;=��&K,����"! ��NW�"-A,��B03,I8�0B>"!���>M$'CD0 $'(9��!�87#%$'&%87,����",�0B(�* -A6B$'CD0�+
03&"C\(9��EM$'&/, #"0=8 #@��&%0=8 $ nK$'&/,R(90=8 6��36L0=8R>"!���>"!.-9U3,�U=8<8.,Q$',.-98.,.-.-/�%0=8@X g�0=8 !�U=8��"(A,Q$',�8 -A(A(A�%8.,.!�03&K,J$'�%8Q8.-2�"&%0
8�03C\6L03&/,Q$',.-9��&H>"(A�%8�8�U3(90=;3,.-A_D0 #4�:6L�o#"h3(90 #d*Z$',.,Q$�;"�%0 $'�4f:#"��&"&%U=0=8e#"0 g%�M$'&103, � 0=8�0 #4�^NO$'-A,�#"0 8Q$�!�0=8.,.!.-9;3,.-9��&
$'�G>M$'!.,.-A,.-9��&"&%036L03&K,7#"0 #@��&%0=8^;=��&%8.,Q$'&/,�0=8^#"07(�* -A6B$'CD0\X /�0H6L�/#"h3(90��)$ nDU=8.-903&�+�>"(A�%8F>?03!.6�-98�8.-cN�+?8�03C\6L03&K,�0
�"&%0$#@��&%0	�%��6L��CDh3&%0F03,m>"(A�%8 U3,�03&%#4�%0�#"0)(�* -A6B$'CD0\X�/�0=8 0[fo>?U3!.-903&%;=0=8 >"!�U=8Q03&K,�U=0=8�03& �%C\�"!�0 64X�6^8Q��&K, 6L03&%U=0=8
$@_D0=;T(90=8I6��36L0=8�;=��&%#4-A,.-9��&%8L-A&"-A,.-5$'(90=8�03,7(90=8I6��36L0=8I6L�o#"h3(90=8 -/�%0T;=03�4f #"0T(5$:�%C\�"!�0 64X V%X g�03>?03&%#%$'&K,,+
(�* -A&%;=��!.>?��!Q$',.-9��&T#"0�NO��!.6L01�	��� �5�8���e0=8., >"!.-98�0�03&T;=��6�>",�0\X 3F���%8 ;=��&%8�,Q$',���&%8<-/�%0�#%$'&%8 ;=0�;@$�8X+\(90=8 !�U=8.�"(A,Q$',�8
8���&/,L8.-A6�-A(5$'-A!�0=8�-/�%03(�-/�%0R8���-A,�(90R6L�o#"h3(90R�",.-A(A-98�U\` �"&%0<8Q03C\6L03&K,Q$',.-9��& 8Q$',.-98 N�$'-98Q$'&K,�0<0=8�,L��E",�03&K�%0 03,�(90=8
$'!.,�0[N�$�;3,�81#4�%8I$'�4f #@��&%0=8H#"0IN�$'-AE"(90B;=��&/,.!Q$�8.,�0b8���&K,78.�"!.6L��&K,�U=8@X 3 ( 8@*+0=8�,H$=_DU3!�UB&%U=;=0=8�8Q$'-A!�0B#d*+��>",�03!7>?���"!



a\a � � �����������	���	� ����� � � 
����
� � ���
��� ����� ������� � ���
� � ��
��������

BO${G

BWE5G

>:?�A:B 64X V%`VFo03C\6L03&/,Q$',.-9��&k8
$'&%8�-A&%8�03!.,.-9��&G#"02NS��!.6L0 �7��������� ��03,
ξ0 = (1, 0, 0, 0)

X]BO${G�6L�o#"h3(901#"0Ig%�M$'&J03,
� 0=8Q0 BWE5G�6L�o#"h3(90 ��$ nDU=8.-903&�X

�"&R>?��-9#"8�#"0^;=��&/,.!Q$'-A&K,�01#"0�NO��!.6L0
λ

#4-+*dU3!�03&K,F8�03(9��&R(9026L�/#"h3(90^#d*Z$',.,Q$�;"�%0H$'�4fR#"��&"&%U=0=8)�",.-A(A-98�U\X�/�0^;��%��-cf
036�>"-A!.-.-/�%0)#"0

λ
0=8.,e�"&�;=��6�>"!���6�-98 03&K,.!�0�(�* -A&4NO��!.6B$',.-9��&L;=��&K,�03&/�%0�#%$'&%8j(�* -A6B$'CD0)03,j(5$�;=��&/,.!Q$'-A&K,�0�#"0 NO��!.6L0

� ��� �5��� �SX
F/-
λ

0=8.,2,.!���>kN�$'-AE"(90�+d(90I;=��&K,����"!H$�;3,.-cN�0=8.,2(A-AE"!�0�#d* �3,.!�0I-A&2I%�%03&%;=U�>M$'!2(90I,�03!.6L0�#d*Z$',.,Q$�;��%0B$'�4f
#"��&"&%U=0=8 -K�"-�0=8�,�8��%8�;=03>",.-AE"(90:#d* �3,.!�0^;=��!.!���6�>"� >M$'!)(902E"!.�"-A,,+4(90=8��/;=;3(A�%8.-9��&%8���� $'�",.!�0=8�$'!.,�0[NO$�;3,�8��"!.EM$'-A&%8@X
s (�* -A&/_D03!�8�0�+e�"& >?��-9#"8:,.!���> U3(903_DUL!�03_o-903&%#4!Q$'-A,Ii 6�-A&"-A6�-98Q03!H(5$ ;=��&K,.!.-AE"�",.-9��& #"0�(�* -A6B$'CD0 -K�"- ;=��&%#4�"-A,7(90
;=��&/,����"!m_D03!�8j(90 E !',.-A6L03&/,�-K�%0 (�*+��&�;��%03!�;"�%0�i�8Q03C\6L03&K,�03!@X
/�0�;=��&K,����"! $�;3,.-cN]>]03!�#4!Q$'-A, $'-A&%8.-403&�IM0[f4-AE"-A(A-A,�U)03,
8Q03!Q$'-A,)>"(A�%8�03&%;3(A-A& iI$',.,�03-A&%#4!�0:#"0=8�6�-A&"-A6B$I(9�o;@$'�4fb#"02(5$1NS��&%;3,.-9��&"&%03(A(90Hi76�-A&"-A6�-98�03!�BW&%���%8�0[f%$'6�-A&%03!���&%8
;=0B>]��-A&/,703& 8�0=;3,.-9��& 64X�64X VrG[X)F/- �"& >?��-9#"8

λ = 1
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σ2
in (t) < σ2

out (t)
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(�*+��E !.03,bik!�0=;@$'(903! #%$'&%8L(�* -A6B$'CD0\`G(90J;=��&K,����"!b-A&"-A,.-5$'(2$ 8��"E"-��"&%0<,.!Q$'&%8.NS��!.6B$',.-9��& #"0R>M$'!Q$'6Lh3,.!�0=8

ξ0 =

(s0 = 1.1, θ0 = 0.1, µx,0 = −4, µy,0 = 1)
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ξ0 =

(s0 = 1.1, θ0 = 0.1, µx,0 = −4, µy,0 = 1)
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ξ0 = (s0 = 1.0, θ0 = 0.0, µx,0 = 5, µy,0 = 5)
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ξ0 = (s0 = 1.0, θ0 = 0.3, µx,0 = 0, µy,0 = 0)
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03, (5$�;=��&K,.!Q$'-A&K,�0 #"0 NO��!.6L0\X BO${G

ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)
�(BWE5G

ξ0 =
(s0 = 0.8, θ0 = 0.0, µx,0 = 0, µy,0 = 0)

� BS; G
ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)
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ξ0 = (s0 = 1.0, θ0 = 0.0, µx,0 = 5, µy,0 = 5)
X
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ξ0 = (s0 = 1.0, θ0 = 0.3, µx,0 = 5, µy,0 = 5)
X
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#"0�NO��!.6L0\X
BO${G

ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)BWE5G
ξ0 = (s0 = 0.8, θ0 = 0.0, µx,0 = 0, µy,0 = 0)BS; G
ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)

X
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B��&�2� G�03,F$=_D0=;:;=��&/,.!Q$'-A&K,�07#"0�NS��!.6L0\X
BO${G

ξ0 = (s0 = 1.1, θ0 = 0.1, µx,0 = −4, µy,0 = 1)BWE5G
ξ0 = (s0 = 1.0, θ0 = −0.1, µx,0 = −1, µy,0 = −2)BS; G
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = 0, µy,0 = 2)

X
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B�� ��� G�03,�$=_D0=;H;=��&K,.!Q$'-A&/,�0H#"0�NO��!.6L0\X
BO${G

ξ0 = (s0 = 1.1, θ0 = 0.25, µx,0 = −4, µy,0 = 1)BWE5G
ξ0 = (s0 = 1.0, θ0 = −0.25, µx,0 = −2, µy,0 = −3)BS; G
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = −2, µy,0 = 2)

X
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n^$'&%8�(90�>"!�036�-903!�;@$�8-B �%C\�"!�0764Xku'V%XZ${G +4(90�>?��-9#"8)$�#%$'>",Q$',.-cNe&%0F>]03!.6L03,)>M$�8��"& !�0=;@$'(5$'CD0^;=��!.!�0=;3,,+%$'(9��!�8!-/��* -A(
0=8.,�0LKB;@$�;=0�8.�"!�(90=82#"03�4fG$'�",.!�0=8^0[f"036�>"(90=8@X-s�_D0=;1�"&k;=��&K,����"!1$�;3,.-cN EM$�8QUH8.�"!�(90HC\!Q$�#4-903&K,:#"0H(�* -A6B$'CD0�+?(90
>?��-9#"8�8�>M$',.-9�&'�,�036�>]��!�03(o&%0 >?03!.6L03,e>M$�8��"&7!�0=;@$'(5$'CD0 !�U3�%8Q8.-o$@_D0=; �"&%0 -A&"-A,.-5$'(A-98Q$',.-9��&I,.!���>7U3(9��-AC\&%U=0\X �m&I0 *d03,,+
;=0=816L�/#"h3(90=8H#"U[NS��!.6B$'E"(90=878���&K,I$�*?0=;3,�U=8H>M$'!:(�* -A&4NO��!.6B$',.-9��& (9�o;@$'(90B#"0L(�* -A6B$'CD0�+e;=0:-K�"- 0=8.,:�"& >"!���E"(9h36L0
(9��!�8 -/�%0�(5$1;=��&K,.!Q$'-A&/,�0^#"0)NO��!.6L0F0=8., !�03(5$�f4U=0\X%sF-A&%8.-B+/-A( 0=8., >"!���EM$'E"(90 -K�%0�(90�;=��&K,����"!�!�0=8.,�0�>"-9U3CDUF#4�"!Q$'&/,�(5$
>?U3!.-9�/#"0F�mpB(90�>]��-9#"8�#"0�;=��&/,.!Q$'-A&K,�020=8., N�$'-AE"(90�+o;=0�-/�"-M(�*+036�> �=;��%02#"0�8�0�!Q$'>">"!��/;"�%03!�#4�TE !',.-A6L03&K,�i^!�0=;@$'(903!
#%$'&%8)(�* -A6B$'CD0\X



a j\Y � �����������	���	� ����� � � 
����
� � ���
��� ����� ������� � ���
� � ��
��������

>:?�A:B�64Xku'V%` � $'!.-5$',.-9��& 8.>M$',.-9�&'�,�036�>?��!�03(A(90 #"0b(5$'61E?#%$P$@_D0=; (90T6L�o#"h3(90 �&�2� 03,
λmin = 1

+
λmax = 5

+
d0 = 5

`
BO${G

ξ0 = (s0 = 1.1, θ0 = 0.25, µx,0 = −4, µy,0 = 1)BWE5G
ξ0 = (s0 = 1.0, θ0 = −0.25, µx,0 = −2, µy,0 = −3)BS; G
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = −2, µy,0 = 2)

X

3F���%8B>"!���>]�\8Q��&%8B03& �%C\�"!�0 64Xku86P#"0 6L03&%03!T#"0=8b0[fo>?U3!.-903&%;=0=8T$@_D0=;J#"0=8T-A6B$'CD0=8T&�*Z$'>">M$'!.,�03&M$'&K, >M$�8
$'� #"��6B$'-A&%0 #"0 (5$G,�U3(9U=#"U3,�0=;3,.-9��&�X g�0=8I-A6B$'CD0=8�>"!�U=8�03&/,�03&K,B(90=8I6��36L0=8T#4- KB;3�"(A,�U=8W-/�%0 (90=8�#"��&"&%U=0=8B#"0



�	� �	� ��� ��� � � �	��� ��� � ��� � � ����� � ��� ����������
 � � �	�����
� ��������� � � � � 
 � a j z
,�U3(9U=#"U3,�0=;3,.-9��&B03&I6�-A(A-903�L�"!.EM$'-A&�+/iF8
$=_D��-A!m�"&�6B$'&"-/�%0)#"0�#4-98Q;3!.-A6�-A&M$',.-9��&B#"0�(�*+��E ! 03, #d* -A&/,�U3!��3, >M$'!j!Q$'>">]��!.,
iG8���& 03&K_o-A!���&"&%036L03&K,@X /�0=8L0[f4>]U3!.-903&%;=0=8�#"0=8�-A6B$'CD0=8<64Xku864XZ$k03, 64Xku864X E 6L��&K,.!�03&K,T(�*+0LKB;@$�;3-A,�U<#4� >]��-9#"8
IM0[f4-AE"(90�#"0I;=��&K,.!Q$'-A&K,�0T#"07NS��!.6L0L$@_D0=;I(90I6L�/#"h3(90 �)$ nDU=8.-903&P#d*Z$',.,Q$�;��%0B$'�4f #"��&"&%U=0=8@X / * �",.-A(A-98Q$',.-9��& #d* �"&
>?��-9#"82;=��&%8.,Q$'&K,:036�> �=;��%0I�"&k!�0=;@$'(5$'CD0I!�U3�%8�8.-�`�(9076B$'&"-K�%0I#"0<IM0[fo-AE"-A(A-A,�U�#4� ;=��&/,����"!^(901N�$'-A,2!Q$'>"-9#"036L03&K,
8���6HE"!�03!�#%$'&%8)�"&<6�-A&"-A6H�"6 (9�o;@$'(�#"02(5$7NO��&%;3,.-9��&"&%03(A(901#d*+U3&%03!.C\-90 B �%C\�"!�0�64Xku\Y{G[X

BO${G

BWE5G

>:?�A@B�64Xku864`yFo03C\6L03&/,Q$',.-9��&k$@_D0=;:_\$'!.-5$',.-9��& 8.>M$',.-9�&'�,�036�>?��!�03(A(901#4�<>?��-9#"8�#"0^;=��&/,.!Q$'-A&K,�0I#"0�NO��!.6L0 BW6L�/#"h3(90
�)$ nDU=8�-903&5G[`#BO${G

λmin = 15
+
λmax = 100

+
d0 = 15

BWE5G
λmin = 50

+
λmax = 100

+
d0 = 10

X

����	 �! "	

>:?�A@B 64Xku\Y4`
0 ;��%0=;^#4�b!�0=;@$'(5$'CD0:$=_D0=;��"&T>?��-9#"8�;=��&%8.,Q$'&K,)#"0�;=��&K,.!Q$'-A&/,�0:#"0�NO��!.6L0]BW6L�/#"h3(90 �)$ nDU=8.-903&5G[`JBO${G
λ = 20

BWE5G
λ = 70

X

� &)�%&�+ &%���%8�>"!���>?�\8���&%8�#"0=8�0[f4>]U3!.-903&%;=0=8B$@_D0=;R#4-+*?U3!�03&/,�0=8IN�$ml=��&%8�#"0bNO$'-A!�0b_\$'!.-903!�(5$J;=��&/,.!Q$'-A&K,�0J#"0
NO��!.6L0 03&7NO��&%;3,.-9��&�#"0 (�*+0=8�>M$�;=0�03,j#4�I,�036�>%8@X
/ *+0[f4>]U3!.-903&%;=0�-A(A(A�%8.,.!�U=0)03& �%C\�"!�0 64Xku z XZ$�!�03>"!��/#4�"-A,m;=03(A(90�#"0�(5$
�%C\�"!�0�64Xkuvu4XZ$�6B$'-98e8Q$'&%8�!�03(5$�f"$',.-9��&I8.>M$',.-5$'(90 #"0 (5$�;=��&/,.!Q$'-A&K,�0�+D8Q03�"(90 (5$)_\$'!.-5$',.-9��&7,�036�>]��!�03(A(90�03&7$'6�>"(A-A,.�%#"0
#"0�(�*+U6-/�M$',.-9��& B�64X a -{G:0=8.,H036�>"(9� nDU=0\X 3����%8H;=��&%8�,Q$',���&%8 -/�%0B;=��&/,.!Q$'-A!�036L03&K,B$'� ;@$�878.>M$',.-9�&'�,�036�>?��!�03(B+j(5$
8�03C\6L03&/,Q$',.-9��& U=;"�%���%0\XRn^$'&%8H;=0L;@$�8X+�(�*Z$'E%8�03&%;=0b#"0�!�03(5$�f%$',.-9��& &%0B>]03!.6L03,H>M$�8H$'� ;=��&K,����"!�$�;3,.-cN)#d* �3,.!�0
8.�2KB8
$'6�6L03&K, IM0[f4-AE"(90L>?���"!18�03C\6L03&/,�03!HC\!��\8Q8.-9h3!�036L03&K,7(�*+��E ! 03,7#d* -A&K,�U3!��3,�$=_\$'&K,H(90�!�U3,Q$'E"(A-98�8�036L03&/,7#"0B(5$



a j � � �����������	���	� ����� � � 
����
� � ���
��� ����� ������� � ���
� � ��
��������

;=��&/,.!Q$'-A&K,�0G�"&"-cNO��!.6L0\X'/ * �",.-A(A-98
$',.-9��& #d* �"&%0<_\$'(903�"!
λmin

>"(A�%8�N�$'-AE"(90R>]���"!T;=��&4NSU3!�03!T>"(A�%8B#"0 IM0[f4-AE"-A(A-A,�U
U=;"�%���%03!Q$'-A,1#%$'&%8�(5$L6L0=8��"!�07�mpG(5$CIM0[fo-AE"-A(A-A,�U�$�;=;=��!�#"U=0I&%078�03!Q$'-A,F>M$�828.>M$',.-5$'(9036L03&/,^E]��!.&%U=0\X /�0H;=��&/,����"!
8Q03C\6L03&K,�03!Q$'-A, $'(9��!�8T(90=8b��E !.03,�8T>]U3!.-A>,�%U3!.-.-/�%0=8R$ nK$'&K, (90=8b6��36L0=8T>"!���>"!.-9U3,�U=8R8.,Q$',.-98.,.-.-/�%0=8:-/�%0 (5$ ;3-AE"(90\X
/ *+0[fo>?U3!.-903&%;=0I#"0:(5$/�%C\�"!�0�64Xku z X EG!�03>"!��/#4�"-A,2;=03(A(9010[f4>?�\8�U=0103& �%C\�"!�0�64Xku864X E�X	��&J>]��-9#"8�8.>M$',.-9�&'�,�036�>?��!�03(
0=8�,F$'�%8�8.-d�",.-A(A-98�U�+46B$'-98�$=_D0=;^�"&%0^NS��!.6H�"(5$',.-9��& >"(A�%8�8�-A6�>"(90^#4�<>"!��&�%(�8.>M$',.-5$'(�`

λflex(ψ(x), t) = λa (t)

{
|ψ(x)|
2d(t) si |ψ(x)| < 2d(t)

1 sinon

B�64X a\a G

�mp
ψ

0=8.,�(�*+03&%8�036HE"(90 #"0 &"-A_D0@$'�4fH#"0 (5$�;=��&K,.!Q$'-A&/,�0�#"0 NO��!.6L0�+
d(t)

03,
λa (t)

8���&/,e#"U �%&"-98e03&HU6-/�M$',.-9��& B 64X a -{G[X
/�$^NO��!.61�"(5$',.-9��&R(A-A&%U@$'-A!�0F>M$'! 6L��!�;=0@$'�4f #"0�(5$1!�03(5$�f"$',.-9��& 8.>M$',.-5$'(902#"0�(�*+U6-/�M$',.-9��&QB�64X a\a G 0=8�, ;=03!.,Q$'-A&%036L03&K,
>"(A�%8 -A&K,.�"-A,.-A_D0�-/�%0�;=03(A(90�#"0�(�*+U6-K�M$',.-9��& B�64X a -{G[X 3FU@$'&"6L��-A&%8,+D(�*+0[fo>?U3!.-903&%;=0�#"0�(5$ �%C\�"!�0 64Xku z X EL�",.-A(A-98Q$'&/,m�"&%0
,�03(A(90 NO��!.61�"(5$',.-9��&IU=;��%���%0\X
/�0 >"!���E"(9h36L0�#d* �"&1,�03(/>"!��&�%(o8�>M$',.-5$'(/0=8.,��"&H!�03&4NS��!�;=036L03&/,j,.!���>1-A6�>?��!.,Q$'&K,j#"0 (5$
;=��&/,.!Q$'-A&K,�07#"02NO��!.6L01$'�R_D��-98.-A&M$'CD01#4�R&"-A_D0@$'� #@U3!���#"0

ψ
X sF-A&%8.-B+4(5$�;=��&/,.!Q$'-A&K,�0H&�*+0=8.,)>M$�8F$'�",Q$'&/,�!�03(5$�f"U=0

-/��*Z$=_D0=;P(5$ >"!�U=8�03&%;=0 #d* �"& >?��-A&K,<8.,Q$',.-9��&"&M$'-A!�0 #"0k(5$ NS��!.6H�"(5$',.-9��& 0[f4>]��&%03&/,.-903(A(90P03& U6-/�M$',.-9��&�B�64X a -{G[X
sF�"C\6L03&K,�03!T(5$J,Q$'-A(A(90<#"0b(�*+0=8.>M$�;=0<#"0b!�03(5$�f"$',.-9��&

d0
&%0R8�03!Q$'-A,�>M$�8I�"&%0R8���(A�",.-9��& _o-5$'E"(90R;@$'!L;=0R#"03!.&"-903!

U3,Q$'&/, ,.!���> U3,�03&%#4��+�(90J;=��&/,����"!R$�;3,.-cN78�03!Q$'-A,b8��%8�;=03>",.-AE"(90J#d* �3,.!�0G-A&2I%�%03&%;=UG>M$'!b(90=8b$'!.,�0[N�$�;3,�8 03,b��E !.03,�8
03&/_/-A!���&"&M$'&/,�8,+%036�> �=;��M$'&/,)(5$18�03C\6L03&/,Q$',.-9��&RC\!��\8�8.-9h3!�0�#"0�(�*+��E !.03,�#d* -A&K,�U3!��3,�$=_\$'&K,�(90F!�U3,Q$'E"(A-98�8�036L03&K,�#"0F(5$
;=��&/,.!Q$'-A&K,�01�"&"-cNS��!.6L0\X�/ *Z$=_\$'&K,Q$'CD0:#4� >"!��&�%(d8.>M$',.-5$'(�#"0�(�*+U6-K�M$',.-9��&QB�64X a -{G�0=8.,)#d*Z$'�",���!.-98�03!)�"&%0�!�03(5$�f%$',.-9��&
NO��!.,�0H,.!�h=8�>"!��o;��%07#"0:(5$�NS��!.6L0 �1��������� ��,����",F03&G>"!�U=8�03!._�$'&/,F�"&%0H;=��&K,.!Q$'-A&/,�0�U3(903_DU=07iL�"&%01#4-98.,Q$'&%;=0H>"(A�%8
U3(9��-AC\&%U=0\X
�m&)�%&�+"(�*+0[f4>]U3!.-903&%;=0H#"02(5$ �%C\�"!�0 64Xku z X+;^!�U3>?h3,�0^;=03(A(90:#"0^(5$ �%C\�"!�0 64Xkuvu4XZ$L$=_D0=;^�"&%0^NS��!.6H�"(5$',.-9��&
>"(A�%8F8.-A6�>"(90^#4�<>"!��&�%(d,�036�>?��!�03(�X</�0=8�_�$'!.-5$',.-9��&%8�,�036�>]��!�03(A(90=8F#"0

λa (t)
03,
d(t)

8���&K,�!�036�>"(5$�;=U=0=8�>M$'!�#"0=8
NO��&%;3,.-9��&%8m!�0=8.>?0=;3,.-A_D036L03&K,�;3!���-98�8Q$'&/,�0)03, #"U=;3!���-98�8Q$'&K,�0�#"0�, no>]0)U=;"�%03(9��&B#"0 �F0@$@_/-98�-9#"0\X /�$�!�0=8.,Q$'�"!Q$',.-9��&B#"0
(5$H;=��&K,.!Q$'-A&/,�0:#"0)NO��!.6L0�0=8.,�$'-A&%8�- !�U3,Q$'E"(A-90�E"!.�%8 -/�%036L03&K,)03,�&%��&T>"!���C\!�0=8�8�-A_D036L03&K,@X n^$'&%8�;=0F;@$�8X+K(5$7�%C\�"!�0
64Xku z X+;L6L��&K,.!�0W-/�%07(5$ 8�03C\6L03&K,Q$',.-9��& 0=8�,^�"&PU=;��%0=;\X /�$b!Q$'-98���&P#d* �"& ,�03(m!�U=8.�"(A,Q$',:;=��&%;=03!.&%0L(�*+0=8.,.-A6B$',.-9��&
#2no&M$'6�-.-/�%0�#"0=8 >M$'!Q$'6Lh3,.!�0=8)#"0

Tsim
>?03!.6L03,.,Q$'&K,�(�* -A&/_�$'!.-5$'&%;=0^#"0F(5$1;=��&/,.!Q$'-A&K,�0^#"0�NS��!.6L0F>M$'!�8.-A6�-A(A-A,.�%#"0

>"(5$'&%07#4-A!�0=;3,�0\X s�(9��!�8V-K�%01(�*+0=8.>M$�;=07#"0:!�03(5$�f%$',.-9��&k0=8�,F0 *d0=;3,.-cN + (901;=��&/,����"!^$�;3,.-cN�8�03C\6L03&K,�0HC\!��\8�8.-9h3!�036L03&/,
(�*+��E !.03,�#d* -A&K,�U3!��3,�#%$'&%87(�* -A6B$'CD0\X4/�0=87_�$'!.-5$',.-9��&%8I8.>M$',.-5$'(90=87E?��!.&%U=0=87#4� ;=��&K,����"!B$�;3,.-cN�>M$'!I!Q$'>">?��!.,Ii (5$
NO��!.6L0I#"07!�U[NSU3!�03&%;=07>?03�"_D03&K,^E"-5$'-98�03!2(9U3CDh3!�036L03&K,^(�*+0=8�,.-A6B$',.-9��&P#"0=8F>M$'!Q$'6Lh3,.!�0=81#"0

Tsim
X9s�-A&%8.-B+](9��!�8 -/�%0

(5$L;=��&K,.!Q$'-A&K,�01�"&"-cNS��!.6L010=8.,)!�U3,Q$'E"(A-90:8����%#%$'-A&%036L03&/,,+%(90:;=��&/,����"!F$�;3,.-cNe!�0=8Q8�0361E"(901i7(5$HNO��!.6L0:#"02!�U[NOU3!�03&%;=0
,.!Q$'&%8.NS��!.6LU=0H>M$'!

Tsim
#"��&K,�(90=8�>M$'!Q$'6Lh3,.!�0=828���&/,F6B$'(e0=8.,.-A6LU=8@X �m&k;=��&%8�U6-K�%03&%;=0�+ (901;=��&/,����"!2$�;3,.-cN >?03�",

8Q0�!�03,.!����"_D03!�(9��-A&T#"0�(�*+��E !.03,�i18�03C\6L03&K,�03!�#%$'&%8 (�* -A6B$'CD0�03,�$@_D0=;��"&%0F;=��&K,.!Q$'-A&/,�0F�"&"-cNO��!.6L0�03, NO��!.,�0�+K;=0�-/�"-
(90�!�03&%#B,.!�h=8�8�03&%8.-AE"(90�$'�4fL6�-A&"-A6B$:(9�o;@$'�4fW-K�%0�&%���%8 ;"�%03!�;��"-9��&%8�i1U3_/-A,�03!@X%s (�* -A&K_D03!�8Q0�+/�"&T!�U3,Q$'E"(A-98�8�036L03&/,
>"!���C\!�0=8Q8.-cN�#"07(5$b;=��&K,.!Q$'-A&/,�0B#"0HNS��!.6L07>?03!.6L03,:iB(�*+0=8�,.-A6B$',�03�"!:#"0=82>M$'!Q$'6Lh3,.!�0=8:#"0

Tsim
BW-9;3-e(90I8.-A6�>"(90[faG

#d*+0 *d0=;3,.�%03!��"&%0�0=8.,.-A6B$',.-9��& #"0�6L��-A&%8 03&B6L��-A&%8 E"-5$'-98�U=0F$'(9��!�8 -K�%0�(90�;=��&K,����"!)$�;3,.-cN�;=��&K_D03!.CD0F_D03!�8 (5$^;3-AE"(90
B �%C\�"!�0�64Xku z X+; G[X
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 � � �3��� � ��� � � ����� ������� � ��� � � � � ����� a j �

���
	 �! 6	 ����	

>:?�A@B164Xku z ` 0 ;��%0=; #4� !�0=;@$'(5$'CD0 BW6L�o#"h3(90 �)$ nDU=8.-903&5GP$=_D0=;\`cBO${GJ�"&"-.-K�%0 _\$'!.-5$',.-9��& ,�036�>?��!�03(A(90 #"0 (5$
;=��&/,.!Q$'-A&K,�0L#"07NO��!.6L0�$=_D0=;

λmin = 30
+
λmax = 70

BW>M$�8^#"0I!�03(5$�f%$',.-9��&P8.>M$',.-5$'(90 G � BWE5G�_\$'!.-5$',.-9��&P8.>M$',.-9�&'
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Jshape (φ, ψ) = λpara

∫

Ω
|∇φ (x) −∇ψ (x)|2 (H (φ (x)) −H (ψ (x)))2 dx
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J = Jimage + JShape
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φt (x, t) = −∂Jimage
∂φ

+4λparaδα (ψ (x, t)) (〈∇φ (x) ,∇ψ (x)〉 − 1) [Ha (φ (x, t)) −Ha (ψ (x, t))]

+2λpara (∆φ (x) − ∆ψ (x)) [Ha (φ (x, t)) −Ha (ψ (x, t))]2
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Ċ

03,
Ċ′
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Ċ, Ċ′
〉
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Ċ, Ċ′

〉(
2
〈
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Ċ, Ċ′

〉2
)
− 2

〈
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∮
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∣∣C
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dz
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;=0=8�03!.!�03�"!�8�#4-A6�-A&/�%02(90�8Q;=��!�0�#4� _D��,�0^#"0 �����"C8��X��m&R0 *?03,,+";=03!.,Q$'-A&%0=8�>M$'!.,.-90=8�#"0�(�*+��E !.03,);@$'!.,���C\!Q$'>,�"-.-K�%0
$ KL&%UB&%0L;=���O&%;3-9#"03&K,7>M$�8H$@_D0=;B(90=81C\!Q$�#4-903&K,�87#"0L(�* -A6B$'CD0B03,H&%0�>?03�"_D03&K,7$'-A&%8�- !�0=;=03_D��-A!1(5$ ;=��&K,.!.-AE"�",.-9��&
#"0=8:8Q03C\6L03&K,�8H>]���"!^(5$ ,.!Q$'&%8�(5$',.-9��&

µHough

!�0=;��%03!�;"�%U=0\Xbn^$'&%81(90L;@$�8^>"!�U=8�03&/,,+�(90=8H03!.!�03�"!�8:(9�o;@$'(90=8:8���&K,
6�-A&%��!.-A,Q$'-A!�0=8:03,:#"0HN�$'-AE"(90L$'6�>"(A-A,.�%#"0\X � (A(90=8^&%0I#"U3,�U3!.-9��!�03&K,1>M$�82(907_D��,�0�#"0 �����"C8�P$'� >]��-A&/,:#"0H!�03&%#4!�0
(5$b#"U=;3-98.-9��& #"0�;"�M$'&"CD036L03&K,H-A&%#"U3,�03!.6�-A&%U=0B��� -A&%;=��!.!�0=;3,�0)B

pNC = 0.66
03& �%C\�"!�0 z X a � +

pNC = 0.71
03&

�%C\�"!�0 z Xku8-�03, z Xku a G[X g�0=8j0[f4036�>"(90=8e-A(A(A�%8.,.!�03&/,j(5$�!���E"�%8.,�0=8Q8�0 #"0�(�*Z$'>">"!��o;��%0�>"!���>?�\8�U=0 _o-98(' i�'�_o-98j#"0=8�03!.!�03�"!�8
(9�o;@$'(90=8^#"0INO��!.6L0I6�-A&%03�"!�0=8^>"!�U=8�03&K,�0=8H#%$'&%8^(5$ ;@$'!.,�0\XBg�03,.,�0�!���E"�%8.,�0=8Q8�0�8�076B$'&"-cNS0=8�,�0Bib(5$TNS��-98^#%$'&%8:(90
>"!��o;=0=8�8.�%8)#"0^!�0=;@$'(5$'CD0H$'-A&%8.-�-/�%0^#4�"!Q$'&K,�(902_D��,�01#"0 �F���"C8��X
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	$' ;736�<��3645�,������45) � ���,��� � ��
����������5)+�$��� � �5������� �! "	�� 3+���<� ��� � �5�������

>:?�A@B z X a z `�n2U3,�0=;3,.-9��&L#"0�&%��&)' ;��M$'&"CD036L03&/,�$@_D0=;��"&%0�03!.!�03�"! #"0�6�-98�0�03&�;=��!.!�0=8.>?��&%#%$'&%;=0�6L�/#"U3(A-98
$'E"(90�>M$'!
�"&%0�,.!Q$'&%8 NO��!.6B$',.-9��&LC\(9��EM$'(90\X�/�0�&%��&)' ;��M$'&"CD036L03&/,�0=8�,j;=��&)�%!.6LUF$=_D0=;

sHough = 0.86
+
µHough = (0,−1)

+
Egeom = 0.12

03,
pNC = 0.68

X



a � V � �����������	��� ��� � ������� � � � � ��� � 	 ��� � � ��� � ��� ����� ����� 	��

����	$'0;+36�<��364��,������4�) �����,����� ��
��5�5�����5)7�$��� ���5���5�5� �! 6	�� 3+����� ��� ���5���5�5�

>:?�A:B z X a � `en�U3,�0=;3,.-9��&L#"0�&%��&)' ;"�M$'&"CD036L03&K,)$=_D0=;��"&%0)03!.!�03�"!m#"0�6�-98�0 03&L;=��!.!�0=8�>]��&%#%$'&%;=0�6L�o#"U3(A-98Q$'E"(90�>M$'!
�"&%01,.!Q$'&%8 NO��!.6B$',.-9��&JC\(9��EM$'(90\X /�0:&%��&)' ;��M$'&"CD036L03&/,:0=8.,�;=��&)�%!.6LUI$=_D0=;

sHough = 0.88
+
µHough = (0, 0)

+
Egeom = 0.03

03,
pNC = 0.83

X

����	$'0;+36�<��364��,������4�) �����,����� ��
��5�5�����5)7�$��� ���5���5�5� �! 6	�� 3+����� ��� ���5���5�5�

>:?�A:B z X a � ` n2U3,�0=;3,.-9��& #"02&%��&)' ;"�M$'&"CD036L03&K,^$=_D0=;:#"0=8)03!.!�03�"!�8�(9�/;@$'(90=8�#"0�NO��!.6L0\X�/�02&%��&)' ;"�M$'&"CD036L03&K,20=8.,
;=��&)�%!.6LU7$=_D0=;

sHough = 0.62
+
µHough = (1, 0)

+
Egeom = 0.02

03,
pNC = 0.66

X



� � �	� � ����
 ��� �	��� �
� ��������� � � � � 
 � a � 6

���
	$' ;736�<��3645�,������45) � ���,��� � ��
����������5)+�$��� � �5������� �! "	�� 3+���<� ��� � �5�������

>:?�A@B z Xku8-4` n2U3,�0=;3,.-9��& #"02&%��&)' ;��M$'&"CD036L03&/,2$@_D0=;:#"0=8)03!.!�03�"!�8�(9�o;@$'(90=8)#"0�NO��!.6L0\X�/�02&%��&)' ;��M$'&"CD036L03&/,�0=8�,
;=��&)�%!.6LU1$@_D0=;

sHough = 0.73
+
µHough = (1, 0)

+
Egeom = 0.03

03,
pNC = 0.71

X

���
	 '0;+36�<��364��,������4�) � ���,����� ��
��5�5�����5)+� ��� ���5���5�5� �! "	�� 30����� ��� � ��� �����

>:?�A@B z Xku a ` n2U3,�0=;3,.-9��& #"02&%��&)' ;��M$'&"CD036L03&/,2$@_D0=;:#"0=8)03!.!�03�"!�8�(9�o;@$'(90=8)#"0�NO��!.6L0\X�/�02&%��&)' ;��M$'&"CD036L03&/,�0=8�,
;=��&)�%!.6LU1$@_D0=;

sHough = 0.75
+
µHough = (1, 0)

+
Egeom = 0.05

03,
pNC = 0.71

X
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� ��;��5��� �	� � ? ;7������? �!?@� " ��?+��� ��;
��� �+?@�:����������? ���7�	� 
=, ���:����;7�:� �!� �+? �!�	�
/���!�8 -K�%0:(90=8�03!.!�03�"!�8)(9�o;@$'(90=8�#"0�NS��!.6L0^#"0:(5$I;@$'!.,�0^8���&K,�>"(A�%8�8�U3_Dh3!�0=8,+4(5$7>"!.-98�0^#"0^#"U=;3-98.-9��& �%&M$'(90:#"03_/-903&/,
8Q��-A,)$'6HE"-AC\��� BS;[N.X �%C\�"!�0 z Xkuvu7$@_D0=;2�"&%0�>"!���EM$'E"-A(A-A,�U^>"!��/;"�%0^#"04-4X�6�+

pNC = 0.55
G +%8���-A,�N�$'�%8�8�0]BS;[N X �%C\�"!�0

z Xkuvj7�mp
pNC = 0.39

$'(9��!�85-/��*Z$'�%;3�"&<;��M$'&"CD036L03&K,�&�*+0=8.,�8��"!._D03&K�5G[X n^$'&%8�(90�;@$�8��mpR#"0=8�03!.!�03�"!�8)#"0FNS��!.6L0
>"(A�%8m8�-AC\&"-+�M;@$',.-A_D0=8m0[fo-98.,�03&/,e#%$'&%8j(5$F;@$'!.,�0�+�(90=8e-A&%;=���%U3!�03&%;=0=8m;@$'!.,�0 '�-A6B$'CD0)8.�"E%8.-98.,�03&/, $'>"!�h=8�(90 !�0=;@$'(5$'CD0�>M$'!
;=��&/,����"!�8H$�;3,.-cNO8203,28Q��&K,^,.!���>k&%��61E"!�03�%8�0=81>]���"!2>?03!.6L03,.,.!�07�"&P8�;=��!�0I#"0 �����"C8�k-A6�>]��!.,Q$'&/,@X /�0=8^8�;=��!�0=8
#"0 �����"C8�b#"0=8�0[f4>]U3!.-903&%;=0=8)#"0=8%�%C\�"!�0=8 z Xkuvu703, z Xkuvj78���&/,�U6-/�"-A_\$'(903&K,�8 B

sHough = 0.45
03,
sHough = 0.47

G
03,^6L��-A&%8:E]��&%8 -/�%0I;=03�4fG��E",�03&K�%87$=_D0=;�#"0=8:03!.!�03�"!�8^#"07NO��!.6L0I6�-A&%03�"!�0=8 BS;[N.X4�%C\�"!�0=8 z X a � ' z Xku a G[X]sF(9��!�8
-/�%07#%$'&%8�(�*+0[f4>]U3!.-903&%;=0I#"01(5$ �%C\�"!�0 z Xkuvu�+](5$L#"U=;3-98.-9��& �%&M$'(90H0=8�,F-A&%#"U3,�03!.6�-A&%U=0�+d#%$'&%8F(90H8Q0=;=��&%#J;@$�8,+M�"&%0
#"U3,�0=;3,.-9��&J03!.!���&%U=0^#"0^;��M$'&"CD036L03&K,�0=8.,�>"!��/#4�"-A,�0:i7;@$'�%8�02#d* �"&%02_\$'!.-5$',.-9��&RCDU=��6LU3,.!.-.-K�%0:>"(A�%8�-A6�>]��!.,Q$'&/,�0
B
Egeom = 0.19

G[X�g�0=8 #"03�4fB;@$�8 -A(A(A�%8.,.!�03&K,�(90=8 (A-A6�-A,�0=8�#4�B6L�o#"h3(90�>"!���>?�\8�UF03, 8���&L-A&%;@$'>M$�;3-A,�U^i^8��"!.6L��&K,�03!
#"0=8H03!.!�03�"!�8H#"0LNS��!.6L0L(9�/;@$'(90=81,.!���> -A6�>?��!.,Q$'&K,�0=8@X<g�0=;3- 0=8�,:-A&,�%U3!�03&K,�$'�P>"!��o;=0=8�8.�%81#"0L!�0=;@$'(5$'CD0/�%& -/�"-
&%0I>?03!.6L03,:>M$�8^#"0I_\$'!.-5$',.-9��&%8^(9�o;@$'(90=8:8.-AC\&"-+�M;@$',.-A_D0=81#4�P;=��&/,����"!H$�;3,.-cN�>M$'!^!Q$'>">]��!.,1ib(5$TNO��!.6L0 ����� �������
#"U3!.-A_DU=0R#"0b(5$G;@$'!.,�0\X /�0=8I,.!Q$=_\$'�4f 0[f4>]�\8�U=8�$'� ;��M$'>"-A,.!�0JYJ8Q��&K,I�"&%0b,�03&K,Q$',.-A_D0<#"0b>M$'(A-903!L;=0b>"!���E"(9h36L0
03,2>?03!.6L03,.,.!Q$'-903&K,I$'-A&%8.-m#d*+��E",�03&"-A!^�"&k8Q;=��!�07#"0 �����"C8�PU3(903_DUI03&k#"U3>"-A,:#"0=8^03!.!�03�"!�82(9�o;@$'(90=8,+?>?���"!2(90H>?03�
-/��*+03(A(90=8�8Q��-903&K,�6L�o#"U3(A-98Q$'E"(90=8�>M$'!F#"0=8)_�$'!.-5$',.-9��&%8�>M$'!Q$'(A(9h3(90=8�_o-98(' i�'�_o-98�#"02(5$7NO��!.6L0^#"0^!�U[NSU3!�03&%;=0\X

����	$'0;+36�<��364��,������4�) �����,����� ��
��5�5�����5)7�$��� ���5���5�5� �! 6	�� 3+����� ��� ���5���5�5�

>:?�A:B z Xkuvu4`�n�U3,�0=;3,.-9��&P$'6HE"-AC\��� BS;@$�8F-A&%#"U3,�03!.6�-A&%U G[X
sHough = 0.45

+
µHough = (0, 0)

+
Egeom = 0.02

03,
pNC = 0.55

X
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 ��� �	��� �
� ��������� � � � � 
 � a �{z

���
	$' ;736�<��3645�,������45) � ���,��� � ��
����������5)+�$��� � �5������� �! "	�� 3+���<� ��� � �5�������

>:?�A@B z Xkuvj4`en2U3,�0=;3,.-9��&<#"0�;��M$'&"CD036L03&/,�03!.!���&%U=02#4�%02$'�4fb03!.!�03�"!�8 (9�o;@$'(90=8�#"0FNS��!.6L0�#"0�(5$H;@$'!.,�0\X
sHough =

0.47
+
µHough = (−1,−1)

+
Egeom = 0.19

03,
pNC = 0.39

X
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/�$b,Q$'E"(90 z X a !�U=8.�"6L0I(90=8 -/�M$'&K,.-A,�U=8:;@$'(9;3�"(9U=0=81>]���"!^(5$ #"U3,�0=;3,.-9��& #"0�;"�M$'&"CD036L03&K,���&%��&)' ;"�M$'&"CD036L0=&K,B#"0=8
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� � ? ��� �����+? �!? �>� � �7� �	� �����+? �!? �>�
� ��� � ��� �[	)0 �

sfusion sHough sHough µHough Egeom pNC�%C\�"!�0=8 z X a -4XZ$�'�E a � � � � �
g%�M$'&"CD036L03&K, �%C\�"!�0 z X a\a - -4Xkuvu -4X �4a

(0,−1)
-4X�6'V -4Xkj8-

�%C\�"!�0 z X a u - -4X a u -4Xku z
(−6,−26)

-4X a j -4X�-8-
�%C\�"!�0 z X a j - -4Xkj'V -4X z Y

(1, 0)
-4X a -4XZYvj

�%C\�"!�0 z X a V - -4Xkj8- -4X z u
(1, 0)

-4X�- � -4XZYvj
�%C\�"!�0 z X a 6 - -4X�6'V -4X �4a

(0, 0)
-4X�-'V -4X z Y

�%C\�"!�0 z X a Y - -4XZY � -4X � V
(−1, 0)

-4X�- a -4X � j
3���&)' ;��M$'&"CD036L03&/, �%C\�"!�0 z X a z - -4X z V -4X � Y

(0,−1)
-4X a u -4XZY �

�%C\�"!�0 z X a � - -4X z&� -4X ���
(0, 0)

-4X�-vj -4X � j
�%C\�"!�0 z X a � - -4Xkjvj -4XZYvu

(1, 0)
-4X�-vu -4XZY\Y

�%C\�"!�0 z Xku8- - -4Xkj86 -4X z j
(1, 0)

-4X�-vj -4X zoa
�%C\�"!�0 z Xku a - -4X�6vu -4X z 6

(1, 0)
-4X�-86 -4X zoa

3 &%#"U3,�03!.6�-A&%U �%C\�"!�0 z Xkuvu - -4Xkj86 -4X V 6
(0, 0)

-4X�-vu -4X�686
�M$'�%8�8�0:$'(5$'!.6L0 �%C\�"!�0 z Xkuvj - -4X V a -4X V z

(−1,−1)
-4X a � -4Xkj �

�
��� B z X a `�2F�M$'&K,.-+�M;@$',.-9��& #"0=8L8�;=��!�0=8T#"0<;��M$'&"CD036L03&/,���&%��&)' ;��M$'&"CD036L03&K,�X
pNC

0=8.,L(5$G>"!���EM$'E"-A(A-A,�UG#"0
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sHough
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sHough
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#4�%0=8HiB�"&%0I6B$'�"_\$'-98�0�#"U3(A-A&%U@$',.-9��& #"0=82E !',.-A6L03&/,�8:_o�%82#%$'&%8^(90=82-A6B$'CD0=8^#"0I,�U3(9U=#"U3,�0=;3,.-9��& $ nK$'&/,18�03!._o-90=8
iT(5$B!�U@$'(A-98Q$',.-9��&P#"0H(5$T;@$'!.,�0�+d8Q��-A,2iT#"0=820 *?03,�82#"0I8.-A6�>"(A-+�M;@$',.-9��&���CDU3&%U3!Q$'(A-98Q$',.-9��& 8.-AC\&"-+�M;@$',.-cNS8CBS;[N.X �%C\�"!�0
z Xku'VrG[X

���
	�� 7 �<� .+� ��-�)+-<���5������������4�) �! 6	�� -<)7-<����������������45)�� �<�,����;0��� .0��.+-�����)"������4�) �<� 3+��- �
�,��) ���/.+� ��9"��)7�5��
 ��)*���$3"���,�����<���

>:?�A:B z Xku'V%`
3 (A(A�%8.,.!Q$',.-9��&B#"0=8 03!.!�03�"!�8 #"0�#"U3(A-A&%U@$',.-9��&B03, #"0�(�*+0 *d03, #"0)CDU3&%U3!Q$'(A-98Q$',.-9��&T#%$'&%8 (5$2;@$'!.,�0�#"0 a ��� Y4X
/ *+��E ! 03,�;@$'!.,���C\!Q$'>,�"-.-K�%0H0=8.,�8.�">?03!.>]�\8�U^8��"!)(�* -A6B$'CD0:8Q$',�03(A(A-A,Q$'-A!�01#"0 u8-8-vu4X

�����"!I(90T!�0=;@$'(5$'CD0 >M$'!7;=��&/,����"!�8L$�;3,.-cNS8X+j&%���%8I$@_D��&%8�;��%��-98.-�(90T6L�/#"h3(90 #d*Z$',.,Q$�;"�%0<$'�4f #"��&"&%U=0=8IEM$�8�U
8��"!:(�* -A&4NS��!.6B$',.-9��& #"0INS!���&K,.-9h3!�0 B�� ���5+d;[N.XL8�0=;3,.-9��&PV%Xkj4Xku4Xku{G[X g�*+0=8.,103& 0 *d03,^(90�6L�o#"h3(90W-K�"- 0=8�,1;@$'>M$'E"(90
#"0L,.!Q$'-A,�03!:(90I>"(A�%8^C\!Q$'&%#k&%��61E"!�0T#"0�;@$�8:03& !Q$'-98���& #"0�8Q��& -A&%8�03&%8.-AE"-A(A-A,�ULib(�* �%U3,�U3!���CDU3&%U3-A,�Ub#"0=8^,���-A,�8:03,
iB(�*+0 *d03,F#"0HCDU3&%U3!Q$'(A-98Q$',.-9��& #"0:(5$L;@$'!.,�0\X 3F���%8F�",.-A(A-98���&%8�(5$L;=��&/,.!Q$'-A&K,�0�#"0:NS��!.6L078.>M$',.-9�&'�,�036�>?��!�03(A(90I$@_D0=;

λmin = 1
+
λmax = 3

03,
d0 = 2

BS;[N Xm8�0=;3,.-9��&.64X VrG[X�/�$�;=��&/,.!.-AE"�",.-9��&J#4�)D.39FT&�*+0=8.,)>M$�8��",.-A(A-98�U=01#%$'&%8�;=0=8
0[f4>?U3!.-903&%;=0=8@X


 ���	� 	���
 � �	�<;
����? ��� ?+������;7�7� �+?@�:����

��'=���
�����);7? �/�����
/�$R;@$'!.,�0I�",.-A(A-98�U=0B$ U3,�UI!�U@$'(A-98�U=0I>M$'!1(90 ��03- ! -A&"CG3 &%8.,.-A,.�",�0��'NWF/�"!._D0 no-A&"CJ$'&%# Dk$'>">"-A&"C B �53NF	D G�C\!"!�;=0Bi
(�* -A6B$'CD0�8
$',�03(A(A-A,Q$'-A!�012F�"-9;54oE"-A!�# #"0]u8-8-vuT�",.-A(A-98�U=0�#%$'&%82(90=820[f4>]U3!.-903&%;=0=8 XHg�0=;3- $B>?���"!^0 *?03,2#d*Z$'�"C\6L03&K,�03!
(5$ ;=���%U3!�03&%;=0 ;@$'!.,�0 '�-A6B$'CD0�+�E"-903& -K�%0k#"0=8 0 *d03,�8R#"0J8.-A6�>"(A-+�M;@$',.-9��&�+�CDU3&%U3!Q$'(A-98Q$',.-9��& 03,R#d*+03!.!�03�"!<8���-903&/,
>"!�U=8Q03&K,�8@XbnI*Z$'�",.!�0�>M$'!.,,+e$'�%;3�"& ;@$�81#"0L;"�M$'&"CD036L03&K,7&%0L#"��-A, �3,.!�0L#"U3,�0=;3,�Ub$=_D0=;L�"&%0L,�03(A(90L;@$'!.,�0\X 3����%8
6L03&%��&%8L�"&%0T>"!�036�-9h3!�0R8QU3!.-90b#"0b,�0=8.,�8�$@_D0=; V - E !',.-A6L03&/,�8L_o-98Q$'&K,Li -/�M$'&K,.-+�M03!�(90=87>]03! NO��!.6B$'&%;=0=8L#"0b(5$
6LU3,9�%�o#"0b_/-989' i�'�_/-987#"0=87&%��&)' ;��M$'&"CD036L03&K,�8 XPn^$'&%8H�"& 8�0=;=��&%# ,�036�>%8,+m&%���%87,.!Q$'&%8.(5$',���&%87(5$J;@$'!.,�0b#"0 j8-



� � �	� � ����
 ��� �	��� �
� ��������� � � � � 
 � a ���

6Lh3,.!�0=8�#%$'&%8�(5$�#4-A!�0=;3,.-9��& � 8.,@X</�$I;@$'!.,�0:03,)(�* -A6B$'CD0^&%0:8Q��&K,�$'(9��!�8�>"(A�%8�03&<;=��!.!�0=8.>]��&%#%$'&%;=0�+ ;=0 -K�"-d&%���%8
>?03!.6L03,�#"0F#"U3,�0=;3,�03!��"&"-.-K�%036L03&/,�#"0=8�;"�M$'&"CD036L03&K,�8�BS8.�"!Vj z ;@$�8LG[X�/�0=8 !�U=8��"(A,Q$',�8�8Q��&K,�03&%8.�"-A,�0�!Q$�8Q8�0361E"(9U=8
03,�;3(5$�8�8QU=8�8�03(9��&R(5$I&%��6L03&%;3(5$',.�"!�0H8.�"-A_�$'&/,�0\`

a X�n�U3,�0=;3,.-9��&J#"0^&%��&)' ;��M$'&"CD036L03&/,2;=��!.!�0=;3,�0 B 15� � �	�)� � ��15��� ���
u4X�n�U3,�0=;3,.-9��&J#"0:;��M$'&"CD036L03&/,�;=��!.!�0=;3,�0 B 15� � �1	 � �$��15��� ���
j4X�n�U3,�0=;3,.-9��& #"0<;��M$'&"CD036L03&/,b03!.!���&%U=0�BW(5$ 6LU3,9�%�/#"0<;=��&%8�-9#"h3!�0R(90 E !',.-A6L03&K, ;��M$'&"CDU $'(9��!�8:-K��* -A(�0=8�,

-A&%;��M$'&"CDU1#%$'&%8�(5$I!�U@$'(A-A,�U G
V%X�n�U3,�0=;3,.-9��& #"0L&%��&)' ;"�M$'&"CD036L03&K,L03!.!���&%U=0 B N�$'�%8�8�0T$'(5$'!.6L0\`1(5$<6LU3,9�%�/#"0T;=��&%8.-9#"h3!�0L(90BE !',.-A6L03&K,7-A&)'

;��M$'&"CDUH$'(9��!�8�-K��* -A(�$I#4-98�>M$'!.� #%$'&%8)(�* -A6B$'CD0 G
64X�g�$�8)-A&%#"U3,�03!.6�-A&%U

/�0=8F!�U=8.�"(A,Q$',�8F6L03&%U=8^$=_D0=;H(5$L;@$'!.,�07#"0<u8-8-vuT8���&K,F>"!�U=8�03&K,�U=82#%$'&%8F(90:,Q$'E"(90@$'� z Xku4X	3����%8�;=��&%8.,Q$',���&%8 -/�%0
(90),Q$'�4fB#d* -A&%#"U3,�03!.6�-A&M$',.-9��& !�03(5$',.-cN�i:(5$26LU3,9�%�/#"0�0=8., !Q$'-98Q��&"&M$'E"(9036L03&K,)U3(903_DU\X%s�-A&%8�-B+ �{z � #"0=8�;@$�8 8Q0�8���&K,
_o�%8L$�8�8.-AC\&%03!I�"&%0R#"U=;3-98.-9��& #"0R;"�M$'&"CD036L03&K,���&%��&)' ;"�M$'&"CD036L03&K, X �j$'!.6�-�(5$G,���,Q$'(A-A,�UR#"0=8L;@$�8�;=��&%8.-9#"U3!�U=8,+
64Xku�� ��&K,HU3,�UH-A&/,�03!.>"!�U3,�U=8Hib,���!.,^;=��6�6L0��"& ;��M$'&"CD036L03&/,@XTg�0=8^;@$�8^#"0I#"U3,�0=;3,.-9��&%81#"07&%��&)' ;��M$'&"CD036L03&/,
6B$'&"-/�%U=0=8j8���&K,j>?03�H&%��6HE"!�03�4f703,m8@*+0[f4>"(A-.-K�%03&/,e>M$'!e(5$�>"!�U=8�03&%;=0�#d*+03!.!�03�"!�8j(9�/;@$'(90=8j#"0 NS��!.6L0�#%$'&%8e(5$�;@$'!.,�0\X
g���6�6L0�&%���%8m(�*Z$@_D��&%8 6L��&/,.!�U�03&L8�0=;3,.-9��& z X�64Xku4Xkj�+K(5$�>"!�U=8�03&%;=0)#d*+03!.!�03�"!�8 8�U3_Dh3!�0=8 $�*d$'-AE"(A-A,m(90)8�;=��!�0)#4��_D��,�0
#"0 �F���"C8� $'� >?��-A&K,I#"0L!�03&%#4!�0T(5$ #"U=;3-98�-9��& -A&%#"U3,�03!.6�-A&%U=0 ��� 03!.!���&%U=0\Xkg�0=8I03!.!�03�"!�8H8���&/,H!�0=8�>]��&%8Q$'E"(90=8
#"0=8F#"U3,�0=;3,.-9��&%8�6B$'&"-/�%U=0=8F03,�#"0=8�;@$�8F-A&%#"U3,�03!.6�-A&%U=8@X!/�0=8F!�0=8.,�0:#"0=8�;@$�8�!�03>"!�U=8�03&/,�0 �4a X � � #"01#"U3,�0=;3,.-9��&%8
;=��!.!�0=;3,�0=8F#"0^;��M$'&"CD036L03&K,�8203,�&%��&)' ;"�M$'&"CD036L03&K,�8@X

n2U3,�0=;3,.-9��&%8 #"0 &%��&)'
;"�M$'&"CD036L03&K, ;=��!.!�0=;3,�0=8@`

 �	�����

n2U3,�0=;3,.-9��&%8 #"0 &%��&)'
;"�M$'&"CD036L03&K, 03!.!���&%U=0=8@`
	 �

n2U3,�0=;3,.-9��&%8 #"0 &%��&)'
;"�M$'&"CD036L03&K, 6B$'&"-K�%U=0=8@`
��� ���

n2U3,�0=;3,.-9��&%8 #"0 ;��M$'&"CD0 '
6L03&/,�;=��!.!�0=;3,�0=8@`
	����

g�$�8�-A&%#"U3,�03!.6�-A&%U=8@` 
 	��

�
��� B z Xku4` 2F�M$'&/,.-+�M;@$',.-9��& #"0=8:!�U=8.�"(A,Q$',�87#"0L(5$R#"U3,�0=;3,.-9��& #"0B;"�M$'&"CD036L03&K,B$@_D0=;L(5$<;@$'!.,�0T#"0 u8-8-vu4X /�0=8
!�U=8.�"(A,Q$',�8�8���&K,�0[f4>"!.-A6LU=8�03&R>?���"!(' ;=03&K,�8.�"!)�"&<,���,Q$'(�#"0 zvz ;@$�8@X


 ����� 	���� � ���<;
� ��? ���1?+��� ��;
��� �+?@�<����

� �);7? �!������" � � ���7�7�
/�$ ;@$'!.,�0B#"0W-/�M$'(A-A,�UL6L� nD03&"&%0 -K�%0�&%���%87;=��&%8.-9#"U3!���&%87#%$',�0B#"0 a ��� Y4X / *+U=;@$'!.,H,�036�>?��!�03( 03&/,.!�0B(5$R;@$'!.,�0
03,H(�* -A6B$'CD0T8Q$',�03(A(A-A,Q$'-A!�0=8 B u8-8-vu{G1U3,Q$'&K,�$�8�8�0 #B-A6�>?��!.,Q$'&K,,+j&%���%8H&�*Z$=_D��&%87>M$�8H!�0=;=���"!�87i<(5$<8.-A6H�"(5$',.-9��& #"0
;"�M$'&"CD036L03&K,�8�;=��6�6L0:>]���"!�(90=8�,�0=8.,�8�>"!�U=;=U=#"03&/,�8@X</�0=8�!�U=8��"(A,Q$',�8)6L03&%U=8�8.�"! a -86I;@$�8)8���&/,)>"!�U=8�03&K,�U=8�#%$'&%8
(90^,Q$'E"(90@$'� z Xkj4X��j$'!�!Q$'>">?��!.,�$'�4fR!�U=8.�"(A,Q$',�8�!�U@$'(A-98�U=8F$@_D0=;:(5$�;@$'!.,�0:#"0
u8-8-vu�+"&%���%8�;=��&%8�,Q$',���&%8��"&%0^(9U3CDh3!�0
�M$'�%8�8Q07#"0=8^;@$�82-A&%#"U3,�03!.6�-A&%U=8 B a V%Xkj�� G[X �m& !�03_\$'&%;��%0�+�(5$b>"(A�%8�NS��!.,�07>"!���C\!�0=8�8.-9��&P0=8�,203&"!�03C\-98�,.!�U=0I>M$'!^(90
,Q$'�4f<#"01#"U3,�0=;3,.-9��&%8�#"0:&%��&)' ;"�M$'&"CD036L03&K,^6B$'&"-/�%U=0=8�-/�"-e$',.,�03-A&/, a z �bX�g�0^,Q$'�4f U3(903_DUH0=8.,�;=���%U3!�03&K,^$=_D0=;
(90=8�;=��&%#4-A,.-9��&%8�0[f4>]U3!.-A6L03&/,Q$'(90=8@` (5$�;@$'!.,�0:�",.-A(A-98�U=0:;=��6�>?��!.,�0:#"0=8�03!.!�03�"!�8�>"(A�%8�8�U3_Dh3!�0=8�-/�%0^;=03(A(901#"0 u8-8-vu4X
/�0=8F;@$�8�#4- KB;3-A(90=82#"0^&%��&)' ;"�M$'&"CD036L03&K,^&�*+��&K,�>M$�8�U3,�UH#"U3,�0=;3,�U=8F03,2$'� (A-903�G#"0^EM$�8�;3�"(903!F#%$'&%8F(5$L;@$',�U3CD��!.-90
#"0=8:;@$�81-A&%#"U3,�03!.6�-A&%U=8,+�-A(98:��&K,7U3,�UBib,���!.,1-A&/,�03!.>"!�U3,�U=8H;=��6�6L0L#"0=8H;��M$'&"CD036L03&/,�8@X xF�",.!�0�(90=8103!.!�03�"!�8H#"0
(5$b;@$'!.,�0�+�(90=8^;@$�8^#"0�;=03,.,�0�8Q0=;=��&%#"0�8�U3!.-90�#"07,�0=8.,�8:U3,Q$'-903&K,1>"(A�%8^#"U3(A-9;@$',�81iR$'&M$'(ono8Q03!@`F(�*+��6HE"!�0�>?��!.,�U=0�#"0
E !',.-A6L03&/,�8^U3(903_DU=826B$�8 -K�M$'-A,^;=��6�>"(9h3,�036L03&/,:(901E !',.-A6L03&/,1#d* -A&K,�U3!��3,,+�(901!�03&%#%$'&/,1$'-A&%8.-j&%��&G#"U3,�0=;3,Q$'E"(90���(5$



a � - � �����������	��� ��� � ������� � � � � ��� � 	 ��� � � ��� � ��� ����� ����� 	��

;@$'&%��>?U=0F!�0=;=���"_/!Q$'-A, ,���,Q$'(9036L03&K,);=03!.,Q$'-A&%8 E !',.-A6L03&/,�8�#"0)>]03,.-A,�0�,Q$'-A(A(90\X g���6�6L0�>?���"! (90�;@$�8 #"0�(5$1;@$'!.,�0�#"0
u8-8-vu�+4(90=8)#"U3,�0=;3,.-9��&%8�#"0F&%��&)' ;"�M$'&"CD036L03&K,�03!.!���&%U=0=8)!�0=8.,�03&K,�&%U3C\(A-ACD0@$'E"(90=8@X
�m(A(90=8)8.�"!._o-903&"&%03&K,)(9��!�8 -/�%02#"0=8
8Q03C\6L03&K,�8�#"0F(�* -A6B$'CD0^8���&K,);=���%U3!�03&/,�8�$=_D0=;�(5$HCDU=��6LU3,.!.-902#4�bE !',.-A6L03&/,�#"0�(5$1;@$'!.,�0 -/�"- &�*+0=8�, >"(A�%8�>"!�U=8�03&/,
#%$'&%81(�* -A6B$'CD0\XBg�0=8:;@$�8:8.�"!._o-903&"&%03&K,H6B$'-98:8���&/,^,.!�h=8^!Q$'!�0=8@X �j$'!.6�- ,����%8^(90=8:;@$�8^;=��&%8�-9#"U3!�U=8,+�(90�,Q$'�4f #"0
#"U3,�0=;3,.-9��&%87#"0L;"�M$'&"CD036L03&K,���&%��&)' ;��M$'&"CD036L03&o,B;=��!.!�0=;3,�0=878@*+U3(9h3_D0BiRY\Y4X z � +e;=0W-/�"-m!�03_/-903&/,7ib�"&P,Q$'�4fP#"0
zvz X � � >M$'!.6�-�(90=8�;@$�8��mp -A( n $I03�<>"!.-98Q0^#"0:#"U=;3-98.-9��&�X

n�U3,�0=;3,.-9��&%8 #"0 &%��&)'
;��M$'&"CD036L03&K, ;=��!.!�0=;3,�0=8@`
� 	 �����

n�U3,�0=;3,.-9��&%8 #"0 &%��&)'
;��M$'&"CD036L03&K, 03!.!���&%U=0=8@`
� �

n�U3,�0=;3,.-9��&%8 #"0 &%��&)'
;��M$'&"CD036L03&K, 6B$'&"-/�%U=0=8@`

 
 �

n�U3,�0=;3,.-9��&%8 #"0 ;"�M$'&"CD0 '
6L03&K,�;=��!.!�0=;3,�0=8@`

 �������

g�$�8)-A&%#"U3,�03!.6�-A&%U=8@` 
 
�� 	 �

�
��� B z Xkj4` 2F�M$'&K,.-+�M;@$',.-9��& #"0=81!�U=8��"(A,Q$',�8H#"0B(5$R#"U3,�0=;3,.-9��& #"0T;��M$'&"CD036L03&/,B$=_D0=;L(5$ ;@$'!.,�0B#"0 a ��� Y4X /�0=8
!�U=8��"(A,Q$',�8�8���&/,�0[fo>"!.-A6LU=8F03&R>]���"!(' ;=03&/,F8.�"!)�"& ,���,Q$'(�#"0 a -86�;@$�8@X

�-, � � 6#1<;`d?:
Pa>?6W1
3����%8F$@_D��&%8�>"!�U=8Q03&K,�U:�"&%016LU3,9�%�/#"��(9��C\-907#"0:#"U3,�0=;3,.-9��&G#"01;��M$'&"CD036L03&/,^03&K,.!�0:�"&%01;@$'!.,�0103,�#"0=8F#"��&"&%U=0=8
#"0B,�U3(9U=#"U3,�0=;3,.-9��&�XGg�03,.,�0 $'>">"!��/;"�%0T8Q0B#"U=;=��6�>?�\8�0B03& #"03�4fP,�036�>%8H03,H,.-A!�0B>M$'!.,.-�iR(5$ NO��-981#"0B(5$ NS�%8.-9��&
#"0B#"��&"&%U=0=8103,:#"0�(5$b!�U=#4�%;3,.-9��& #"0=8^_�$'!.-5$'E"-A(A-A,�U=870[f"��CDh3&%0=8:;@$'!.,�0 '�-A6B$'CD0L>M$'!:(5$R,�0=;��"&"-.-/�%0L#"0=81;=��&/,����"!�8
$�;3,.-cNO8@X�/�$1>"!�036�-9h3!�0�>,�M$�8�02;=��&%8.-98.,�02i1;@$'(9;3�"(903!)03, NW�%8�-9��&"&%03!�#"0=8�-A&%#4-9;=0=8�#"0F;"�M$'&"CD036L03&K,�!�0=8�>]0=;3,.-A_D036L03&/,
EM$�8QU=878��"!H(5$G;=��6�>M$'!Q$'-98���& #"0b(5$ ;@$'!.,�0R$@_D0=;T�"& 6L�o#"h3(90b&K�"6LU3!.-.-/�%0b#"0 8.�"! N�$�;=0 BED 39FHG:03,7�"&%0b-A6B$'CD0
6H�"(A,.-98.>?0=;3,.!Q$'(90\X</�0=8�6LU3,9�%�o#"0=8�6�-98�0=8)03&��2�"_/!�028���&/,�8.-A6�>"(90=8,+o!Q$'>"-9#"0=8�6B$'-98�>]03!.6L03,.,�03&/,)�"&"-.-K�%036L03&/,�(5$
#"U3,�0=;3,.-9��&G#d* �"& ;��M$'&"CD036L03&/,F�"&"-A_D� -/�%0:#4�<E !',.-d�"!.EM$'-A&�X

/���!�8 -/�%01;=03,.,�0H>,�M$�8�0:&�*+0=8�,F>M$�8�03& 6L0=8.�"!�0H#"0H#"U=;3-9#"03!2#"0:(�*Z$'E%8Q03&%;=0H#d* �"&GE !',.-A6L03&K,^;@$'!.,���C\!Q$'>,�"-.-/�%0
;=��&%8�-9#"U3!�U�+��"&%0�8�0=;=��&%#"0L>,�M$�8�0I(90�;=��6�>M$'!�0Bi 8Q$b!�03>"!�U=8�03&/,Q$',.-9��& #%$'&%81�"&%0I-A6B$'CD0L8Q$',�03(A(A-A,Q$'-A!�0�>M$'&%;"�"!��&'
6B$',.-.-/�%0\X�/�0=8�03!.!�03�"!�8�#"0^8.�">?03!.>]�\8.-A,.-9��&<;@$'!.,�0 '�-A6B$'CD018���&K,)>"!�036�-9h3!�036L03&/,F#4-A6�-A&K�%U=0=8�C\!"!�;=01iH(5$76�-98�0^03&
;=��!.!�0=8�>]��&%#%$'&%;=0 $�;��%03_DU=0B>M$'!1(90=8:;=��&/,����"!�87$�;3,.-cNO8@X �F&%0L;=��6�>M$'!Q$'-98���& 8.�"E%8�U6-/�%03&K,�0B03&K,.!�0L(�* -A6B$'CD0B>M$'&)'
;"�"!���6B$',.-.-K�%0�03,�(�*+��E !.03,�;@$'!.,���C\!Q$'>,�"-.-/�%07!�0=;@$'(9UH0=8.,20 *d0=;3,.�%U=07$'�G6L� nD03& #"07#"03�4f<6L0=8.�"!�0=8@`��"&%0H6L0=8.�"!�0
>M$'!^_D��,�0B#"0 �����"C8� B -/�"-�-K�M$'&/,.-+�M0�(5$ ;=���%U3!�03&%;=0L03&K,.!�0L(90=8^8�03C\6L03&K,�8H#4�G>?��(onoCD��&%0�03,:;=03�4fk0[f4,.!Q$'-A,�8:#"0
(�* -A6B$'CD0 G^03,��"&%0I6L0=8��"!�07#"0�#"U[NO��!.6B$',.-9��& CDU=��6LU3,.!.-.-/�%0L03&K,.!�0I(�*+��E !.03,:;@$'!.,���C\!Q$'>,�"-.-K�%0T$=_\$'&K,:03,:$'>"!�h=8^(90
!�0=;@$'(5$'CD0\X sF8Q8��/;3-5$'&/,1;=0=8:#"03�4fk6L0=8.�"!�0=8Hib�"&%0BU3&%03!.C\-90L#"0T��-AE"E%8,+��"&%0L#"03&%8.-A,�UL#"0�>"!���EM$'E"-A(A-A,�UT#"0I&%��&)'
;"�M$'&"CD036L03&K,^0=8.,�NO��!.61�"(9U=0:03,FU3_�$'(A�%U=0:03&<;"�M$H-K�%01E !',.-A6L03&K,�#"02(5$�;@$'!.,�0\X

n20=8�!�U=8.�"(A,Q$',�8B0[f4>?U3!.-A6L03&K,Q$'�4f ��&K,T-A(A(A�%8.,.!�UR(�*+0LKB;@$�;3-A,�U #"0<(5$G6LU3,9�%�/#"0<8��"!B#"0=8L;@$�8L�mp (90=8B03!.!�03�"!�8
(9�o;@$'(90=8�#"0�NO��!.6L0�#"0=8 ��E !.03,�8 ;@$'!.,���C\!Q$'>,�"-.-/�%0=8)8���&/, N�$'-AE"(90=8@X��F&%0F$'&M$'(on48�0F8�,Q$',.-98.,.-.-K�%02$^6L��&/,.!�U -K�%0�#%$'&%8
;=0=8�;3-A!�;=��&%8.,Q$'&%;=0=8,+ � u�� #"0=8F;@$�8F#"01;��M$'&"CD036L03&K,���&%��&)' ;"�M$'&"CD036L03&/,IU3,Q$'-903&K,2;=��!.!�0=;3,�036L03&K,2,.!Q$'-A,�U=8@X23����%8
$@_D��&%8�$'�%8�8.- >"�b;=��&%8.,Q$',�03!!-/�%0�(90F!�0=;@$'(5$'CD0 �%&T>M$'!�;=��&K,����"!�8�$�;3,.-cNO8 >]���"_\$'-A,�$'�"C\6L03&/,�03!�8.-AC\&"-+�M;@$',.-A_D036L03&K,
(5$�;=���%U3!�03&%;=0);@$'!.,�0 '�-A6B$'CD0�$��%&I#d*Z$'6LU3(A-9��!�03!m(5$�;=��&)� $'&%;=0�$�;=;=��!�#"U=0�i�(5$�#"U=;3-98.-9��&�#"0 &%��&)' ;"�M$'&"CD036L03&K,@XA/�0=8
!�U=8��"(A,Q$',�8�0[fo>?�\8�U=8���&K,�>M$'!�$'-A(A(903�"!�8�6�-98)03& (A�"6�-9h3!�02(90=8�(A-A6�-A,Q$',.-9��&%8�#"0�(�*Z$'>">"!��o;��%02>"!���>?�\8�U=0\`j(5$H>"!�U=8�03&%;=0
#d*+03!.!�03�"!�8�8�U3_Dh3!�0=8F#%$'&%8�(5$I;@$'!.,�0:6L03,F03& U=;��%0=;1(90^!�0=;@$'(5$'CD04�%&<>M$'!F;=��&K,����"!�82$�;3,.-cNS8�03,�&%0^>]03!.6L03,�>M$�8��"&
_D��,�0H#"0 �F���"C8�J8.-AC\&"-+�M;@$',.-cN X%3F���%8F$=_D��&%8�6L��&/,.!�U1>M$'!)�"&%0H$'&M$'(ono8�018.,Q$',.-98.,.-.-/�%0 -K�%0^#%$'&%8F;=0:;@$�8,+4(90^,Q$'�4f
#"01#"U3,�0=;3,.-9��&%8�6B$'&"-/�%U=0=8�#"0^&%��&)' ;"�M$'&"CD036L03&K,:$'�"C\6L03&K,�0H8�03&%8.-AE"(9036L03&K,]B � a u�� G[X



� �������	��

� �

� ���(� �%�(� �"���

� ,/. � �-1J35g
_%PaZ
/ *+��E !.0=;3,.-cN�#"0L;=0I,.!Q$=_\$'-A( #"0L,9�%h=8�0�U3,Q$'-A,1(90�#"U3_D03(9��>">?036L03&K,I#d* �"&%0�6LU3,9�%�o#"0B#d*Z$'&M$'(on48�0L#"0L;"�M$'&"CD036L03&K,�8
03&/,.!�0L�"&%0L;@$'!.,�0B&K�"6LU3!.-.-/�%0B#4�PE !',.- �"!.EM$'-A& 03,1#"0=8H#"��&"&%U=0=8:61�"(A,.-+' 8Q���"!�;=0=87#"0L,�U3(9U=#"U3,�0=;3,.-9��& #"0 �M$'�",�0
!�U=8���(A�",.-9��&�X13F���%82&%���%828���6�6L0=8^03&k>M$'!.,.-9;3�"(A-903!H$',.,Q$�;"�%U=81iL!�U=8Q���%#4!�0I(90H>"!���E"(9h36L0�#"0=8�_\$'!.-5$'E"-A(A-A,�U=8:0[f"�&'
CDh3&%0=8:03&/,.!�0L(90=8:��E !.03,�8:;@$'!.,���C\!Q$'>,�"-.-/�%0=8H03,^(903�"!�81!�03>"!�U=8�03&K,Q$',.-9��&%87#%$'&%8:(�* -A6B$'CD0\Xbg�0=8^_�$'!.-5$'E"-A(A-A,�U=8H8���&K,
#4�%0=828���-A,^iL�"&%07-A6�>"!�U=;3-98.-9��& #"07(5$T8.�">]03!.>?�\8.-A,.-9��& ;@$'!.,�0 '�-A6B$'CD0�+d8���-A,:iT#"0=8�03!.!�03�"!�8^#"078Q$'-98.-907#"0=82��E ! 03,�8
;@$'!.,���C\!Q$'>,�"-.-/�%0=8,+m8���-A,H$'�4f 0 *d03,�81#"0T8.-A6�>"(A-+�M;@$',.-9��& 03,1#"0LCDU3&%U3!Q$'(A-98
$',.-9��& #"0B(5$R;@$'!.,�0\XJg�0=8H#4-+*?U3!�03&%;=0=8
0[f"��CDh3&%0=8I8���&K,7-A&%#"U3>]03&%#%$'&/,�0=8L#d* �"& ;��M$'&"CD036L03&K,T0 *?0=;3,.-cNF03,I8�0b#"��-A_D03&K,�#d* �3,.!�0R$',.,�U3&K�%U=0=8I>?���"!HCK$'!Q$'&)'
,.-A!^�"&%0L#"U3,�0=;3,.-9��& #"0L;��M$'&"CD036L03&/,1� $'E"(90\X:/�$R;=��!.!�0=;3,.-9��& #"0L;=0=8^-A&%;=���%U3!�03&%;=0=87;@$'!.,�0 '�-A6B$'CD0T0=8.,^!�03&%#4�%0
#4- KB;3-A(90<03& !Q$'-98���& #"0 (5$k6H�"(A,.-A,.�%#"0 #d*Z$'!.,�0[N�$�;3,�8L>"!�U=8�03&/,�8T#%$'&%8�(90=8L-A6B$'CD0=8B03,�-/�"-�0=8.,�>"!���>"!�0JiG&%��,.!�0
$'>">"(A-9;@$',.-9��& NS�o;@$'(A-98�U=0^8.�"!)(90=8)6�-A(A-903�4fR�"!.EM$'-A&%8@X

/ * -A&%8�03!.,.-9��&b#"0F;=��&K,.!Q$'-A&/,�0�#"0�NS��!.6L0�#"U3!.-A_DU=0F#"0�(5$:;@$'!.,�0�#%$'&%8 (90=8 6L�o#"h3(90=8�#"0�;=��&K,����"!�8)$�;3,.-cNO8�$26L��&)'
,.!�UI8���& 0LKB;@$�;3-A,�UBib8.�"!.6L��&/,�03!1;=03!.,Q$'-A&%8^#"0�;=0=8:$'!.,�0[NO$�;3,�8 X7g�03,.,�0�;=��&"&M$'-98�8Q$'&%;=0 � ��� �5��� ��0[f4,.!Q$'-A,�0�#"07(5$
;@$'!.,�0)0=8.,m>M$'! $'-A(A(903�"!�8 8.>]U=;3-+�2-/�%0�i�(5$28�;=h3&%0)U3,.�%#4-9U=0�03,m>?03!.6L03, #"0)8@*Z$�*?!Q$'&%;��"-A! #"0�(�*+03&%#4!���-A, CDU=��C\!Q$'>,�"-.-K�%0
$'&M$'(on48�U\X 3F���%8�$=_D��&%8�0[f4>]U3!.-A6L03&/,Q$'(9036L03&K,)6L��&K,.!�UV-/��*+03&B>"!�U=8�03&%;=0F#"0�;=��&K,.!Q$'-A&/,�02#"0)NO��!.6L0�+K(90=8�;=��&K,����"!�8
$�;3,.-cNO8�U3,Q$'-903&/,j8Q03&%8.-AE"(90=8ei��"&%0 -A&"-A,.-5$'(A-98
$',.-9��&7U3(9��-AC\&%U=0�#"0 (�*+��E !.03,�;3-AE"(90\X g�0=;3-/&%���%8j$�6L03&%U i�>"!���>]�\8�03!j#"03�4f
8���(A�",.-9��&%8 _/-98
$'&K, i^;=��&%#4�"-A!�0�>"(A�%8 8�%"!�036L03&/, (90�;=��&K,����"!�$�;3,.-cN�_D03!�8 (5$^8���(A�",.-9��&B03,�i^U3_/-A,�03! (90)>"!���E"(9h36L0�#"0=8
6�-A&"-A6B$ (9�o;@$'�4fdXW/�$b>"!�036�-9h3!�0B;=��&%8�-98.,�0BiTNS�%8.-9��&"&%03!:(�* -A&4NO��!.6B$',.-9��& #d*Z$'(A,.-A,.�%#"0B#d* �"& 6L�/#"h3(90I&/�"6LU3!.-.-K�%0
#"0�8.�"! N�$�;=0)BED.3-FHG2$@_D0=;L;=03(A(90L#d* �"&%0�-A6B$'CD0B8Q$',�03(A(A-A,Q$'-A!�0L>M$'&%;"�"!���6B$',.-.-K�%0\X /�$R;=��6�>"(9U36L03&/,Q$'!.-A,�Ub#"0�;=0=8
#"03�4fB!�03>"!�U=8Q03&K,Q$',.-9��&%8F$16L��&K,.!�U^8Q��& 0LKB;@$�;3-A,�U\X</�$78�0=;=��&%#"028���(A�",.-9��&R;=��&%8.-98.,�0^i:!�03(5$�f"03!)8.>M$',.-5$'(9036L03&K,F03,
#2no&M$'6�-.-K�%036L03&/,1(5$ ;=��&/,.!Q$'-A&K,�0B#"07NO��!.6L0L#4�"!Q$'&/,:(90I>"!��/;=0=8Q8.�%8^#"0L;=��&K_D03!.CD03&%;=0T#4�P;=��&K,����"!I$�;3,.-cN X��F&%0
8���(A�",.-9��& $'>">"!��=f4-A6B$',.-A_D0203, &%��&B!�U3C\�"(A-9h3!�0�0=8., #d*Z$'E?��!�# $',.,�03-A&K,�02$'(9��!�8A-/�%0)(5$:;=��&/,.!Q$'-A&K,�020=8.,�8.>M$',.-5$'(9036L03&K,
!�03(5$�f"U=0\X�/�0�!�U3,Q$'E"(A-98Q8�036L03&K,��"(A,�U3!.-903�"!)03, 8.>M$',.-5$'(9036L03&/,��"&"-cNS��!.6L0�#"0�(5$1;=��&K,.!Q$'-A&/,�02>]03!.6L03,�#"0�!�U3C\�"(5$'!.-98�03!
(90H;=��&K,����"!,+�U3_o-A,Q$'&K,^$'-A&%8.-e(90=82$'!.,�0[N�$�;3,�8��"!.EM$'-A&%8@X03F���%8^$=_D��&%82U3CK$'(9036L03&/,^>"!���>]�\8�UH�"&%0H&%���"_D03(A(907U3&%03!.C\-90
#"0I;=��&K,.!Q$'-A&/,�0T#"07NO��!.6L0�+d(A-A&%U@$'-A!�0�03, -/�M$�#4!Q$',.-.-K�%0�+e$'�",���!.-98Q$'&K,1�"&%0�;3(5$�8�8�0�#"0�#"U[NO��!.6B$',.-9��&%8:#4�P;=��&K,����"!
$�;3,.-cN)>M$'!:!Q$'>">?��!.,7i (5$ NS��!.6L0:� ��� �5�8���SXbg�0B6L�/#"h3(90�>?03!.6L03,7$'� ;=��&K,����"!H#"0=81_�$'!.-5$',.-9��&%8H>M$'!Q$'(A(9h3(90=8H>M$'!
!Q$'>">?��!.,L$'�4f 8�03C\6L03&/,�8L#"0 (5$ NS��!.6L0b>?��(on/CD��&M$'(90R#"0b(�*+��E !.03,L;@$'!.,���C\!Q$'>,�"-.-K�%0<03,I_o-98�0RiG;=��!.!.-ACD03!�(90=8�03!('
!�03�"!�82(9�o;@$'(90=8^#"0HNS��!.6L0�#"0I;=0�#"03!.&"-903!@X
s�(9��!�8 -/�%0I#"0=82!�U=8.�"(A,Q$',�8^03&%;=���"!Q$'CD0@$'&K,�878���&K,:��E",�03&/�%81$=_D0=;�#"0=8
-A6B$'CD0=82#"078 n/&/,9�%h=8�0�+?;=03,.,�0H#"03!.&"-9h3!�07,�0=;"�"&"-.-K�%0I&�*+0=8.,�>M$�8�03&%;=��!�0H6B$',.�"!�0I03,2#"036B$'&%#"07�"&%0H;=��6�>"!�U �%03&)'
8.-9��&7>"(A�%8 $'>">"!��'NO��&%#4-90�#"0=8j6L�o#"h3(90=8j03,m#"0 (903�"!�8e-A6�>"(5$'&/,Q$',.-9��&%8 $��%&�#d* �3,.!�0�0LKB;@$�;=0)8.�"!e#"0=8j-A6B$'CD0=8e!�U=03(A(90=8@X

� &)�%&�+�&%���%87$=_D��&%8H>"!���>]�\8QU��"&%0L6LU3,9�%�o#"0B#d*Z$'&M$'(on48�0B#"0B;��M$'&"CD036L03&K,L03&/,.!�0L(5$R;@$'!.,�0T03,H#4-+*dU3!�03&K,�0=8
#"��&"&%U=0=8�#"0�,�U3(9U=#"U3,�0=;3,.-9��&�X n20=8 -A&%#4-9;=0=8 #"0F;��M$'&"CD036L03&/,�8�-A6�>"(9036L03&K,);@$'(9;3�"(9U=8�i:>M$'!.,.-A! #4� D 39FI03, #d* �"&%0
-A6B$'CD0R8Q$',�03(A(A-A,Q$'-A!�0 61�"(A,.-98.>?0=;3,.!Q$'(90 8Q��&K,INS�%8.-9��&"&%U=8�>?���"!L0 *?0=;3,.�%03!L(5$k#"U3,�0=;3,.-9��& #"0=8L;��M$'&"CD036L03&/,�8B�"&"-+'

a �4a



a � u � ������� �������	� ����� � � 
�� � ���

_D� -/�%0=8^#4�GE !',.-m�"!.EM$'-A&�X7n^$'&%82(5$T6B$ ! ��!.-A,�U�#"0=8^;@$�8^�mp �"& ;��M$'&"CD036L03&/,1&�*Z$T>"� �3,.!�07-9#"03&K,.-+�MUL#"07N�$ml=��&
U3_o-9#"03&K,�0�+K�"&%0)8�0=;=��&%#"0�>,�M$�8�0�>"(A�%8m;=��6�>"(90[f"0�0=8.,j6�-98�0�03& �2�"_o!�0�$��%&L#"0);@$'!Q$�;3,�U3!.-98Q03! (90�#"03C\!�U)#"0�!�0=8�8�036 '
E"(5$'&%;=0T03&K,.!�0B(�*+��E ! 03,1;@$'!.,���C\!Q$'>,�"-.-/�%0b03,:8Q$ !�03>"!�U=8�03&/,Q$',.-9��& #%$'&%81(�* -A6B$'CD0L8Q$',�03(A(A-A,Q$'-A!�0L>M$'&%;"�"!���6B$',.-.-K�%0\X
g�0I,.!Q$'-A,�036L03&/,:,.-A!�07>M$'!.,.- #4�k!�0=;@$'(5$'CD0��%&G>M$'!:;=��&/,����"!�81$�;3,.-cNO8^03,�>?03!.6L03,2(5$BNS��!.6H�"(5$',.-9��& #d* �"&%0I>"!���EM$�'
E"-A(A-A,�UR#"0b&%��&)' ;"�M$'&"CD036L03&K,B>?���"!�;��M$H-/�%0 E !',.-A6L03&K,L#"0b(5$G;@$'!.,�0\X g�03,.,�0b>"!���EM$'E"-A(A-A,�U<0=8.,I#"U3!.-A_DU=0R#d* �"&%0
U3&%03!.C\-90T#"0T��-AE"E%8@Xbg�03(A(90 ' ;3- 0=8.,1;@$'(9;3�"(9U=0BiR>M$'!.,.-A!1#"0�(5$R#"U[NO��!.6B$',.-9��& CDU=��6LU3,.!.-.-/�%0L03&"!�03C\-98.,.!�U=0B(9��!�81#4�
!�0=;@$'(5$'CD01>M$'!�;=��&K,����"!�8�$�;3,.-cNS8�03,�#d* �"&R_D��,�01#"0 �F���"C8�<#"0=8.,.-A&%U:i76L0=8��"!�03!�(5$7!�0=8�8�036HE"(5$'&%;=0:#"0=8�8�03C\6L03&/,�8
#"0L(�* -A6B$'CD0L03,1#"0I(�*+��E !.03,1;@$'!.,���C\!Q$'>,�"-.-K�%0b$ KL&%U\X �F&%0L$'&M$'(ono8Q0 -K�M$'&/,.-A,Q$',.-A_D0b$b6L��&/,.!�U�-/�%0I(90�!�0=;@$'(5$'CD0
�%& $'6LU3(A-9��!�0b(5$<!���E"�%8�,�0=8�8�0B#"0T(5$J#"U=;3-98.-9��& #"0T&%��&)' ;��M$'&"CD036L03&/,@X n20=81,�0=8.,�876L03&%U=878.�"!7�"& >"(A�%8HC\!Q$'&%#
&%��6HE"!�0B#"0IE !',.-A6L03&/,�81��&K,H8.,Q$',.-98.,.-.-/�%036L03&K,1#"U36L��&/,.!�UL(90=82>?03! NS��!.6B$'&%;=0=8:8
$',.-98 NO$'-98
$'&K,�0=8:#"0I(5$b6LU3,9�%�o#"0
(9��!�8O-K�%0^(5$I;@$'!.,�01;=��&K,.-903&K,�>?03�<#d*+03!.!�03�"!�8�(9�o;@$'(90=8�#"0�NO��!.6L0\X

n20^;=02,.!Q$=_\$'-A(�#"02,9�%h=8�0�+"&%���%8�>]���"_D��&%8�!�03,�03&"-A!�(90=8)>?��-A&K,�8�8��"-A_�$'&/,�8@`

;

/�$ _\$'!.-5$',.-9��& 8.>M$',.-9�&'�,�036�>?��!�03(A(90 #4� >?��-9#"8<#"0P;=��&/,.!Q$'-A&K,�0 #"0GNS��!.6L0 $ 6L��&/,.!�U 8���& 0LKB;@$�;3-A,�U i
8@*Z$�*?!Q$'&%;��"-A!B#"0=8L6�-A&"-A6B$k(9�/;@$'�4f #4�%8L8���-A,LiG�"&%0<;=��&/,.!Q$'-A&K,�0J#"0bNS��!.6L0R�"&"-cNO��!.6L0<03,LU3(903_DU=0�+�8���-A,
$'�4fk$'(A,�U3!Q$',.-9��&%8H#"0I(�* -A6B$'CD0\X �m(A(90�>?03!.6L03,:#"0�#"U3>"(5$�;=03!:(90I;��%��-cfP;3!.-A,.-.-K�%0�#d* �"&%0I_\$'(903�"!:;=��&%8.,Q$'&/,�0
#4� >]��-9#"87#"0T;=��&/,.!Q$'-A&K,�0 _D03!�8I;=03(A�"-�#d* �"&%0BN�$'6�-A(A(90b#"0LNO��&%;3,.-9��&%87>M$'!Q$'6LU3,.!�U=0=8@X4/�0B!�U=8��"(A,Q$',I#"0T(5$
8�03C\6L03&/,Q$',.-9��&P0=8.,:$'(9��!�826L��-A&%8^8�03&%8.-AE"(907_/-989' i�'�_/-982#"0H(5$B_\$'(903�"!^#"0I;=0=82>M$'!Q$'6Lh3,.!�0=8 -K�%0I;=03(A(90I#d* �"&
>?��-9#"8B;=��&%8.,Q$'&/,@X g�03>]03&%#%$'&/,,+)&%��,.!�0 NS��!.6H�"(5$',.-9��& #"0 (5$P;=��&K,.!Q$'-A&/,�0k8.>M$',.-9�&'�,�036�>]��!�03(A(90k0=8.,B-98�8.�%0
#d*+��E%8�03!._\$',.-9��&%8^036�>"-A!.-.-K�%0=8203,2&�*Z$B>M$�8�#"01NO��&%#"036L03&K,^,9�%U=��!.-.-/�%0\X43FU@$'&"6L��-A&%8,+?03(A(907>?03�",F6L��&/,.!�03!
(5$ _D��-90R#d* �"&%0BNO��!.61�"(5$',.-9��& >"(A�%8I!.-ACD���"!�03�%8Q0 6L03&M$'&K,BiJ(5$G#"U3,�03!.6�-A&M$',.-9��& #"0T(5$ NO��&%;3,.-9��& 8.>M$',.-9�&'
,�036�>?��!�03(A(90R8�03(9��& (90=8H-A&4NO��!.6B$',.-9��&%8L#"U3!.-A_DU=0=8L#"0b(�* -A6B$'CD0R03,�#"0b(5$ NS��!.6L0 �<��� �������:03,I&%��& >M$'!I(5$
#"U �%&"-A,.-9��&J#"02>"!��&�%(98���� � �,0H#"��&K,�(90^!�U3C\(5$'CD01#"0=8)>M$'!Q$'6Lh3,.!�0=8F0=8�,)�"&%0^(A-A6�-A,Q$',.-9��&�X

;

/�$b;=��&K,.!.-AE"�",.-9��&P(5$T>"(A�%8�-A&"&%�@_\$'&K,�0B#"07;=07,.!Q$@_�$'-A(m#"07,9�%h=8�0I0=8.,2;=03!.,Q$'-A&%036L03&K,H;=03(A(90I;=��&%;=03!.&M$'&/,:(5$
NO��!.61�"(5$',.-9��& #"0<&%���"_D03(A(90=8TU3&%03!.C\-90=8T_/-98
$'&K,Tik!�U=#4�"-A!�0<(90=8B03!.!�03�"!�8L(9�o;@$'(90=8B#"0RNS��!.6L0<#"0<(5$ ;@$'!.,�0\X
3�U@$'&"6L��-A&%8,+j#"0L&%��61E"!�03�4f $�8.>]0=;3,�8H!�03(5$',.-cNO8HiR(5$ 8.,Q$'E"-A(A-A,�UT&K�"6LU3!.-.-/�%0T03,H(�* -A&2I%�%03&%;=0b#"0B(�*+U3&%03!.C\-90
-/�M$�#4!Q$',.-.-K�%02!�0=8.,�03&/,)6B$'(�;=��6�>"!.-98@X�/�0=8�!�U=8��"(A,Q$',�8�#"0^;=03,.,�0:$'>">"!��/;"�%0�+"&%��& 6B$',.�"!�01i7;=0�! ���"!,+48���&/,
;=03>?03&%#%$'&K,F03&%;=���"!Q$'CD0@$'&/,�8@X

;

/ *Z$'(ACD��!.-A,9�"6L0�#d*+��>",.-A6�-98
$',.-9��&T#4�B8.-A6�>"(90[fL$26L��&/,.!�U�8���&L�",.-A(A-A,�U�#%$'&%8 #"03�4f�8�-A,.�M$',.-9��&%8@`�(90�;@$'(A-AE"!Q$'CD0
#"0b;@$'6LU3!Q$ >?���"!7(5$<CDU3&%U3!Q$',.-9��& #4��D 39FP03,7(�*+0=8.,.-A6B$',.-9��& #"0=8H>M$'!Q$'6Lh3,.!�0=8�#"0T(5$J8.-A6�-A(A-A,.�%#"0T!�03&)'
#%$'&K,F(5$�;=��&K,.!Q$'-A&/,�0I#"0^NO��!.6L0:#"0=8�;=��&/,����"!�82$�;3,.-cNO8�-A&/_�$'!.-5$'&/,�01>M$'!F!���,Q$',.-9��&�+M,.!Q$'&%8�(5$',.-9��&J03,)N�$�;3,�03�"!
#d*+U=;��%03(A(90\X�n^$'&%8�(90=8F#"03�4f ;@$�8,+];=03,.,�0H6LU3,9�%�/#"0I8@*+0=8.,F!�U3_DU3(9U=0H0LKB;@$�;=0I03,F!���E"�%8.,�0\X�/�078.-A6�>"(90[f >?03!('
6L03,I>M$'!L$'-A(A(903�"!�8�#d*+U3_/-A,�03!I(5$ (A-A&%U@$'!.-98Q$',.-9��& BS;@$'(A-AE"!Q$'CD0 GI��� (5$J#"U3!.-A_\$',.-9��&$BS#"0=8�;=03&K,�0R#"0bC\!Q$�#4-903&/,/G
#"0 (5$GNO��&%;3,.-9��& #"0R;=�&%",TiG6�-A&"-A6�-98�03!@X s�-A&%8.-B+�8���& �",.-A(A-98Q$',.-9��& 0=8.,L,.!Q$'&%8.>?�\8Q$'E"(90<ik,����",�, n/>?0<#"0
NO��&%;3,.-9��&"&%03(A(90�+m8.�">">]�\8QU�-/�%0L(90T&%��61E"!�0 #"0L>M$'!Q$'6Lh3,.!�0=8�iJ0=8.,.-A6L03!H&�*+0=8�,1>M$�8H,.!���> C\!Q$'&%#dX �m&)�%&�+
&%���%8�$=_D��&%8)#"U36L��&/,.!�U -/�%0F(9028.-A6�>"(90[f�+4;=��&K,.!Q$'-A!�036L03&/,�iH(�* -A&K,.�"-A,.-9��&�+ ;=��&K_D03!.CD0@$'-A,�>"(A�%8�!Q$'>"-9#"036L03&/,
-/�%0^(5$�#"0=8�;=03&/,�0H#"0^C\!Q$�#4-903&/,@X�g�0^N�$'-A,�8@*+0[f4>"(A-.-K�%0:>M$'!�(�*+0=8.,.-A6B$',.-9��&G8.-A61�"(A,Q$'&%U=07#"0=8�>M$'!Q$'6Lh3,.!�0=8203,
C\!"!�;=01i7(5$I!�U=#4�%;3,.-9��&J#"0^(5$I;=��6�>"(90[fo-A,�UH;@$'(9;3�"(5$',���-A!�0:>M$'!�(5$7,�0=;"�"&"-.-K�%0H#"0^(5$7EM$'&%#"0:U3,.!���-A,�0\X

;

/ * �%8Q$'CD0 -/�%0�&%���%8�$=_D��&%8�N�$'-A,�#"0=8);=��&K,����"!�8�$�;3,.-cNO8)0=8.,�>"(A�",���,�>M$'!Q$�#"�@f"$'(�` $'(9��!�8�-K�%02;=0=8)���",.-A(98)8���&/,
;=��&"&K�%8B>]���"!�(903�"!b$'>",.-A,.�%#"0Jik8�0R#"U[NO��!.6L03!,+�&%���%8�(903�"!T$=_D��&%8B-A6�>]�\8QU �"&%0<;=��&K,.!Q$'-A&/,�0J#"0 NO��!.6L0
-A&,�"-AEM$'&K,�;=03,.,�0B>"!���>"!.-9U3,�Ub#"0CIM0[fo-AE"-A(A-A,�U\X s�-A&%8�-B+�(5$<6�-98�0B03& ;=��!.!�0=8.>?��&%#%$'&%;=0B>M$'!I;=��&K,����"!�8�$�;3,.-cNO8
8@*Z$'>">M$'!�03&/,�03!Q$'-A,�i2�"&B!�0=;@$'(5$'CD0�!.-AC\-9#"0�-/�"-M$'�"!Q$'-A, >"� �3,.!�0�$�;��%03_DUF>M$'! 0[f"036�>"(90�+D>M$'! (5$2,�0=;"�"&"-.-K�%0�#"0
_D��,�01#"0 �����"C8� >"!�U=8�03&/,�U=0\X�g�03>?03&%#%$'&K,,+d03&J#"U3>"-A,2#d* �"&%07;=��&K,.!Q$'-A&K,�0I#"01NS��!.6L0H8.�2KB8Q$'6�6L03&/,FNO��!.,�0
>?���"!F>M$'(A-903!^(90=8^$'!.,�0[N�$�;3,�82�"!.EM$'-A&%8,+?(90=82;=��&K,����"!�81$�;3,.-cNO8�CK$'!�#"03&K,^�"&%0<IM0[fo-AE"-A(A-A,�UI,.!�h=8�(9�o;@$'(90 -K�"-e(90=8



�	��� � � � � � 
 � � � ��� ��� � � ��� ��� �	��� ��� � a � j
!�03&%#"03&K,1�W	 � 	 �^>"(A�%8�>]03! NO��!.6B$'&K,�8 -K�%02(90=8�,�0=;��"&"-.-/�%0=8F#"02!�0=;@$'(5$'CD01!.-AC\-9#"0\X

;

/�0=8B-A&%#4-9;=0=8 #"0G;��M$'&"CD036L03&K,R>"!���>?�\8�U=8 #%$'&%8b;=03,.,�0 ,9�%h=8�0�+�-98�8.�%8b#d*Z$'>">"!��/;"�%0=8 $�8Q;=03&%#%$'&K,�0=8,+F8���&K,
!�03(5$',.-A_D036L03&K,L8.-A6�>"(90=8�i<;@$'(9;3�"(903!@X4/�0b8�;=��!�0b#"0 �����"C8� �",.-A(A-98�UB>?���"!76L0=8.�"!�03!H(5$J8.-A6�-A(5$'!.-A,�U 03&K,.!�0
(�*+��E ! 03, ;@$'!.,���C\!Q$'>,�"-.-/�%0�03,m(�* -A6B$'CD0F0=8.,j!���E"�%8.,�0�03, ;=��6�>"(9U36L03&K,Q$'-A!�0�#"0)(�*Z$'>">"!��o;��%0�#"0=8Q;=03&%#%$'&K,�0�#"0=8
;=��&K,����"!�8F$�;3,.-cNO8@X

;

� &)�%&�+4&%���%8�$=_D��&%8�>"� _DU3!.-+�M03!!-K�%0�(90=8�;=��&K,����"!�8�$�;3,.-cNO8)U3,Q$'-903&K,�#"0=8����",.-A(98yIM0[f4-AE"(90=8)03,�>"�"-98�8Q$'&K,�8)#"0
8�03C\6L03&K,Q$',.-9��&�+e;@$'>M$'E"(90=8HiT(5$TNO��-98^#d* -A&K,�U3C\!�03!H#"0=81;=��&K,.!Q$'-A&K,�0=8HCDU=��6LU3,.!.-.-/�%0=8:CDU3&%U3!.-.-/�%0=8:03,:8.>?U=;3-+'
�2-K�%0=8�03,�#"0:6L03&%03!FiIE"-903&R(5$7NS�%8.-9��&<#"0:#"��&"&%U=0=8@X

� ,NM �q>?P5; :
PaP5>?6W1 8<Z%P$dT>TS�>N35UV37>?6W1
P
�
	�7
	
� ��#
% #B�H�)> FAM %;�
F<U2�B� F��L����(I����*�#
(I��� F<� � ���E%'�
/�$�(A-A6�-A,Q$',.-9��&I(5$�>"(A�%8j;=��&/,.!Q$'-AC\&M$'&K,�0�#"0 (�*Z$'>">"!��/;"�%0�>"!���>]�\8�U=0�0=8.,e;=03!.,Q$'-A&%036L03&K, (�* -A&%;@$'>M$�;3-A,�U�#"0=8j;=��&K,����"!�8
$�;3,.-cNO8HiR8 *Z$�*]!Q$'&%;"�"-A!H#"0L(5$ NS��!.6L0.� ��� �������2#"U3!.-A_DU=0B#"0B(5$R;@$'!.,�0T$��%& #"0L;=��!.!.-ACD03!7(90=8103!.!�03�"!�8H(9�/;@$'(90=8H#"0
NO��!.6L0 -/��*+03(A(901;=��6�>"!�03&%#dX /�0=8�6L�o#"h3(90=8F#"01;=��&K,.!Q$'-A&K,�0�#"0:NS��!.6L01�",.-A(A-98�U=8�8Q��&K,�-A&K_\$'!.-5$'&K,�8�>M$'!F8.-A6�-A(A-A,.�%#"0
>"(5$'&%0�#4-A!�0=;3,�0F03,m>]03!.6L03,.,�03&/,�$'-A&%8�-%#"0�;=��!.!.-ACD03! #"0=8 03!.!�03�"!�8 C\(9��EM$'(90=8 #"0�!���,Q$',.-9��&�+K,.!Q$'&%8.(5$',.-9��&T03, #d*+U=;��%03(A(90
6L�o#4�"(9�J#"0=8H_\$'!.-5$',.-9��&%8H(9�o;@$'(90=8I#"0L,.!�h=8HN�$'-AE"(90b$'6�>"(A-A,.�%#"0 #"U3>?03&%#%$'&K,�#4� >?��-9#"8I$'(A(9���%Ubi (5$<;=��&/,.!Q$'-A&K,�0
>M$'!:!Q$'>">?��!.,Hib(�* -A&4NO��!.6B$',.-9��& #"0I(�* -A6B$'CD0\X 3����%81$=_D��&%816L��&K,.!�UB#%$'&%8H;=03,.,�0LU3,.�%#"0�-/�%0I(�* -A&K_\$'!.-5$'&%;=0T>M$'!
8.-A6�-A(A-A,.�%#"0H&�*+U3,Q$'-A,�>M$�8�iL6��36L0H#"0H!�U=8����%#4!�0:(90H>"!���E"(9h36L07#"0=8F03!.!�03�"!�8�(9�o;@$'(90=8,+ ;=0 -K�"-�&%���%8^$L;=��&%#4�"-A,^i
>"!���>?�\8�03!��"&%0FNO$ml=��& >"(A�%8yIM0[f4-AE"(90�#d* -A6�>?�\8�03!)(5$7;=��&K,.!Q$'-A&/,�0:#"0FNS��!.6L0^$@_D0=;2(5$1>?�\8�8.-AE"-A(A-A,�U2#"02#"U[NO��!.6L03!)(9�&'
;@$'(9036L03&/,�03, >M$'!Q$'(A(9h3(9036L03&/,�(90�;=��&K,����"!�>M$'! !Q$'>">?��!.,�i:(5$�NS��!.6L0�� ��� �5��� �SXjg�03,.,�0WIM0[fo-AE"-A(A-A,�U�0=8., &%U@$'&"6L��-A&%8
!�0=8.,.!�03-A&/,�0�iL�"&%0 0 � � � � ��#"07#"U[NS��!.6B$',.-9��&%8 `�,����",�0H,�03&K,Q$',.-A_D0L#d* -A&%;=��!.>?��!Q$',.-9��&P#"0H>"(A�%8�#"0I8����">"(90=8Q8�0H#%$'&%8
(90^6L�o#"h3(9018Q01#"��-A,F#d* �3,.!�0H;=��&K,.!Q$'-A&/,�0�03,�#"��-A,���E?U3-A!FiB;=03!.,Q$'-A&%0=8F!�h3C\(90=82i�#"U[N�$'�",F#"0 -K�%��-�(901;=��&K,����"!^$�;3,.-cN
8�03!Q$I8Q03&%8.-AE"(90:$'�4f $'!.,�0[NO$�;3,�8�#"0:(�* -A6B$'CD0\X

3���,.!�0L;"�%��-cf #"0B;=��&4NSU3!�03!I$'� ;=��&K,����"!I$�;3,.-cN��"&%0L(A-AE]03!.,�UB!�0=8.,.!�03-A&K,�0T03,1;=��&K,.!���(9U=0T>M$'!:(90�>M$'!Q$'(A(9U3(A-98.6L0
!�0LIMh3,�0B&%��,.!�0B;=��&"&M$'-98�8Q$'&%;=0 �/��� �5��� �2#"0=8103!.!�03�"!�8H(9�/;@$'(90=87#"0INO��!.6L0L(90=8:>"(A�%878����"_D03&/,H!�03&%;=��&/,.!�U=0=87#%$'&%8
(5$R;@$'!.,�0\X g�03>?03&%#%$'&K,,+j;=03,.,�0b;=��&"&M$'-98�8Q$'&%;=0T0=8.,1;3(5$'-A!�036L03&K,I-A&%8.�2KB8
$'&K,�0T>]���"!:6L�o#"U3(A-98�03!H(5$R,���,Q$'(A-A,�UB#"0=8
_\$'!.-5$'E"-A(A-A,�U=8j0[f4��CDh3&%0=8j;@$'!.,�0 '�-A6B$'CD0\X �m&I0 *?03,,+\;=03(A(90=8(' ;3-48���&/,e#4�%0=8j8���-A,j$'�4f1-A6�>"!�U=;3-98.-9��&%8j#"0 ,.!Q$�;=U�+\8Q��-A,e$'�4f
0 *d03,�82#"0H8.-A6�>"(A-+�M;@$',.-9��&P03,^#"0HCDU3&%U3!Q$'(A-98Q$',.-9��& #"0H(5$b;@$'!.,�0\X^n2$'&%8�(5$TCDU3&%U3!Q$'(A-A,�U�#"0=82;@$�8,+?;=0=8�_�$'!.-5$'E"-A(A-A,�U=8
��E?U3-98�8�03&/,:>"(A�%8Hi (5$<8.�"E ! 0=;3,.-A_o-A,�UB#4� >,�%��,��&'�-A&K,�03!.>"!�U3,�03�"!W-/��*ZiR#"0=8:!�h3C\(90=81E"-903& #"U �%&"-90=8,+e03(A(90=818�036HE"(903&K,
$'-A&%8.-�-A6�>]�\8Q8.-AE"(90=8^iL6L�o#"U3(A-98�03!^$=_D0=;7#"0=8F6LU3,9�%�o#"0=8�&%��& �%03�"!.-98�,.-.-K�%0=8@X��j$'!2;=��&%8QU6-K�%03&/,,+ (90=8�6L�o#"h3(90=82#"0
;=��&/,����"!�8T$�;3,.-cNO8�>"!���>]�\8QU=8L#%$'&%8L;=03,.,�0R,9�%h=8�0<&%0R8�03!���&K, !�$'6B$'-98L03& 6L0=8��"!�0R#d*+U3!Q$�#4-.-K�%03!T,���,Q$'(9036L03&K,B(90=8
03!.!�03�"!�8)(9�o;@$'(90=8�#"0=8���E ! 03,�8�;@$'!.,���C\!Q$'>,�"-.-/�%0=8@X

�
	�7
	87 ��#
% #B�H�)> F<�L� N.*�(�*�����>?� F��L� �<*�(�K��2%;�2(I��>
/�0=8�03!.!�03�"!�8�(9�o;@$'(90=8�#"0�NS��!.6L01#"02(5$I;@$'!.,�0�+"(9��!�8 -/��*+03(A(90=8�8���&/,�#"0�NO$'-AE"(90H$'6�>"(A-A,.�%#"0�+%��&K,�>?03� #d* -A6�>M$�;3,�8��"!
(5$b6LU3,9�%�o#"0L#d*Z$'&M$'(on48�0L#"0L;"�M$'&"CD036L03&K,�8H>"!���>]�\8�U=0\X 3F���%81$@_D��&%8:&%U@$'&"6L��-A&%8H6L��&K,.!�U:-K�M$'&/,.-A,Q$',.-A_D036L03&K,
-/�%0�(5$^>"!�U=8�03&%;=0�#d*+03!.!�03�"!�8 8�U3_Dh3!�0=8�$�;=;3!��A@9, 8�03&%8�-AE"(9036L03&K,�(90),Q$'�4fL#"0�#"U3,�0=;3,.-9��&%8 #"0�;��M$'&"CD036L03&K,)03!.!���&%U=0=8@X
g�0=;3-"0=8.,e(5$�;=��&%8�U6-K�%03&%;=0)#4-A!�0=;3,�0�#"0�(�* -A&M$'>",.-A,.�%#"0�#"0=8j;=��&K,����"!�8 $�;3,.-cNS8 iF8@*Z$�*?!Q$'&%;��"-A! #"0=8m03!.!�03�"!�8j(9�o;@$'(90=8m#"0
NO��!.,�0^$'6�>"(A-A,.�%#"0\X s�-A&%8�-B+o#%$'&%8�(902;@$�8)#d*+03!.!�03�"!�8�;@$'!.,���C\!Q$'>,�"-.-/�%0=8)&%��,Q$'E"(90=8,+4(5$7;=��6�>M$'!Q$'-98���&<03&/,.!�0^(�*+��E !.03,
;@$'!.,���C\!Q$'>,�"-.-/�%0 � $ KL&%U��b03,I(90=8I8�03C\6L03&K,�8�#"0b(�* -A6B$'CD0b>M$'!I_D��,�0 #"0 �����"C8� >"!��/#4�"-A,I�"& 8�;=��!�0b6LU=#4-9�/;3!�0
#"0<8�-A6�-A(5$'!.-A,�U�+�8
$'&%8W-K��* -A(�&%���%8B8���-A,L>?�\8�8.-AE"(90 #d*Z$ KL!.6L03!T8.-�;=0R6B$'&"-/�%0 #"0<!�0=8�8�0361E"(5$'&%;=0J0=8.,B# % i �"&
;"�M$'&"CD036L03&K,2��� i�#"0=8�03!.!�03�"!�8�#"02(5$L;@$'!.,�0\X



a � V � ������� �������	� ����� � � 
�� � ���

��	87
	�� ��#&% # ���2> F��2>S����(I����M��$>G*=� ��# � >
/ * �",.-A(A-98Q$',.-9��& #"0=8^;=��&K,����"!�87$�;3,.-cNS82;=��&/,.!Q$'-A&K,�8H&%U=;=0=8�8.-A,�07(907!�U3C\(5$'CD0�#"0I>]��-9#"82#"U3,�03!.6�-A&M$'&K,H(�* -A&2I%�%03&%;=0L#"0
(�*Z$',.,Q$�;"�%07$'�4f<#"��&"&%U=0=8�03,�#"0:(5$L;=��&K,.!Q$'-A&K,�0I#"02NO��!.6L0\X)g�0^!�U3C\(5$'CD0H0=8�,�036�>"-A!.-.-K�%07;=0 -/�"-�!�03>"!�U=8�03&K,�01�"&%0
(A-A6�-A,�0:$'� ;@$'!Q$�;3,�h3!�02,���,Q$'(9036L03&K,�$'�",���6B$',.-.-/�%0^#"0F(5$16LU3,9�%�o#"0\X 3����%8�$@_D��&%8�&%U@$'&"6L��-A&%8�!�036B$'! -K�%U -/��* �"&
8Q03�"(/!�U3C\(5$'CD0�>?03!.6L03,.,Q$'-A, #d*+��E",�03&"-A!j#"0=8e!�U=8.�"(A,Q$',�8j8Q$',.-98.NO$'-98Q$'&/,�8
-K�%03(�-K�%0�8���-A,e(�*+03&%#4!���-A,m#"0 (�* -A6B$'CD0)$'&M$'(on48�U\X

/�01;"�%��-cf #4� 6L�o#"h3(901#d*Z$',.,Q$�;"�%07$'�4f<#"��&"&%U=0=8�>M$'!Q$ @9,F03&J!�03_�$'&%;"�%0:>"(A�%8�#"U3(A-9;@$',@X 3F���%8�$=_D��&%8F-A(A(A�%8.,.!�U
#%$'&%8m;=03,.,�0�U3,.�%#"05-/�%0 (90=8e6L�o#"h3(90=8�EM$�8QU=8e8��"!�(�* -A&4NO��!.6B$',.-9��&L#"0 !�U3C\-9��&�U3,Q$'-903&/,m>"(A�%8�>?03! NO��!.6B$'&K,�8j6B$'-98e�"&"-+'
-/�%036L03&K,:#"U=#4-9U=8:$'�4fJE !',.-A6L03&K,�81$@_D0=;H�"&k,���-A, �%��6L��CDh3&%0\X /�0=82;=��&/,����"!�81$�;3,.-cNS8�EM$�8�U=828.�"!�(�* -A&4NO��!.6B$',.-9��&
#"0 NS!���&K,.-9h3!�0k8���&K,b>"(A�%8 8�03&%8.-AE"(90=8 iP(�* -A&"-A,.-5$'(A-98
$',.-9��& 6B$'-98 8���&/, $'>">"(A-9;@$'E"(90=8<iP,����",T, n/>?0G#"0 E !',.-A6L03&/,@X
�e���"_D��-A!<;��%��-98�-A! $'�",���6B$',.-.-/�%036L03&K,<03&/,.!�0J(�* �"& 03,B(�*Z$'�",.!�0G#"0=8b6L�/#"h3(90=8b8�03!Q$'-A,b�"& CK$'-A& 03& !���E"�%8�,�0=8�8�0
03,^0LKB;@$�;3-A,�U\XIg�03,.,�0 -/�%0=8.,.-9��&k!�0=8.,�07&%U@$'&"6L��-A&%8:���"_D03!.,�0�;@$'!^#"U3,�03!.6�-A&%03!1iT(�*Z$=_\$'&%;=0I8.-j�"&GE !',.-A6L03&/,:0=8.,
�%��6L��CDh3&%0)���7&%��&�0=8.,e�"&%0 ,"!�;"�%0)#4- KB;3-A(90�#%$'&%8e(5$F6L0=8.�"!�0��mpI(90 !�0=;@$'(5$'CD0�-A&"-A,.-5$'(";@$'!.,�0 '�-A6B$'CD0)0=8.,e-A6�>"!�U=;3-98@X

/�0=82;=��&K,����"!�81$�;3,.-cNO828���&K,^;=��&"&/�%82>]���"!2(903�"!^8�03&%8.-AE"-A(A-A,�U�iB(�* -A&"-A,.-5$'(A-98Q$',.-9��& 03,�(903�"!�82,�036�>%8^#"0H;=��&/_D03!('
CD03&%;=0 (9��&"CD8@X;/�$ >"!�036�-9h3!�0J(A-A6�-A,Q$',.-9��& &%���%8b$P;=��&K,.!Q$'-A&/, i ,.!Q$'-A,�03!B�"&"-.-/�%036L03&K,b(90=8LE !',.-A6L03&K,�8b>?03� i
6L� nD03&"&%036L03&K,bU3(903_DU=87#"0T(�* -A6B$'CD0\X /�$J8�0=;=��&%#"0b!�03>"!�U=8�03&K,�0 �"& ��E%8.,Q$�;3(90R$'� ;@$'!Q$�;3,�h3!�0b��>?U3!Q$',.-9��&"&%03(�#"0
(�*Z$'>">"!��o;��%01>"!���>]�\8QU=0^#%$'&%8)(5$I,9�%h=8�0\X ��-903&G-/�%02(90=8)>"!��/;=U=#4�"!�0=8�$'-903&K,�U3,�U^��>",.-A6�-98QU=0=8,+"(902,.!Q$'-A,�036L03&K,�#d* �"&
E !',.-A6L03&/,�_�$'!.-90�#"0 -K�%03(.-/�%0=8 8Q0=;=��&%#"0=8�i -/�%03(.-/�%0=8 6�-A&K�",�0=8 �/(90=8 ,�036�>%8 #"0F;@$'(9;3�"(M6L03&%U=8�$=_D0=;F(90=8 6L�o#"h3(90=8
-/�M$�#4!Q$',.-.-/�%0=8�8���&/,�>"!����"-AE"-A,.-cNS8 X

��, � ��Z"47Pa\ Z%;=35> �WZ%P
s�_\$'&K,�#"0^;3(9��!�0^;=0^#"�o;3�"6L03&K,,+"&%���%8�8Q���,�M$'-A,���&%8�U3&K�"6LU3!�03!�-/�%03(.-/�%0=8�_D��-90=8)>]�\8Q8.-AE"(90=8�>]���"!)#"0�NS�",.�"!�8�,.!Q$�'
_\$'�4fd`

;

3F���%8e_D03&%��&%8 #"0�_D��-A!�-/�%0 (5$F!���E"�%8.,�0=8Q8�0�#"0 (�*Z$'&M$'(on48�0�#"0�;��M$'&"CD036L03&/,�8 ;@$'!.,�0 '�-A6B$'CD0)#"U3>?03&%#�#4��8.�%; '
;=h=8�#"0=8F;=��&K,����"!�8^$�;3,.-cNO8Fi�8.�"!.6L��&/,�03!F(90=8F03!.!�03�"!�8�(9�o;@$'(90=8�#"02NS��!.6L0H#"0=8�#"��&"&%U=0=8�;@$'!.,���C\!Q$'>,�"-.-K�%0=8 X
3����%8F$=_D��&%8�>M$'!^$'-A(A(903�"!�82;=��&%8.,Q$',�U -/��* �"&%0H;=��!.!�0=;3,.-9��& 0[f)�M$'�%8.,.-A_D07#"0=8�03!.!�03�"!�82U3,Q$'-A,F-A(A(A�%8Q��-A!�0\XFg�0 '
>?03&%#%$'&K,,+��"&%0 8��">">"!�0=8�8.-9��&7,���,Q$'(90 #"0=8�03!.!�03�"!�8�&�*+0=8�,�>M$�8�-A&%#4-98.>]03&%8
$'E"(90 >?���"!e$�;=;3!��A@9,.!�0�(5$)!���E"�%8�,�0=8�8�0
#"0�(�*Z$'&M$'(on48�0�#"0�;"�M$'&"CD036L03&K,�8@X
�m&T0 *d03,,+K(5$1!�U=#4�%;3,.-9��& #"0�(�*Z$'6�>"(A-A,.�%#"02#"0�(�*+03!.!�03�"!�8�03!Q$'-A,�#"U
!.i18.�2K '
8Q$'&/,�0�>?���"! !�U=#4�"-A!�0F(90�,Q$'�4fB#"0�#"U3,�0=;3,.-9��&%8�#"0F;��M$'&"CD036L03&K,)03!.!���&%U=0=8@X%sF-A&%8.-B+/(90�,.!Q$@_�$'-A(?03&K,.!�03>"!.-98)$'�
8.�&!.03,)#"0=8�U3&%03!.C\-90=8�-/�M$�#4!Q$',.-.-K�%0=8�6LU3!.-A,�0:#d* �3,.!�0^>?���"!�8.�"-A_o-�X%s�(A,�03!.&M$',.-A_D036L03&/,,+M-A(�8�03!Q$'-A,)-A&/,�U3!�0=8�8Q$'&/,
#"0^_D��-A!�#%$'&%8 -/�%03(A(90:6L0=8.�"!�01�"&%0:-A&%;=��!.>?��!Q$',.-9��&G#d* �"&J6L�/#"h3(90H8.,Q$',.-98.,.-.-/�%0:#"01;=��&/,.!Q$'-A&K,�0I#"0^NO��!.6L0
BOi7>M$'!.,.-A!�#d* �"&J$'>">"!�03&/,.-98�8Q$'CD0H#"0=8�03!.!�03�"!�8/G�>?���"!.!Q$'-A,�$'6LU3(A-9��!�03!�(5$�,�0=;��"&"-.-/�%0\X

;

/�0=8L;3!.-A,�h3!�0=8TU3&%03!.CDU3,.-.-K�%0=8T#"0 &%��&)' ;��M$'&"CD036L03&K,bNO��!.61�"(9U=8T#%$'&%8�&%��,.!�0 $'>">"!��o;��%0<8���&/,LC\(9��EM$'�4f i
(�*+U=;��%03(A(90 #"0T(�*+��E ! 03,I;@$'!.,���C\!Q$'>,�"-.-/�%0\X&�m& 0 *d03,,+e(90T8Q;=��!�0T#"0 �F���"C8� 0=8.,7(90L!�U=8.�"(A,Q$',�#"0T(5$<;=��&/,.!.-+'
E"�",.-9��& ,���,Q$'(901#"0=8�8�03C\6L03&/,�8�$ nK$'&K,�>M$'!.,.-9;3-A>?UH$'� _D��,�0��%(�*+U3&%03!.C\-901#"0:_�$'!.-5$',.-9��&JCDU=��6LU3,.!.-.-K�%0H0=8.,��"&
;@$'(9;3�"(�-A&/,�U3C\!Q$'(�8.�"!B(90<#"��6B$'-A&%0 #"0R(�* -A6B$'CD0�+�#"0 N�$'-A,LC\(9��EM$'(�X;3 (�8Q03!Q$'-A, ! �%#4-9;3-903�4f #"0<6L03&%03!L�"&%0
$'&M$'(on48�0:>"(A�%8�(9�/;@$'(90H#4�J;��M$'&"CD036L03&/,���&%��&)' ;��M$'&"CD036L0=&/,I$��%&G#"0:_\$'(A-9#"03!�(90=8F>M$'!.,.-90=8F#"01(�*+��E ! 03,�;@$'!('
,���C\!Q$'>,�"-.-/�%0�$ KL&%U!-K�"-"8���&/, ;=���%U3!�03&K,�0=8�$=_D0=;�(�* -A6B$'CD0\X�/�0=8j>M$'!.,.-90=8 -A&%;=���%U3!�03&K,�0=8 -K�"-"8���&/, 8���-A, #4�%0=8
i #"0=8:03!.!�03�"!�8H#"0I(5$ ;@$'!.,�0�+�8���-A,Hi #"0=81;��M$'&"CD036L03&K,�8H>M$'!.,.-903(9810 *d0=;3,.-cNO8:8�03!Q$'-903&K,7$'(9��!�8:>"!���>?�\8�U=0=81i
(�*+0[f%$'6L03& #d* �"&<>,�%��,��&'�-A&K,�03!.>"!�U3,�03�"!@X

;

3F��,���&%8V-/�%0:(�* -A&4NO��!.6B$',.-9��&k#d*+��6HE"!�0�+?;@$'!Q$�;3,�U3!.-98.,.-.-K�%0I#"0=8FE !',.-A6L03&K,�8,+]&�*Z$B>M$�8FU3,�UH�",.-A(A-98�U=01>]���"!�(5$
#"U3,�0=;3,.-9��&<#"0^;��M$'&"CD036L03&/,@X�g�03(A(90 ' ;3-d6LU3!.-A,�0^#d* �3,.!�0^;=��&%8�-9#"U3!�U=0:$��%&<#d*Z$�;=;3!��A@9,.!�0^(5$H!���E"�%8.,�0=8�8�02#"02(5$



�	���	� ��� ��� ��� � ��� � ��� a � 6

#"U=;3-98.-9��& �%&M$'(90:#"0^;"�M$'&"CD036L03&K,���&%��&)' ;��M$'&"CD036L0@&K, X

;

� & _o�%0T#d*Z$'6LU3(A-9��!�03!I(5$ !���E"�%8.,�0=8�8�0b#"0=8I;=��&K,����"!�8L$�;3,.-cNO8,+e-A(�0=8�,7;=��&%;=03_\$'E"(90 #d* �",.-A(A-98�03!H(�* -A6B$'CD0 8Q$�'
,�03(A(A-A,Q$'-A!�0<61�"(A,.-98�>]0=;3,.!Q$'(90J>"!�U@$'(5$'E"(9036L03&K,<iG(�* -A6B$'CD0<>M$'&%;"�"!���6B$',.-.-K�%0 BS#"0R!�U=8Q��(A�",.-9��&'-/�M$',.!�0RNO��-98
-A&4NSU3!.-903�"!�0IiB;=03(A(907#"0:(�* -A6B$'CD076H�"(A,.-98.>]0=;3,.!Q$'(90 G[X^g�0=;3-e!�03>"!�U=8�03&K,�03!Q$'-A,^�"&G,.!Q$'-A,�036L03&K,261�"(A,.-+' U=;"�%03(A(90=8
8.�%8�;=03>",.-AE"(90�#d*Z$'6LU3(A-9��!�03!m(90=8j,�036�>%8j#"0�;@$'(9;3�"(�X
/ * -A&4NO��!.6B$',.-9��&B#"0�;=���"(903�"! 0=8.,j#4-A!�0=;3,�036L03&K, �",.-A(A-98Q$'E"(90
#%$'&%8:(90�6L�o#"h3(90��)$ nDU=8.-903& 8�03(9��&P(90=81,.!Q$=_\$'�4f #"0CD X C����%8�8���& t a -vjmw X"��-903& -/�%0�(5$R;=���"(903�"!1>M$'!Q$ @9,
�"&%0^;@$'!Q$�;3,�U3!.-98.,.-.-K�%0:&%0:#4-98�;3!.-A6�-A&M$'&K, -K�%026L� nD03&"&%036L03&K,�(902E !',.-�#4�R!�0=8.,�0^#"02(5$I8�;=h3&%0�+";=03,.,�0^>"-98�,�0
6LU3!.-A,�0:#d* �3,.!�0:0[f4>"(9��!�U=0\X

;

� &)�%&�+ (5$ ,�0=;��"&"-.-/�%0<#4� _D��,�0R#"0 �����"C8� >]03�",��3,.!�0b�",.-A(A-98�U=0 >]���"!7>"(5$�;=03!�(�*+��E !.03,I;@$'!.,���C\!Q$'>,�"-.-/�%0
8.�"!)(90^,���-A,�#"0=8)E !',.-A6L03&/,�8FU3(903_DU=8
BS0 *?03,�#"0:>]03!�8.>?0=;3,.-A_D0^-A6�>?��!.,Q$'&K,/G�$=_\$'&K,F#d*Z$'>">"(A-.-/�%03!�(90^!�0=;@$'(5$'CD0
>"(A�%8��%& 03,I>"(A�%87>"!�U=;3-98�#"0=8�;=��&K,����"!�8T$�;3,.-cNS8@X / *Z$'>">"!��/;"�%0REM$�8�U=0 8.�"!I(90b_D��,�0b#"0 �����"C8� 0=8.,I&%��&
(9�/;@$'(90�+K!Q$'>"-9#"0F03, >?03!.6L03,.,.!Q$'-A, #"0�CDU3&%U3!Q$'(A-98�03! (5$:6LU3,9�%�/#"0�>"!���>]�\8QU=0�i^,����", , n/>?0�#"0�E !',.-A6L03&K,@X �m(A(90
&%U=;=0=8�8.-A,�0)&%U@$'&"6L��-A&%8�#d* �3,.!�0�U3,�03&%#4�%0�i2(�* -A&K_\$'!.-5$'&%;=0�>M$'! !���,Q$',.-9��&T03,mN�$�;3,�03�"! #d*+U=;��%03(A(902$��%&B#"0),�03&"-A!
;=��6�>",�0:#"0=8�03!.!�03�"!�8�#"018.�">]03!.>?�\8.-A,.-9��&R-A&"-A,.-5$'(90H;@$'!.,�0 '�-A6B$'CD0\X

3����%8m0=8.>?U3!���&%8<-/�%0);=0�,.!Q$=_\$'-A(M#"0),9�%h=8�0�$'�"!Q$2>"�b$'>">]��!.,�03! �"&%0�6L�o#"0=8.,�0�;=��&/,.!.-AE"�",.-9��& i�(�*Z$'&M$'(on48�0 BS8�036�-+' G
$'�",���6B$',.-.-/�%0�#"0F8�;=h3&%0=8 �"!.EM$'-A&%0=8�>?���"! $�8�8.-98.,�03! 03,�$'-9#"03! ,����", >,�%��,��&'�-A&K,�03!.>"!�U3,�03�"!�#%$'&%8 8Q$^,"!�;"�%0�#"0�6�-98Q0
i ! ���"!7#"0B;@$'!.,�0=8@X sF� #"03(5iJ#"0L(�*Z$'>">"(A-9;@$',.-9��& -A6�6LU=#4-5$',�0�+m&%���%870=8.>?U3!���&%8 -/�%0B;=0B,.!Q$=_\$'-A( >"!��&�%,�03!Q$ki<(5$
8��o;3-9U3,�U703,^$'� #"U3_D03(9��>">?036L03&K,1#4�"!Q$'E"(90I#"0=8 #@��&%0=8��"!.EM$'-A&%0=8 -/�"-e8Q��&K,^03&k>M$�8�8�07#"0H!�03C\!����">?03!^>"!�h=82#"07(5$
6L��-A,.-9U:#"02(5$�>]��>"�"(5$',.-9��&<6L��&%#4-5$'(90\X



a � Y � ������� �������	� ����� � � 
�� � ���



� ��������� �

� �
	 � *+��� �c���"��� *$� �(�
	 �
����� �=��* � *+��� � ��* �
�����(��	 * �

g�03,.,�0^8�0=;3,.-9��& >"!���>]�\8�0^#"0^#"U=;3!.-A!�0:(90=8�#"��&"&%U=0=8�;@$'!.,���C\!Q$'>,�"-.-/�%0=8F03,�#"02,�U3(9U=#"U3,�0=;3,.-9��&J�",.-A(A-98�U=0=8�(9��!�8�#"0^;=0
,.!Q$@_�$'-A(m#"0H,9�%h=8�0\X1g�0=82#"��&"&%U=0=82!�03>"!�U=8�03&K,�03&/,:,����",�0=8�(5$B_o-A(A(907#"0 �eU 4o-A& iT#4-+*dU3!�03&K,�0=8:#%$',�0=8@X /�0=82-A6B$'CD0=8
#"02,�U3(9U=#"U3,�0=;3,.-9��&k8���&K,F��>",.-.-K�%0=8F03,�#"0:#"03�4f<8���!.,�0=8@X�/�$I>"!�036�-9h3!�01;=��&%;=03!.&%0H#"0=8�;=���">"(90=8F8�,�U3!�U=�\8�;=��>"-.-K�%0=8
#d* -A6B$'CD0=81$�U3!.-903&"&%0=8HiB>M$'!.,.-A!:#"0=8O-K�%03(982&%���%82CDU3&%U3!�03!���&%8^�"& 6L�o#"h3(90I&K�"6LU3!.-.-/�%0�#"0�8.�"! N�$�;=0I#"0H(5$ 8Q;=h3&%0
BED.3-FHG[X2/ *Z$'�",.!�0:, n/>?01#d* -A6B$'CD0=8�#"0^,�U3(9U=#"U3,�0=;3,.-9��&G!�03CK$'!�#"01(�* -A6B$'CD03!.-90H8Q$',�03(A(A-A,Q$'-A!�01,.!�h=8 �M$'�",�0:!�U=8���(A�",.-9��&�X
3����%8b>"!�U=8�03&K,�03!���&%8R(90=8 ;@$'!Q$�;3,�U3!.-98.,.-.-/�%0=8<#"0=8 -A6B$'CD0=8 !�U@$'(A-98�U=0=8 >M$'! (90G8Q$',�03(A(A-A,�0%2F�"-9;54oE"-A!�# -/�"-���&/,R(5$
6L03-A(A(903�"!�0F!�U=8���(A�",.-9��&bi:(�* �%03�"!�0�$�;3,.�%03(A(90�#%$'&%8 (90�#"��6B$'-A&%0F;3-A_o-A(�X��m&)�%&�+/(90=8 #"��&"&%U=0=8�;@$'!.,���C\!Q$'>,�"-.-/�%0=8��",.-+'
(A-98�U=0=8m8Q��&K, #4-98.>?��&"-AE"(90=8 8����%8eNO��!.6L0�&K�"6LU3!.-.-/�%0�03, 8���&/,m-98�8.�%0=8m#d* �"&L8 n48.,�h36L0�#d* -A&4NS��!.6B$',.-9��&BCDU=��C\!Q$'>,�"-.-K�%0
B F 3.� G[X,3����%8)&%���%8�$',.,Q$�;��%03!���&%82i�#"U=;3!.-A!�0^�"&"-.-/�%036L03&K,�;=03(A(90:#4�<E !',.-�X

�c,T. ��4��%P5Z%1J35UV35>?6#1 8
Z%P 8<6W1
1 �%Z%P
� 	
��	
� ����(<(< "�2> F<� �� 2�
 2F� "�H�)� ��#
��(
� ��
 ��
 ��
 � " ? ���	� ?@�����!���
�7�	�
3����%8L#4-98.>?�\8���&%8B#"0<,.!���-98L-A6B$'CD0=8b#"0 ��U 4o-A& ;=���"_/!Q$'&/,B(5$ #@��&%0J#4� NW�",.�"!�0 _/-A(A(5$'CD0 ��(on/6�>"-.-/�%0 #"0)u8-8- �
B �%C\�"!�0
sHX a G[X /�0=8�-A6B$'CD0=828���&/,^$'&M$'(9��C\-.-/�%0=8^03,�!�03>"!�U=8�03&K,�03&/,^(5$B8�;=h3&%0IiB�"&%07U=;"�%03(A(90I#"0 a ` a -�+�-8-8-4X �m(A(90=8
��&/,H03&%8.�"-A,�0bU3,�UT8Q;@$'&"&%U=0=81>M$'!H(90=8H8���-A&%87#4� �53 F	D iR�"& >M$�8H#"0 u a 6�-9;3!���&%8@X /�0=81-A6B$'CD0=87&/�"6LU3!.-.-K�%0=8
!�U=8.�"(A,Q$'&/,�0=8:��&K,7$'-A&%8.-m�"&%0I!�U=8���(A�",.-9��& #"0Cu a ;36 >M$'!^>"-cf"03(�X /�0=81$'�",.!�0=8:;@$'!Q$�;3,�U3!.-98.,.-.-/�%0=81#"0�;=0=8^-A6B$'CD0=8
8���&/,)(90=8�8.�"-A_\$'&K,�0=81`

;

#%$',�01#d*Z$�;6-K�"-98.-A,.-9��&�` $'�",���6�&%0 a �����

;

$�;6-/�"-98�0=8)>M$'!��"& $'>">M$'!�03-A(e$'&M$'(9��C\-.-/�%0
� C�g j8- /�03-9;@$ Frn48.,�036L8Fg�$'6L03!Q$
�

;

;@$'>",�03�"!F��>",.-.-K�%01i�CDU=��6LU3,.!.-90:;=��&"-.-K�%0

;

-A6B$'CD0=8�61�"(A,.-98.>?0=;3,.!Q$'(90=8<B j�EM$'&%#"0=81`�C � �WG

;

#4-A6L03&%8�-9��&%8�#d* �"&%0^-A6B$'CD0L` a\a +�-8-8-L>M$'! a\a +�-8-8-�>"-cf"03(98�BS8���-A,)�"&%0 #@��&%01;=���"_D03!.,�0:#"0�u4Xkj × u4XkjB4o6 2 G

;

(90^8?no8.,�h36L0^��>",.-.-/�%01$�8�8��"!Q$'&K,�(�*Z$�;6-/�"-98.-A,.-9��&J#"02(5$�>,�%��,���C\!Q$'>,�"-90H$7�"&%0:#4-98.,���!�8�-9��&<&%U3C\(A-ACD0@$'E"(90\X

;

>M$�8F#"018 n48.,�h36L0:#"01CDU=�&'�!�U[NSU3!�03&%;=036L03&/,2>M$'!2� � F<��� Cvno!��\8�;=��>?0^>]���"!F(5$�#"U3,�03!.6�-A&M$',.-9��& #"0=8�>M$'!Q$�'
6Lh3,.!�0=8�#"02>"!.-98�0:#"02_o�%0\X

a �{z



a ��� � � � ����� ��� ��� ��� � � � �	��� ��� ��� ��� ��� ���	��� ������� � ��� � ��� � ��� � � ���

>:?�A:B s7X a `
3 6B$'CD0F$�U3!.-903&"&%0�!�03>"!�U=8�03&/,�U=0�i76�� #"0�8Q$�,Q$'-A(A(90F��!.-AC\-A&M$'(90\X�/�0)NS�",.�"! _o-A(A(5$'CD0���(on/6�>"-.-/�%0�8Q0�8.-A,.�%0
$'� &%��!�# ' 0=8.,�#"0^(�* -A6B$'CD0\X

F/�"-A,�07iL(�*+U3&%��&%;=UI#"0H;=0=8�;@$'!Q$�;3,�U3!.-98.,.-.-/�%0=8,+?>"(A�%8.-903�"!�8�!�036B$'! -K�%0=828@* -A6�>?�\8�03&/,@X /�$B>"!�036�-9h3!�0I;=��&%;=03!.&%0
(5$R,Q$'-A(A(90BU3(903_DU=0L#"0=81-A6B$'CD0=8@XLn^$'&%8:(�*+��>",.-.-/�%0B#d* �",.-A(A-98�03!H;=03(A(90=8(' ;3- $=_D0=;B(90�(9��C\-9;3-903( #"0I!�0=;=��&%8�,.!.�%;3,.-9��&�j�n
>?���"!�CDU3&%U3!�03!��"& D.39FQ+%-A(�8�03!Q$L&%U=;=0=8�8Q$'-A!�0H#"0:(90=8�8����%8(' U=;��M$'&/,.-A(A(9��&"&%03!1$'� !.-98 -/�%0:#d* �3,.!�07;=��&4NW!���&/,�U7iB#"0=8
,�036�>%8�#"0^;@$'(9;3�"(d>"!����"-AE"-A,.-cNS8
BW�"& D 39FBCDU3&%U3!�U2>M$'!)(902(9��C\-9;3-903(d!�U=8.�"(A,�0^#d* �"&%0:;=��!.!�U3(5$',.-9��& #"0^#"03�4fb-A6B$'CD0=8
8�,�U3!�U=�\8�;=��>"-.-K�%0=8LG[X /�0:,�036�>%8�&�*+0=8�,�>M$�8�(90:8Q03�"(e$'!.C\�"6L03&K, -/�M$'&K,�$'�J;��%��-cf #4� 8����%89' U=;��M$'&K,.-A(A(9��&"&M$'CD0\X��m&
0 *d03,,+M;=01#"03!.&"-903!�>?03!.6L03,.,.!Q$L#"0^!�U=#4�"-A!�01(90^E"!.�"-A,�-A&,�%U3!�03&K,^$'� 8�;@$'&"&M$'CD0H#"0^(5$I>,�%��,���C\!Q$'>,�"-90I$'-A&%8.-�-/�%0^(90
&"-A_D0@$'� #"0�#"U3,Q$'-A(]#"0�(�* -A6B$'CD0V-K�"- 0=8., 8����"!�;=0F#d*+03!.!�03�"!�8 (9��!�8�#"0�(5$^CDU3&%U3!Q$',.-9��& #d* �"& D 39F7(9��!�8 -/��* -A( 0=8�, ,.!���>
U3(903_DU\X

/�02(9��C\-9;3-903(�#"02!�0=;=��&%8.,.!.�%;3,.-9��&J-A6�>]�\8Q02�"&%0:$'�",.!�0:;=��&K,.!Q$'-A&/,�0 -/�M$'&K,�$'�4f -A6B$'CD0=8F$�U3!.-903&"&%0=8@X�g�03(A(90=8(' ;3-
#"��-A_D03&/, �3,.!�0�6L��&%�&'�EM$'&%#"0=8 X<3����%81$=_D��&%8H;��%��-98.- #"0L;=��&K_D03!.,.-A!H(90=8:-A6B$'CD0=81��!.-AC\-A&M$'(90=81,.!.-+'�EM$'&%#"0=8 B C ���WG
>M$'!�(90:;@$'(9;3�"(�#"02(5$I6L� nD03&"&%0H#"0=8�,.!���-98�EM$'&%#"0=8�>?���"!�;"�M$H-K�%0^>"-cf"03(�;=��&%8.-9#"U3!�U\XA/ * -A6B$'CD0:6L��&%�&'�EM$'&%#"0H!�U '



����� � ����� � � � � �	��� ��� � ��� � ��� � ����� a ���

8.�"(A,Q$'&/,�028�0�!Q$'>">"!��/;"�%0:$'-A&%8.-?(90�>"(A�%8)#4�R8.>?0=;3,.!�0�>M$'&%;��"!���6B$',.-.-/�%0\X�g�03,.,�0^;=��&K_D03!�8�-9��&<0=8.,�0 *d0=;3,.�%U=0:$=_\$'&K,
(90^8����%89' U=;��M$'&K,.-A(A(9��&"&M$'CD0I#"0=8)-A6B$'CD0=8 X

� ��
 ��
 ��� � " ? ���	� ��? �����/�!����? �!���	�
3����%8 >?�\8�8�U=#"��&%8 #"03�4fI-A6B$'CD0=8 2F�"-9;54oE"-A!�#TE"!.�",�0=8 BW>"!��o#4�"-A,�� EM$�8.-9;�E"�"&%#4(90���#"0�n�-AC\-A,Q$'( ��(9��E?0 G $�;6-/�"-98�0=8 03&
u8-8-vuI03,Ju8-8-vjL03,�#"��&K,�(90=8�;@$'!Q$�;3,�U3!.-98.,.-.-K�%0=8F8���&K,�(90=8�8.�"-A_\$'&K,�0=8@`

;

n^$',�0:#d*Z$�;6-/�"-98.-A,.-9��& `j6B$'!�8 u8-8-vu �78�03>",�036HE"!�0<u8-8-vj4X
;

3 6B$'CD0^;=��!.!.-ACDU=0:!Q$�#4-9��6LU3,.!.-.-/�%036L03&K,��"&"-.-/�%036L03&K,@X

;

3 6B$'CD02>M$'&%;��"!���6B$',.-.-/�%0Ii/-4XZY76<��>"-cf403(�X

;

3 6B$'CD0I61�"(A,.-98�>]0=;3,.!Q$'(90bi -K�M$',.!�0IEM$'&%#"0=8 BW,.!���-98H;@$'&M$'�4fG!����"CD0�+�_D03!.,,+�E"(903� ,.!Q$�#4-A,.-9��&"&%03(98I$=_D0=;��"&%0
-K�M$',.!.-9h36L0^EM$'&%#"0103&<-A&4NW!Q$�'�!����"CD0:>"!��/;"�%0 G�$=_D0=;<u4X � 6Lh3,.!�0=8�#"02>M$�8�$'�J8���(�X

;

/�$',.-A,.�%#"0 �?/���&"C\-A,.�%#"0I#"02(5$�#@��&%0^!�0=;3,Q$'&"C\�"(5$'-A!�01;=���"_D03!.,�0T`

� g���-A& &%��!�# ' ���%0=8.,J`G/�$',.-A,.�%#"0\` V -4X�-\Y\Y z ◦ B u8-8-vu{G �JV -4X�- � - � ◦ B u8-8-vj{G � /���&"C\-A,.�%#"0\` a\a Y4Xku\Y8- � ◦B u8-8-vu{G	� a\a Y4Xku86 � B u8-8-vj{G
� g���-A&J8.�%# ' 0=8.,:`�/�$',.-A,.�%#"0\`7j � X � V z 6 B u8-8-vu{G	�]j � X �4a � B u8-8-vj{G ��/���&"C\-A,.�%#"0\` a\a Y4X V u'V z ◦ B u8-8-vu{G �

a\a Y4X V 686 B u8-8-vj{G

;

g%�M$H-/�%0:;@$'&M$'(�8�>]0=;3,.!Q$'(�0=8.,�;=�o#"U:8.�"! a Y�E"-A,�8@X

;

/ * -A6B$'CD010=8.,)E"!.�",�0:03,)&%01;=��&K,.-903&K,2$'�%;3�"&%0:-A&4NO��!.6B$',.-9��& #"0^CDU=�o;=�/#%$'CD0\X

;

sF&"C\(902>M$'!�!Q$'>">?��!.,F$'�<&M$�#4-A!1` 6 ◦ B u8-8-vu{G	� � ◦ B u8-8-vj{G[X
� 	
��	87 ����(<(< "�2> ��*=������K���*=� �<#��
M��2>
3����%8)>?�\8�8�U=#"��&%8�#"03�4f�!.03�4fR#"01#"��&"&%U=0=8�;@$'!.,���C\!Q$'>,�"-.-/�%0=8F!�U@$'(A-98QU=8�03& a ��� Y�+au8-8- a 03,Ju8-8-vuI>M$'!�(90 � 3 F	D X
/�0=8T#"��&"&%U=0=8B#"0)u8-8- a 03, u8-8-vu 8���&/,L!�U@$'(A-98�U=0=8B>M$'!B>,�%��,��&'�-A&K,�03!.>"!�U3,Q$',.-9��& #d* -A6B$'CD0=8 3 4D��&%�\8 B a 6<��>"-cf403( G
03, 2F�"-9;54oE"-A!�# !�0=8.>?0=;3,.-A_D036L03&K,,+ ;=03(A(90=8�#"0 a ��� YJ(90 8���&K,I>M$'!7>,�%��,��&'�-A&K,�03!.>"!�U3,Q$',.-9��& #"0T;=���">"(90=8�#d* -A6B$'CD0=8
$�U3!.-903&"&%0=8@X�g�0=8�#"��&"&%U=0=8�#"0^, n/>?0�F 3.� ��&K,�(90=8�;@$'!Q$�;3,�U3!.-98.,.-.-K�%0=8�8.�"-A_\$'&K,�0=8:`

;

0 ;��%03(A(90 a ` a -�+�-8-8-

;

�F&%0^;@$'!.,�0:0=8.,)>M$'!.,Q$'CDU=0H8����%8)(5$HNO��!.6L0:#"02,.�"-A(90=8�#"0:V 4/6hBW&%��!�# ' 8.�%#aG × 6 4o6hBS0=8.,(' ���%0=8.,/G
;

xF!.CK$'&"-98QU=0=8�03&<;=���%;��%0=8 ` !����",�0�+"E !',.-B+"!.-A_o-9h3!�0=8,+"(5$�;=8X+"0=8.>M$�;=0=8�_D03!.,�8�B �%C\�"!�0�sHXku{G[X
;

n2��&"&%U=0=8F�"&"-.-K�%036L03&/,2i � � ��� �������3	 ������	 �:03,�CDU=�o;=�o#"U=0=8�#%$'&%8�(90H8 n48.,�h36L0:;@$'!.,���C\!Q$'>,�"-.-/�%01>"!���>"!�0
i ��U 4o-A&G$@_D0=;^�"&%0^>"!�U=;3-98.-9��&<-A&4NOU3!.-903�"!�0:��� U3CK$'(90H$'�R6Lh3,.!�0\X

;

�M��!.6B$',�_D0=;3,���!.-903(yBO$'�<&"-A_D0@$'�J#4�<E !',.- G2`

� g%�M$H-/�%0IE !',.-A6L03&K,:0=8�,�!�03>"!�U=8Q03&K,�U�>M$'!^�"&k>?��(on/CD��&%0I8.-A6�>"(90 -/�%03(9;=��&"-K�%0 BW>M$�8^#d* -A&/,�03!�8�0=;3,.-9��&
#"0=8�;=��,�U=8/G]!�U=8.�"(A,Q$'&/,�#4�1#"U3,����"!Q$'CD0 #"0j(�*+��E ! 03,�>M$'!��"&:��>]U3!Q$',�03�"!@X 3 (D8Q0j>]03�",�-/��* �"&:���:>"(A�%8.-903�"!�8
>]��(onoCD��&%0=8H8Q��-903&K,1-A&%;3(A�%87#%$'&%8H�"& $'�",.!�0T>]��(onoCD��&%0L>?���"!1!�03>"!�U=8�03&/,�03!�#"0=81;=���"!�8H-A&K,�U3!.-903�"!�0=8,+
���<#"0=8�8.�">?03!(' 8.,.!.�%;3,.�"!�0=8@X



u8-8- � � � ����� ��� ��� ��� � � � �	��� ��� ��� ��� ��� ���	��� ������� � ��� � ��� � ��� � � ���

� /�0=8)>?��(on/CD��&%0=8�&%0^8@* -A&K,�03!�8Q0=;3,�03&K,�>M$�8�#"0�NO$ml=��& >M$'!.,.-903(A(90\X

� /�0 #"U3,����"!Q$'CD0P#4� E !',.-A6L03&/,<>M$'!R(�*+��>]U3!Q$',�03�"! _�$'!.-90 03& NO��&%;3,.-9��& #"0k(�*+0 *?03,<#"0k>?03!�8.>?0=;3,.-A_D0
B N�$ml@$�#"0=8�_o-98.-AE"(90=8/G[X�n2$'&%8�(90�;@$�8��mp7(90 E !',.-A6L03&K,m0=8.,�>]03�7U3(903_DUJBS#4-98.,���!�8�-9��&7#4�%0�i)(5$�>]03!�8.>?0=;3,.-A_D0
&%U3C\(A-ACD0@$'E"(90:>?���"!�(�*+U=;"�%03(A(901;=��&%8.-9#"U3!�U=0 G +M(90:;=��&K,����"!�#4�<,���-A,�0=8.,�8
$'-98.-�03,�-A&%8�U3!�U:#%$'&%8�(5$�;@$'!.,�0\X
/���!�8 -/�%0�(�*+0 *?03,)#"0�>?03!�8.>]0=;3,.-A_D020=8.,�-A6�>?��!.,Q$'&K,�BW(90�,���-A,)03,�(�*+036�>"!�03-A&/,�01$'�R8���(?#4�bE !',.-A6L03&/,�&%0
;=���O&%;3-9#"03&K,F>M$�8/G +"(902,���-A,�0=8�,�#"U3,����"!�U^>"�"-98�,.!Q$'&%8.(5$',�U18.�"!)(�*+036�>"!�03-A&K,�0I$'�<8���(�X

� /�0=8 #"��&"&%U=0=8VF 3 � 8���&K, 6B$'&"-A>"�"(5$'E"(90=8 8����%8 (5$�NO��!.6L0�#"02�M;��"-903!�8ys9F"g 3 3�#"0), n/>?0�n��2� B NO��!.6B$',
;3!�U=U^>M$'!)(90=8�#"U3_D03(9��>">?03�"!�8�#d* s��F�#x^gys�n G[X

� /�0 �M;��"-903!^!�03(5$',.-cN)iB�"&%07,.�"-A(90I;=��&K,.-903&/,:�"&%07(A-98.,�0I#"07>]��(onoCD��&%0=8@X1g%�M$H-/�%0I>]��(onoCD��&%0I;=��&K,.-903&K,
�"&%0R8����%8('�(A-98�,�0R#"0 >]��-A&/,�8L#"U=8.-AC\&M$'&K,B(90=8L8���6�6L03,�8L#"0R;=0R#"03!.&"-903!@X g�03,.,�0R(A-98�,�0R0=8.,L; no;3(A-.-/�%0
BW(907#"03!.&"-903!F>?��-A&K,^#"0H(5$�(A-98.,�070=8.,�-9#"03&K,.-.-/�%0I$'�G>"!�036�-903!/G +?;��M$H-/�%07>]��-A&/,�0=8.,20[f4>"!.-A6LUH#%$'&%8�(90
8 n48.,�h36L0^#"0^;=�o��!�#"��&"&%U=0=8�#"0 �eU 4/-A&�X

;

F/-A6�>"(A-+�M;@$',.-9��& (9��!�8F#"02(5$�;3!�U@$',.-9��& #"0=8�#"��&"&%U=0=8@`

� � �������:? �/�!��? �<�!��� � 3 (�0=8.,2#4- KB;3-A(90I#"0H#"U3,����"!�03!:;"�M$H-K�%07E !',.-A6L03&/,�(9��!�8O-K��* -A(9828���&/,^$'C\C\(9��6LU3!�U=8
03&K,.!�0G03�4f�+�&%��61E"!�03�4f 03,b#"0 >?03,.-A,�0<,Q$'-A(A(90\XD/�$ 8���(A�",.-9��& !�03,�03&K�%0G>M$'!B(90 �53NF	D ;=��&%8.-98�,�0Ji
#"U3,����"!�03! (90�E"(9�o;);=��6�>]�\8QU�#"0=8mE !',.-A6L03&K,�8 X�/�0=8mE"(9�o;=8 8���&K, 8�U3>M$'!�U=8m>M$'!m(90=8m!����",�0=8 >"!.-A&%;3-A>M$'(90=8@X
/�$��%C\�"!�0<u4X V�-A(A(A�%8.,.!�0:;=03,�0 *d03,�#"0^CDU3&%U3!Q$'(A-98Q$',.-9��&�X

� 
 �/"%�
�/� � �	? �<����� �/�7

�����!

;7���/�!� � g�03!.,Q$'-A&%8�E !',.-A6L03&/,�8���&/,��"&%02NO��!.6L01;=��6�>"(90[f"0 -/��* -A(�0=8�,�-A&)'
�",.-A(90b#"0L,.!Q$'&%8�;3!.-A!�0R$=_D0=;T>"!�U=;3-98.-9��& #%$'&%8H(5$ ;@$'!.,�0T>]���"!H(�*+U=;��%03(A(90R;=��&%8.-9#"U3!�U=0\XS/�$<NS��!.6L0b0=8.,
$'-A&%8.-�8.-A6�>"(A-+�MU=01#"02NO$ml=��& >"(A�%8����R6L��-A&%8F$'!.E"-A,.!Q$'-A!�01>M$'!�(�*+��>]U3!Q$',�03�"!@X

>:?�A:B s7Xku4` �jf4,.!Q$'-A,1#"0=8:#"��&"&%U=0=8<F 3.� #d*+U=;��%03(A(90 a ` a -�+�-8-8-R#"0I(5$b_o-A(A(90�#"0 ��U 4o-A&�XW/�0IE !',.- 0=8�,203& !��\8�0�+d(90
!�U=8Q0@$'�<!����",.-903!F03&R_o-9��(903,,+"(90=8)!.-A_o-9h3!�0=8�03,�;@$'&M$'�4f<03&RE"(903��+"(90=8)(5$�;=8F03&R_D03!.,@X



����� � ����� � ���	��� ����� � � ��� � ��� � ��� � ��� � � � � ����� �V����� � ��� ��� u8- a
�c, M ��4����v3a4fUW>N37Z S�Z%1#37P$8<Z%P 8
6W1
1��%Z%P 8
Z�3 �%d �%8 �`35Z%;=35>?6W1
� 	87�	
� �
��M<>XT  2� �<*=(I��#
�&�B��(A(�*=K�� F��2>S#
%;*=K��2> *= "�$#
�2(<(<�2>
/�018����%8(' U=;��M$'&/,.-A(A(9��&"&M$'CD0I#d* �"&%0^-A6B$'CD010=8.,)�"&%0H$'>">"(A-9;@$',.-9��&G#"0^EM$�8Q0^#4�<,.!Q$'-A,�036L03&K,2#d* -A6B$'CD0=8@X�n�02&%��6 '
E"!�03�%8�0=8F6LU3,9�%�o#"0=8F>?03!.6L03,.,�03&K,2#"0H(90:!�U@$'(A-98�03! BW>"(A�%8�>"!��o;��%07_D��-98.-A&�+ E"-A(A-A&%U@$'-A!�0�+]E"-9;3�"E"-.-K�%0�+AXAXAX G[X��F&%01��>?U '
!Q$',.-9��& #"0^8Q���%8(' U=;��M$'&/,.-A(A(9��&"&M$'CD0H>?03�", �3,.!�02NO��!.6B$'(A-98�U=0^>M$'!��"& �%(A,.!Q$'CD01-9#"U@$'(�>M$�8�8�0 '�EM$�8�t a Vvw `
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e′′ = c +
1

2
(c − p)

e′′′ = c − 1
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(Xsol − Xcam, Ysol − Ycam, Zsol − Zcam)
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


U

V

W


 = M




Xsol −Xcam

Ysol − Ycam
Zsol − Zcam




$=_D0=;
M
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M =




cosαz − sinαz 0

sinαz cosαz 0

0 0 1






cosαy 0 − sinαy
0 1 0

sinαy 0 cosαy






1 0 0

0 cosαx − sinαx
0 sinαx cosαx


 B�g�X a G

�mp
(αx, αy, αz)
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x = XPPS − U

W f

y = YPPS − V
W f
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{
ligne = Tlig + a00x+ a01y

colonne = Tcol + a10x+ a11y
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

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x =
(l−Tlig)a11−(c−Tcol)a01

a00a11−a01a10

y =
−(l−Tlig)a10+(c−Tcol)a00

a00a11−a01a10
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(Tlig, Tcol)
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x′ = x−XPPS

y′ = y − YPPS
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V

#%$'&%8H(90
!�03>]h3!�0:;@$'6LU3!Q$<`



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x2

(a+ h)2
+

y2

(a+ h)2
+

z2

(b+ h)2
= 1
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xI = xC + uV ′
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yI = yC + uV ′
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zI = zC + uV ′
z
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αu2 + βu+ γ = 0
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α = (a+ h)2 V 2
z + (b+ h)2

(
V

′2
x + V

′2
y

)

β = 2
{

(a+ h)2 zcV
′2
z + (b+ h)2

(
xcV

′

x + ycV
′
y

)}

γ = (a+ h)2 z2
c + (b+ h)2
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x2
c + y2

c

)
− (a+ h)2 (b+ h)2
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/ * -A&K,�03!�8�0=;3,.-9��&
I

#d*Z$'(A,.-A,.�%#"0
h

0=8.,�#"��&%;L`





xI = xC + u0V
′
x

yI = yC + u0V
′
y

zI = zC + u0V
′
z

B�g�X�6{G

>@?�A:B g�Xku4`yFo;��%U36B$�-A(A(A�%8�,.!Q$'&K,�(5$76L�o#"U3(A-98Q$',.-9��&G#4-A!�0=;3,�0\X�/�0=8)!�03>?h3!�0=8�,�03!.!Q$'-A& 03,F;@$'6LU3!Q$�8���&K,F#4-A!�0=;3,�8@X



� ��������� �

� ���%�$� � � � �'����* ��* �%� � � ��*+�(��* *$� ��* �%�

� � ���%� �(� * � ���2�%���
	+� �"* ��� *$� ���	* � �
	+� �"* ��� � �2�(�

� ����������� ����� �"! � * �(� 	+� * ���
	 �'� � �(� * �(� *�� & �"*
��* �(� � *+��� �

g���6�6L01(90^>"!���>]�\8Q0�D X C����%8�8Q��& #%$'&%8�t a -vjAw
+M-A(�0=8.,�-A&/�",.-A(90H#"0H;@$'(9;3�"(903!�-A&/,�U3C\!Q$'(9036L03&K,^(5$I6L� nD03&"&%0H03,F(5$
_\$'!.-5$'&%;=0T#"0=8H>"-cf"03(987#"0T(�* -A6B$'CD0 i<(�* -A&/,�U3!.-903�"!I03,7(�*+0[f4,�U3!.-903�"!I#4� ;=��&K,����"!L$�;3,.-cN�i ;��M$H-/�%0b-A,�U3!Q$',.-9��&�X �m&
0 *d03,,+ ;=03,.,�0 ��>]U3!Q$',.-9��& &%U=;=0=8Q8.-A,�0 #d* �3,.!�0b0 *d0=;3,.�%U=0 �"&%0 8�03�"(90TNS��-98�$'� ,�036�>%8

t = 0
X �e���"!�(�*+0=8.,.-A6B$',.-9��&

�"(A,�U3!.-903�"!�0I#"0=8 -K�M$'&/,.-A,�U=8^8.,Q$',.-98.,.-.-/�%0=8,+]-A(e8��2KL,2#"0H!�03>?U3!�03!�(90=8�>"-cf"03(982#"01(�* -A6B$'CD0 -/�"-e03&/,.!�03&K,103,28���!.,�03&K,
#"0�(5$:!�U3C\-9��& #"U3(A-A6�-A,�U=0�>M$'!

C (t)
$��%& #"0F;=��!.!.-ACD03!�(90=8�_�$'(903�"!�8�#"0F(5$:6L� nD03&"&%0�03,�#"0F(5$^_\$'!.-5$'&%;=0���E",�03&/�%0=8

$'�R,�036�>%8�$'&K,�U3!.-903�"!@X^Fo��-A,
Ωout,in

(�*+03&%8�036HE"(901#"0=8)>"-cf"03(98�0[f";3(A�%8�#4� ;=��&/,����"!�iI(�* -A&%8�,Q$'&K,
t
03,�-A&%;3(A�%8�#%$'&%8

(90�;=��&K,����"!�i
t+1

X g�03,�03&%8�0361E"(90^0=8.,�#"02;@$'!�#4-A&M$'(
nout,in

X Fo��-A,
Ωin,out

(90�#4�M$'(?#"0
Ωout,in

03,�#"0F;@$'!�#4-A&M$'(

nin,out
X�/�$�6L� nD03&"&%0Hi�(�* -A&K,�U3!.-903�"!F#4�J;=��&K,����"!�$'�R,�036�>%8

t+ 1
0=8.,�>M$'!�#"U �%&"-A,.-9��&�`

cin (t+ 1) =
1

nin (t+ 1)

∫

Ωin(t+1)
I (x) dx

xF&<0[f4>"!.-A6L0:;=03,.,�0 -/�M$'&K,.-A,�UH03& NS��&%;3,.-9��& #"0
cin (t)

#"0^(5$HN�$ml=��& 8.�"-A_\$'&K,�0\`

cin (t+ 1) =
1

nin (t) + nout,in − nin,out

{
nin (t) cin (t) +

∫

Ωout,in

I (x) dx −
∫

Ωin,out

I (x) dx

} BSnIX a G

nI* �"&%0�N�$ml=��& 8.-A6�-A(5$'-A!�0�+%��&<,.!����"_D0:(�*+0[fo>"!�0=8�8�-9��& #"02(5$I6L� nD03&"&%07i7(�*+0[fo,�U3!.-903�"!@`

cout (t+ 1) =
1

nout (t) − nout,in + nin,out

{
nout (t) cout (t) −

∫

Ωout,in

I (x) dx +

∫

Ωin,out

I (x) dx

}

BSnIXku{G
�m&R!�036B$'! -/�M$'&K, -/�%02(5$7_�$'!.-5$'&%;=0:#d* �"&%0:_�$'!.-5$'E"(901$'(9U@$',���-A!�0

X
0=8.,@`

σ2 (X) = E
(
X2
)
−E (X)2

xF& $L$'(9��!�8

σ2
in (t+ 1) =

1

nin (t+ 1)

∫

Ωin(t+1)
I2 (x) dx− c2in (t+ 1)

u8- �



u a - � � � �
� � � � � ��� � 
 � �	����� � � � � � � � � � � � � � ��� ��� � � � ���	� � � � � � � �

-/�%0^(�*+��&<0[f4>"!.-A6L0:03&RNO��&%;3,.-9��& #"0
σ2
in (t)

03,�#"0
cin (t)

C\!"!�;=01i BOnIX a G[`

σ2
in (t+ 1) =

1

nin (t) + nout,in − nin,out

{
nin (t)

[
c2in (t) + σ2

in (t)
]
+

∫

Ωout,in

I2 (x) dx

−
∫

Ωin,out

I2 (x) dx

}
− c2in (t+ 1)

BSnIXkj{G
/ *+0[fo>"!�0=8�8�-9��& #4�M$'(90

σ2
out (t+ 1)

0=8.,F$'&M$'(9��C\�%0\`

σ2
out (t+ 1) =

1

nout (t) − nout,in + nin,out

{
nout (t)

[
c2out (t) + σ2

out (t)
]
−
∫

Ωout,in

I2 (x) dx

+

∫

Ωin,out

I2 (x) dx

}
− c2out (t+ 1)

BSnIX VrG
/ *Z$=_\$'&K,Q$'CD0 #d* �"&%0b,�03(A(90 ,�0=;"�"&"-.-K�%0R#"0 ;@$'(9;3�"(�0=8.,I#"0b,.!Q$=_\$'-A(A(903!L�"&"-.-K�%036L03&/,L8.�"!I(90=8I0=8.>M$�;=0=8

Ωin,out
03,

Ωout,in
#"��&K,2(90=8^;@$'!�#4-A&M$'�4fG8���&/,^,.!�h=8FNO$'-AE"(90=8^#"03_\$'&K,:;=03�4fJ#"0

Ωin
03,

Ωout
X /�$T!�U=#4�%;3,.-9��&P03&k,�036�>%8^#"0

;@$'(9;3�"(�0=8�,�&%��,Q$'E"(90:>"�"-98 -K�%0�(5$7;=��6�>"(90[f4-A,�U:#4�R;@$'(9;3�"(�#"03_/-903&/,�>"!���>]��!.,.-9��&"&%03(A(90Hi1(5$H(9��&"C\�%03�"!�#4�R;=��&/,����"!
$�;3,.-cN.X n^$'&%8 t a -vjAw
+ CF���%8�8���&R-A(A(A�%8.,.!�010[fo>?U3!.-A6L03&K,Q$'(9036L03&/,F(90^CK$'-A&J��E",�03&K�J03&R,�036�>%8F#"0^;@$'(9;3�"(�X



� ��������� �

� ���%�$� � ��* � � � �%�c���"���(� � � 	+��*+� ���"*+� ��*
� ������� ���%� ��* ��* !W����� * *$� � �(� ����� � ��� ��*

O ,/. � %-:
UV35>?6#1'8 � � �W6Wd?:�35>?6W1 8��"4f> � �%Z�8<Z�d?U � 6W1
; 37>?6W1
1<Z%d?dTZ�8
Z�; 6W1J3a4fUW>?1J35Z
8
Z � 6W4fS�Zb\]U^4 8
>�� �"4fZ%1
; Z 8
Zb1
6^4 S�UWd?Z%P

g���&%8.-9#"U3!���&%8L(90 ,�03!.6L0<U3&%03!.CDU3,.-.-K�%0 #"0R;=��&K,.!Q$'-A&K,�0G#"0bNO��!.6L0 EM$�8�UR8.�"!�(5$k#4-+*dU3!�03&%;=0<03&K,.!�0R(5$G&%��!.6B$'(90
�"&"-A,Q$'-A!�0^#4�<;=��&/,����"!F$�;3,.-cNe-A6�>"(A-9;3-A,�036L03&/,�!�03>"!�U=8�03&/,�U^>M$'!)(�*+03&%8�036HE"(90:#"0�&"-A_D0@$'�4f

φ
03,);=03(A(90^#d* �"&%02NS��!.6L0

#"02!�U[NOU3!�03&%;=0^!�03>"!�U=8�03&/,�U=0:>M$'!
ψ

`

Jshape (φ, ψ) =

∫

Ω
|∇φ (x) −∇ψ (x)|2 (H (φ (x)) −H (ψ (x)))2 dx

B ��X a G
/ *+U6-/�M$',.-9��&1#d*+U3_D��(A�",.-9��&7;=��&%8.-98.,�0 i�,.!����"_D03!�#"0=8�_�$'(903�"!�8�#"0

φ
-/�"-\6�-A&"-A6�-98�03!���&/,�(5$�NO��&%;3,.-9��&"&%03(A(90

Jshape (φ, ψ, t)
X

�e���"!�;=03(5$�+%��&J$�#"��>",�0:(90^8�;��%U36B$B;3(5$�8�8.-.-/�%0^#"0^6�-A&"-A6�-98Q$',.-9��&<(9�o;@$'(90^>M$'!�#"0=8�;=03&/,�0:#"0^C\!Q$�#4-903&/,@`

∂Jshape (φ, ψ, t)

∂φ
= −φt (x, t)

B ��Xku{G

/ *+0[f4>"!�0=8�8.-9��&k#"0 ∂Jshape(φ,ψ,t)
∂φ

8�0H#"U=#4�"-A,2#"0H(5$T#"U3!.-A_DU=0H#"0��4!',�0@$'�4fJ#"0
Jshape (φ, ψ, t)

>M$'!F!Q$'>">?��!.,2i
φ

#%$'&%8)(5$I#4-A!�0=;3,.-9��&
φ̃
`

(
∂Jshape (φ, ψ, t)

∂φ

)

φ=φ̃

=
〈
Jshape (φ, ψ, t) , φ̃

〉
=

∫

Ω

∂Jshape (φ, ψ, t)

∂φ
φ̃ (x, t) dx

B ��Xkj{G

xF!)(5$�#"U3!.-A_DU=01#"0H�4!',�0@$'�4fR#"0^(5$HNS��&%;3,.-9��&"&%03(A(90H8@*+0[f4>"!.-A6L0:8����%8)(5$HNO��!.6L0\`

(
∂Jshape (φ, ψ, t)

∂φ

)

φ=φ̃

= lim
ε→0

1

ε

(
Jshape

(
φ (x, t) + εφ̃ (x, t) , ψ, t

)
− Jshape (φ (x, t) , ψ, t)

) B ��X VrG

n2U3,Q$'-A(A(9��&%8�(90^;@$'(9;3�"(�#"0^(�*+U6-K�M$',.-9��&�B ��X VrG[`

Jshape

(
φ (x, t) + εφ̃ (x, t) , ψ, t

)
=

∫

Ω

〈
∇φ (x) + ε∇φ̃ (x, t) −∇ψ (x) ,∇φ (x) + ε∇φ̃ (x, t) −∇ψ (x)

〉(
H
(
φ (x) + εφ̃ (x, t)

)
−H (ψ (x))

)2
dxB ��X�6{G

u a\a



u a u � � � �
��� � � � ��� � 
 � � � � ���	� �	��� ��� � � � � � ��� 	 � ��� � � �

� &<!�036B$'! -K�M$'&/, -/�%0\`

δa (φ (x, t)) = lim
ε→0

Ha

(
φ (x, t) + εφ̃ (x, t)

)
−Ha (φ (x, t))

εφ̃ (x, t)

B ��XZY{G

03,F03&<#"U3_D03(9��>">M$'&K,�(�*+U6-K�M$',.-9��&�B ��X�6{G +%��&J$4`

Jshape

(
φ (x, t) + εφ̃ (x, t) , ψ, t

)
=

Jshape (φ (x, t))

+2ε

∫

Ω
φ̃ (x, t) δa (φ (x, t)) (H (φ (x)) −H (ψ (x))) 〈∇φ (x) −∇ψ (x) ,∇φ (x) −∇ψ (x)〉 dx

+2ε

∫

Ω
(H (φ (x)) −H (ψ (x)))2

〈
∇φ (x) −∇ψ (x) ,∇φ̃ (x, t)

〉 B ��X z G
� &<-A&K,�U3C\!Q$'&/,F>M$'!�>M$'!.,.-90=8�(90^#"03!.&"-903!�,�03!.6L01#"02(�*+U6-/�M$',.-9��& B ��X z G + ��&R,.!����"_D0\`

Jshape

(
φ (x, t) + εφ̃ (x, t) , ψ, t

)
− Jshape (φ (x, t)) =

+2ε

∫

Ω
φ̃ (x, t) δa (φ (x, t)) (H (φ (x)) −H (ψ (x)))

(
|∇φ (x)|2 + |∇ψ (x)|2 − 2 〈∇φ (x) ,∇ψ (x)〉

)
dx

+2ε
{[

(H (φ (x)) −H (ψ (x)))2 (φx (x, t) + φy (x, t) − ψx (x, t) − ψy (x, t)) φ̃ (x, t)
]
Ω

+

∫

Ω
φ̃ (x, t) [2 (H (φ (x)) −H (ψ (x))) ((δa (φ (x, t)) + δa (ψ (x, t))) 〈∇φ (x) ,∇ψ (x)〉

δa (φ (x, t)) |∇φ (x)|2 − δa (ψ (x, t)) |∇ψ (x)|2 + (H (φ (x)) −H (ψ (x)))2 (∆ψ (x) − ∆φ (x))
)}

B ��X � G
/�0m,�03!.6L0 [

(H (φ (x)) −H (ψ (x)))2 (φx (x, t) + φy (x, t) − ψx (x, t) − ψy (x, t)) φ̃ (x, t)
]
Ω

0=8.,d&/�"(D>"�"-98 -/��* -A(
0=8�, ,����&!.���"!�8�>]�\8�8�-AE"(90�#"0F,.!����"_D03! �"& 0=8.>M$�;=0F!�0=;3,Q$'&"C\�"(5$'-A!�0

Ω
-/�"-M>"�"-98�8�0F-A&%;3(A�"!�0�(90=8 NO��!.6L0=8 !�03>"!�U=8�03&K,�U=0=8

>M$'!
φ

03,
ψ

X^s�-A&%8�-B+M(9��-A&G#4� &"-A_D0@$'� -L#"0=8�03&%8�0361E"(90=82#"0:&"-A_D0@$'�4f�+]��&G$
H (φ (x)) = 0 = H (ψ (x))

X!/�$
#4-+*dU3!�03&%;=01#"0=8�U3&%03!.C\-90=8�#"03_o-903&K,@`

Jshape

(
φ (x, t) + εφ̃ (x, t) , ψ, t

)
− Jshape (φ (x, t)) =

2ε

∫

Ω
φ̃ (x, t)

{
(H (φ (x)) −H (ψ (x)))

(
δa (φ (x, t))

(
|∇ψ (x)|2 − |∇φ (x)|2

)
− 2δa (ψ (x, t)) |∇ψ (x)|2

+2δa (ψ (x, t)) 〈∇φ (x) ,∇ψ (x)〉) + (H (φ (x)) −H (ψ (x)))2 (∆ψ (x) − ∆φ (x))
} B ��X � G

/�0<C\!Q$�#4-903&K, #d*+U3&%03!.C\-90<_o-903&K, $'(9��!�8B#4-A!�0=;3,�036L03&/,,+�03,T03& !�036B$'! -/�M$'&K, -/�%0R(90=8L&%��!.6B$'(90=8T8���&K,T�"&"-A,Q$'-A!�0=8
B |∇ψ (x)|2 = 1 = |∇φ (x)|2 G[`

∂Jshape (φ, ψ, t)

∂φ
= 4 (H (φ (x)) −H (ψ (x))) {δa (ψ (x, t)) (〈∇φ (x) ,∇ψ (x)〉 − 1)}

+2 (H (φ (x)) −H (ψ (x)))2 (∆ψ (x) − ∆φ (x))
B ��X a -{G

/ *+U6-K�M$',.-9��&G#d*+U3_D��(A�",.-9��&J0=8.,�#"U=#4�"-A,�01>M$'!�;��M$'&"CD036L03&/,�#"0^8.-AC\&%018�03(9��&R(�*+U6-K�M$',.-9��&�B ��Xku{G[X



� ��� � �V� �	� � ������� ��� � � ��� 	 � ��� � ��� ���	� � ��� ��� ��
 � � �	�	������
 � u a j
O ,NM � �"4f> � �%Z 8
Zbd ���%1
Z"47eW>TZb8
Zb; 6^474fZ%; 35>T6W1 % :
UW8<47U^35>&%-:<Z
/ *+U3&%03!.C\-901-A&K,.!��o#4�"-A,�0:03& U6-/�M$',.-9��& BOY4X z G�>?03�", �3,.!�0:8�;3-A&%#"U=0:8Q03(9��&�`

Jcorrection (C) = J1 (C) − J2 (C)
B ��X a\a G

$@_D0=;

J1 (C) =

∮ ∮
dpdp′

〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1

Ψ(R)
B ��X a u{G

03,

J2 (C) =

∮ ∮
dpdp′

〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3

Ψ(R)
B ��X a j{G

� 	87
	&� � (��"�$K�#B�
J1 (C)

J1

(
C + δC̃

)
=

∮ ∮
dpdp′

〈
Ċ+δ

˙̃
C, Ċ′ + δ ˙̃

C′
〉2 ∣∣∣Ċ+δ

˙̃
C

∣∣∣
−1 ∣∣∣Ċ′ + δ ˙̃

C′
∣∣∣
−1

Ψ
(
R̃
) B ��X a VrG

/�$ -/�M$'&K,.-A,�U
Ψ
(
R̃
) 8�02!�U=U=;3!.-A,F8�03(9��&�`

Ψ
(
R̃
)
≈ Ψ(R) +

〈
R̃, δC̃ − δC̃′

〉
Ψ′ (R)

B ��X a 6{G

03, ∣∣∣Ċ+δ
˙̃
C

∣∣∣
−1 0=8�,@`

∣∣∣Ċ+δ
˙̃
C

∣∣∣
−1

≈
∣∣∣Ċ
∣∣∣
−1
(

1 −
〈
Ċ, δ

˙̃
C
〉 ∣∣∣Ċ

∣∣∣
−2
) B ��X a Y{G

�m& #"U3_D03(9��>">M$'&K, (90 >"!��/#4�"-A,G8�;@$'(5$'-A!�0 $'� ;@$'!.!�U�+103& !�036�>"(5$ml@$'&K,
Ψ
(
R̃
) >M$'!�B ��X a 6{G +H03& !�036�>"(5$ml@$'&K,

∣∣∣Ċ+δ
˙̃
C

∣∣∣
−1 >M$'!<B ��X a Y{G�03,�03&R&%U3C\(A-ACD0@$'&K,�(90=8)_\$'!.-5$',.-9��&%8�-A&)�%&"-A,�U=8.-A6B$'(90=8F#d*+��!�#4!�01#"03�4f�+"��&J$4`

J1

(
C + δC̃

)
= J1 (C) + 2

∮ ∮
dpdp′Ψ′ (R)

〈
Ċ, Ċ′

〉2 〈
R̃, δC̃

〉 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1

−2

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1 〈

Ċ, δ
˙̃
C
〉

+4

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1 〈

Ċ′, δ
˙̃
C
〉 B ��X a z G

�m&R-A&/,�U3C\!Q$'&K,�(90:#"03!.&"-903!�,�03!.6L0^>M$'!�>M$'!.,.-90=8,+%��&R,.!����"_D0 � `

J1

(
C + δC̃

)
− J1 (C) = 2

∮ ∮
dpdp′Ψ′ (R)

〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1 〈

R̃, δC̃
〉

+2

∮ ∮
dpdp′

[
Ψ(R)

(
2
〈
Ċ, Ċ′

〉〈
C̈, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1

− 3
∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−1 〈

Ċ, Ċ′
〉2 〈

C̈, Ċ
〉)

+Ψ′ (R)
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1
] 〈

Ċ, δC̃
〉

+2

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1 〈

C̈, δC̃
〉

� ���1��-��,;+������� ��� � 4� 0����) ;&��)���)�� � �=���5)*� �
∂Ψ
∂p

= Ψ′ (R)
D

R̃, Ċ
E
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−4

∮ ∮
dpdp′

[
Ψ(R)

(〈
Ċ′, C̈

〉 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1

−
〈
Ċ, Ċ′

〉〈
C̈, Ċ

〉 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1
)

+Ψ′ (R)
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1
]〈

Ċ′, δC̃
〉 B ��X a � G

� 	87�	87 � (<�"��K�#
�
J2 (C)

J2

(
C + δC̃

)
=

∮ ∮
dpdp′

〈
Ċ+δ

˙̃
C, Ċ′ + δ ˙̃

C′
〉4 ∣∣∣Ċ + δ

˙̃
C

∣∣∣
−3 ∣∣∣Ċ′ + δ ˙̃

C′
∣∣∣
−3

Ψ
(
R̃
) B ��X a � G

$@_D0=;
∣∣∣Ċ+δ ˙̃

C

∣∣∣
−3

≈
∣∣∣Ċ
∣∣∣
−3
(

1 − 3
〈
Ċ, δ ˙̃

C
〉 ∣∣∣Ċ

∣∣∣
−2
)

� & #"U3_D03(9��>">M$'&/,�(90B>"!��o#4�"-A,I8�;@$'(5$'-A!�0�+ 03& -A&&! 0=;3,Q$'&/,7(90T!�U=8.�"(A,Q$',I#"0 B ��X a 6{G103,I03& &%U3C\(A-ACD0@$'&K,�(90=8H,�03!.6L0=8
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J2

(
C + δC̃

)
− J2 (C) = 2

∮ ∮
dpdp′Ψ′ (R)

〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3 〈

R̃, δC̃
〉

−6

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−3 〈

Ċ, δ
˙̃
C
〉

+8

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉3 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3 〈

Ċ′, δ
˙̃
C
〉 B ��Xku8-{G

� &<-A&K,�U3C\!Q$'&/,F>M$'!�>M$'!.,.-90=8X+"-A(d_/-903&/,@`

J2

(
C + δC̃

)
− J2 (C) = 2

∮ ∮
dpdp′Ψ′ (R)

〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3 〈

R̃, δC̃
〉

+2

∮ ∮
dpdp′

[
Ψ(R)

(
12
〈
Ċ, Ċ′

〉3 〈
C̈, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−3

− 15
∣∣∣Ċ
∣∣∣
−7 ∣∣∣Ċ′

∣∣∣
−3 〈

Ċ, Ċ′
〉4 〈

C̈, Ċ
〉)

+3Ψ′ (R)
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−3
]〈

Ċ, δC̃
〉

+6

∮ ∮
dpdp′Ψ(R)

〈
Ċ, Ċ′

〉4 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−3 〈

C̈, δC̃
〉

−4

∮ ∮
dpdp′

[
Ψ(R)

(
6
〈
Ċ, Ċ′

〉2 〈
Ċ′, C̈

〉 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3

− 6
〈
Ċ, Ċ′

〉3 〈
C̈, Ċ

〉 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−3
)

+2Ψ′ (R)
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉3 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−3
] 〈

Ċ′, δC̃
〉 B ��Xku a G

� 	87�	�� �:*Q�E#B*Q��#B��( ������*=�
� F<� �ON. 2(<�"��K�#
�
Jcorrection (C)

� &<C\!����">M$'&K,F(90=8�!�U=8.�"(A,Q$',�8�#"0 B ��X a � G�03,<B ��Xku a G +M��&J$4`

Jcorrection

(
C + δC̃

)
− Jcorrection (C) =

∮ ∮
dpdp′Ψ(R) {

2
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1
(

1 − 3
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

C̈, δC̃
〉

+4
〈
Ċ, Ċ′

〉〈
C̈, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1
(

1 − 6
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

Ċ, δC̃
〉
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−6
〈
Ċ, Ċ′

〉2 〈
C̈, Ċ

〉 ∣∣∣Ċ
∣∣∣
−5 ∣∣∣Ċ′

∣∣∣
−1
(

1 − 5
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

Ċ, δC̃
〉

−4

(
1 − 6

〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
) ∣∣∣Ċ

∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1
[〈

C̈, Ċ′
〉
−
〈
C̈, Ċ

〉〈
Ċ, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−2
]〈

Ċ′, δC̃
〉

+

∮ ∮
dpdp′Ψ′ (R)

{
2
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1
(

1 −
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

R̃, δC̃
〉

+2
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−3 ∣∣∣Ċ′

∣∣∣
−1
(

1 − 3
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

Ċ, δC̃
〉

−4
〈
Ċ, R̃

〉〈
Ċ, Ċ′

〉 ∣∣∣Ċ
∣∣∣
−1 ∣∣∣Ċ′

∣∣∣
−1
(

1 − 2
〈
Ċ, Ċ′

〉2 ∣∣∣Ċ
∣∣∣
−2 ∣∣∣Ċ′

∣∣∣
−2
)〈

Ċ′, δC̃
〉} B ��Xkuvu{G

�m& !�036B$'! -/�M$'&K,:-K�%0 〈
C̈, Ċ

〉
= 0
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¬8��¯��~¢{¥c¦0¥d¨k ��Ï¥c¦ � ! ¥�¯d¨£ £©�³T±:KkO4a�M4Kkb-M4KBE�¸�¸�¸�³ x Æi´L? Æ!O4ajZNKNKNY�^VbTopM�³-�pacS{�T¹d¸FGX¹-³#E�¸�¸�¸�³-]T]L�ME+*2Û�E��

� ¹N	FÆ5�5±IopacQTOR^lM�³!±;� x U4K£y{WXbT^lY�^lM�³vWXb-Y x �O/��dy~U&WXÐj^lM�³OP7� Qw¨k R¨£­2¢5�~¥c¦R�Ã­D¥�>c¨�� �k«c D�
�s¥c­j¯j¨�¬d¨k¢É¨7�N¢5�~«�­ �®­$ R«�¥p¬
��¨Ï¯ ! ¨£­\¢"�k³-Æ![-acU4aco�O&WXe}egKkUROR^lZS?!bTo�^Vb-KNKkOR^VbTo�T��IKkegacU4K x Kkb-MR^VbTo�CHU�|4E�¸�¸�Û � ³-b-aT��Û�E�³LÛ�_�Ü�Û�*2Û�_�Ü�Ü��

� G,	S/}�XÓ:WXSVS-WXb-Y}�À�V�-�FW�WXSVS{³XI�­D«N�X¨£¦ ! ¨k¢"�s«�¬;«��:¬d¥�¢{¥F¥�­2¥c¦ ©,� �Y�G¥c­2¬23�¥�¢Ï¢É¨k Ã­Z�k¦V¥��[� � \R�&¥�¢5�~«�­\³pÑ0KNZ&[L�cO4Kk]DacORU�³x U&WXb-YsyÏacO4Y��wKNM4K�WXO4Z4[Ä´ b-MRUR^VURQTU4K�³-q�KkbTSlagÆ�WXORÐD³D��±F³TÁ x ±F³�Û�ÜF]FG��
� ],	�?I�TÓ`WXSVU4MÃWN�s^�WcM�³ x �Tq�WcM&acbL³�WXb-Y?�À� x U&WXSVSVe�WXbTbL³2^��N¨F«��_P`
0ªa�Jb�Pdc-ªe�m¥c­2¬<«c £¢"��«�� ! ¥�¯j¨���¢{«S�£¤�3f3T«c £¢5k¤ �¡¦�¬8�®­j¯ ¨���¢~ R¥f�N¢5�Ï«c­\³�Æ!O4ajZ��Rg acORÐ�MR[-ac])acbihk±wQTU4ace�WXUR^lZ K£ËsURO&WcZkUR^lacb�aXyFe�WXb�Å{e�WcYTK�ac��ÌzKNZkU4M<y~O4ace
WcKkOR^�WXS5WXb-Y�MR]\WcZNK�^Ve�WXopKNM+hg|~±;�#/�ORQ-Kkbkj;�#-�Q-Kk�TSlKkO�³-Æf�2±IopacQTOR^lM�³TKNY�� � ³-Ó�^VORÐj[\WXQ-M4KkOI�vKkORS�WXo-³LÛ�Ü�ÜFG��

� Ý+	�?I��Ó`WXSVU4MÃWN�s^�WcM�³�Jv��l2[\WXbTo-³fWXb-YmW;�H?!^lM4Kkbd�8Kk^lM4M�³nP:c-ª ¯d¨£­D¨k z¥�¢5�Ï«c­Ò¥c­2¬ �®­\¢É¨k ��Ï«c }«c ��{¨£­\¢{¥p¢5�~«c­$¬d¨k¢É¨£ 
o
! �¡­2¥�¢5�Ï«c­r«��_p[>X«�­2«��4� ! ¥�¯j¨��+¤X� �®­j¯<¥�¢É¨
�£¢ \�¨£¦V¬ �®­ac#= �¡¢Y<�¨£ £¦�¥c­D¬�³�Æ!O4ajZ��T´ x Æv� x W�WXbTb-a��pKkO@g acORÐsM4[-ac]
acbqhrWw^Vo�[�ÅÉ�IKNM&acSVQTUR^lacbs?iWXORUR[Ä´ e�WXo�^VbTo}yÏacOt/�KNa�MR]\WXUR^�WXS0´ b�yÏacORe�WXUR^lacb�hc³.E�¸�¸FG��

� �,	�?I�jÆ5�jÓ:WXSVU4M&W��j^�WcM�³j±;�u/�O�vTbL³�WXb-Y¿Jv�p�iWXbe/�asacS5|~KNYTM�� � ³�Iw¤s¢{« ! ¥p¢5�w��¨7��¢~ z¥X�N¢5�~«�­�«�� ! ¥�­Mo ! ¥p¬d¨m«X5"6�¨��N¢"��£ R« ! ¥d¨£  �Ï¥c¦f¥c­2¬x�J3T¥f�&¨ � ! ¥�¯d¨��£³-�pacS{�\_�³T±F��±;�TÓ:WXSVÐpKke�W�³#E�¸�¸�Û��
� Ü,	�?I��Æf�pÓ:WXSVU4M&W��j^�WcM�³0y_5"6N¨7�N¢�¨7��¢~ z¥X�N¢5�~«�­?¥�­2¬m 4¨
� �z���Ï«c­e5£©7� ! ¥�¯d¨w¥c­2¥c¦ ©����z��¤'���¡­j¯À¨����z�£¢5�¡­j¯w¯j¨R«��J3T¥�¢5�~¥�¦D¬p¥�¢{¥¥�­2¬B>�­2«N=:¦l¨R¬�¯d¨+9_c2¢{¥�¢É¨
oz«���oµ¢"��¨
oz¥c £¢v¥�­2¬B�£¢É¨;3#��¢{«N=i¥c R¬���«�3T¨k z¥�¢5�Ï«c­2¥�¦#�£©,�k¢É¨ ! �£³j´ÉbjU4KkORb\WXUR^lacb\WXSD±wO4Z4[T^V�pKNMaXy\Æv[-acU4aco�O&WXe}egKkUROR�p³d�IKkegacU4K x Kkb-MR^VbTo+WXb-Y x ]\WXUR^�WXS�´ b�y~acORe�WXUR^lacb x Zk^lKkb-ZNKNMK{M&?|4E�¸�¸FE � ³cb-aT�NE�³sÛ�_+*uEFE��
� Û�¸,	��\�sÓ:WXORO4acbL³��À��ÚfSlKNKkU�³TWXb-Y x ��Ó`K�WXQ-Z4[-Kke}^VbL³.|G¨k z�N«c  ! ¥�­.�&¨F«���«
3D¢5�w�&¥c¦F}`«F=Ç¢É¨��
�d­ �w~k¤-¨��k³T´ÉbjU��u�\�T��aceÀÅ]TQTU��-�w^lM:$�� |zÛ�Ü�ÜX¹ � ³-b-aT��Û�³-¹d_+*�Ý�Ýs�
� Û�Û
	FqÍ�cÓ:W�vTe}ÐpKkOiWXb-Y}Ú��V�\�FWwKk^VegKNM�³u��¨
=��4¥c¦ �45£ R¥�¢5�Ï«c­�¥c­2¬��4« ! 32¤�¢5�®­j¯ ! ¨k¢"�s«�¬��N«c G¬��¡ R¨7�N¢�¯d¨R«c 4¨"��¨£ R¨k­.� �¡­j¯«�� � ! ¥�¯d¨�¥c­D¬d���4¥c­-­D¨k w¬p¥�¢{¥F¤'���¡­j¯�¢"�T¨O3T«����~¢5�~«�­�¥c­D¬F¥c­s¯c¤j¦V¥c w¬d¥�¢{¥À«��I¥c­`�d©X5£ ��Ï¬1�®­D¨k £¢5�Ï¥c¦T­2¥N� ��¯p¥p¢5�~«c­

�£©��£¢É¨ ! ³TÆ!O4asZ��.j ?�?vÆ�?�ÅJg acORÐsM4[-ac]�acb�´ bdU4Kko�O&WXU4KNY x Kkb-M4acO jwOR^lKkbdU&WXUR^lacbL³HE�¸�¸�Û��
� Û�E,	FJi��Ó`KkbdU&WX�8KkU�³ x ���pasYTacQT^VbL³X�À�,l2^lacQL³�WXb-Y��-���iWX^VSVS�WXb-ZNacQTORU�³d§:«�¥p¬ �X¨��N¢{«� [�`¤�3T¬p¥�¢É¨`¤'���¡­j¯tc�Iw§ � ! ¥�¯d¨k Ã©X9¥%�Ã­D¥�>c¨d5R¥���¨R¬ ! ¨k¢"�s«�¬p³d´�?�?�?�Ñ0O&WXb-M&WcZkUR^lacb-Mv^Vb�/�KNa�M4Zk^lKkb-ZNKIWXb-Y}�wKkegacU4K x Kkb-MR^VbToB&�$¿|4E�¸�¸�_ � ³pb-aT� ��³Û�Ý �FG+*2Û���¸�_��
� Û�_,	F±;�TÓ�S�WXÐpK�WXb-Y?qÍ�-´ MÃWXO4Y�³#I@�N¢5�"�X¨��4«c­\¢{«�¤j ��£³ x ]TOR^VbTopKkOzÅ{�vKkORS�WXo-³fÛ�Ü�Ü8���
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� Ûk¹N	FÆf�fÓ�S�WXb-Z�³OP��
�X¨£¦V«�3f3-¨ ! ¨£­\¢m¬d¨ ! �k¢"�s«�¬j¨��d3�«c¤s g¦V¥ ¬��k¢É¨��N¢5�Ï«c­Ç¬d¨D�
��¥c­j¯d¨ ! ¨£­2¢Ï³5Æv[L���;�0UR[-KNMR^lM�³8?vZNacSlKYTKNMGqr^Vb-KNMGYTKmÆ�WXOR^lM�³LÛ�Ü�Ü�Ü��
� Û�G,	F�À�5Ó`acSlYTa WXb-Y�W;�5J0K?qrKkbL³`§G¨ ! «�¢É¨D��¨£­�� �®­j¯ ! «�¬d¨£¦I¥p¬p¥
3D¢{¥�¢5�Ï«c­Ç¢{« �c¨£ Ã©m� ��¯��Í R¨
�k«c¦ ¤s¢5�Ï«c­ ¬���¯8�¡¢{¥c¦

� ! ¥�¯j¨���«��¿¤s �5R¥�­ ¥c 4¨R¥��k³n´�?�?�?
	X´ x Æv� x �pac^VbdU g acORÐ�MR[-ac]ÒacbÒ�IKkegacU4K x Kkb-MR^VbTo�WXb-Y$�+WXU&WrÚ-Q-MR^lacba��pKkOIÁwOR�\WXbÄ±wO4K�WcM�³ME�¸�¸�Û�³T]T]L�#E�¸+*uEX¹-�
� Û�],	F±F�5Ó�Q-M4Z4[L³`§G¨
� �z���Ï«c­ «��Z5k¤ �¡¦ ¢wo ¤�3 ¥c 4¨R¥�� �®­ ¥���p[cÇ¤'���¡­j¯k�k¥p¢É¨£¦®¦ �~¢É¨ � ! ¥�¯d¨£ £©�¥�­2¬
��p[c ¬p¥p¢{¥�³vÆ!O4asZ��´ x Æi� x?x �se}]Da�MR^VQTe acbs/�´ x ÅiÓ`KkU��nKNKkb��j^lMR^lacb-MGWXb-YrWX]T]TSV^lZ�WXUR^lacb-M�³-�pacS{�\_FE�	�¹-³0Û�Ü�Ü8���
� Û�Ý+	��;���`WcM4KkSVSlKNM�³�Ú`���`WXURU4K�³LÑ+�L��acSVS{³LWXb-Y Ú��D��^V�Da�M�³�I ¯d¨R« ! ¨N¢~ ��4� ! «�¬j¨£¦��k«c }¥f�N¢5�"�X¨`�4«c­\¢{«�¤j ��£³�uwQTegK£ÅOR^lM4Z4[-K�q�WXUR[-Kke�WXUR^VÐeC#C�|zÛ�Ü�Ü�_ � ³Tb-aT�LÛ�³LÛ�*s_�Û��
� Û��,	��;�-�`WcM4KkSVSlKNM�³T����-�^Ve}egKkS{³\WXb-Ye/À� x WX]T^VO4aT³Oy`­�¯j¨R«�¬d¨�� �w�}¥X�N¢5�z�c¨B�4«�­\¢{«c¤s [�k³-´ÉbjU4KkORb\WXUR^lacb\WXS��pacQTORb\WXS0aXy
��ace}]TQTU4KkOI��^lMR^lacbs�#��|zÛ�Ü�ÜpÝ � ³Tb-aT�LÛ�³M]�Û�*�ÝcÜ��

� Û�Ü,	FÑ+�5�n[\WXb$WXb-Y�Jv�0�vKNM4K�³KI@�N¢5�"�X¨Z�4«�­\¢{«c¤s [� = �~¢"�s«c¤�¢m¨R¬�¯d¨
�£³!´�?�?�?�ÑLO&WXb-M��5acb�´ e�WXopK�ÆvO4ajZNKNM4M4^VbTo $��
|4E�¸�¸�Û � ³Tb-aT�#E�³MEF]F]+*uEpÝ�Ýs�

� E�¸,	 ³ I
¦l¨
�X¨k¦O�N¨k¢G¥c¦�¯p«c  �~¢"� ! �k«�  ! �¡­ � ! � < �¡­j¯¿¢"��¨;ªr¤ ! �N«c z¬FoJcM�s¥N���£¤j­.��¢5�~«c­D¥c¦ �¡­;� ! ¥�¯d¨t3D z«��Ã¨���o���¡­j¯�³!ÛNMRUm´�?�?�? g acORÐsM4[-ac] acb��iWXOR^�WXUR^lacb\WXSnWXb-Y JLKk�pKkS x KkU�q�KkUR[-asYTM�^Vb���ace}]TQTU4KkOm�w^lM4^lacbL³�E�¸�¸�Û�³
]T]L��Û�]�Û�*2Û�]8���

� E�Û
	FÑ+�\�n[\WXbrWXb-YZg��#l2[dQL³8°0¨
�X¨k¦0�N¨k¢25R¥���¨R¬`�[��¥�3T¨232  �~«c %�N¨Ï¯ ! ¨£­2¢{¥�¢5�~«�­\³-Ñ0KNZ&[L�-O4Kk]8acORU�³-Á+��JL±F³ME�¸�¸�_��
� EFE,	��À�\�n[-KkbL³DÚ`�MWwQ\WXbTo-³MWF�\ÑfWXodWXO4K�³Dq��-��WcaT³-�À��g ^VSlM4acbL³\WXb-Ya?I�-±F�)/�Kk^lM4KkO�³@^����¡­j¯d32 ��Ï«c d���s¥�3T¨À¥�­2¬

�®­2¢É¨£­����~¢~© 32 R«�\v¦l¨1�®­ ! ¨R¬��4�4¥c¦ � ! ¥�¯d¨%�N¨Ï¯ ! ¨k­\¢{¥�¢5�Ï«c­\³-Æ!O4asZ��-´R�:�n�;� E�¸�¸�_�³-�pacS{�#E�³ME�¸�¸�_�³T]L�LÛ�Û�Û�Ýs�
� E�_,	��À���n[-KkbL³0W;�2Ñ5WXodWXO4K�³ x �DÑ`[T^VORQT�pKkbTÐ�WcY-WXe�³LÚ`�)WIQ\WXbTo-³8�À�)g ^VSlM4acbL³H-}�0/�ac]T^Vb\WXUR[L³����DÓ�OR^Vo�opM�³�WXb-Y

?G�./�Kk^lM&KkO�³2^ � �®­j¯%32  �Ï«c d�[��¥�3T¨��7�¡­�¯d¨R« ! ¨k¢~  �w�}¥X�N¢5�z�c¨S�4«c­\¢{«c¤s ��1�®­�¥`��¥c  �~¥p¢5�~«c­D¥c¦f�£ z¥ ! ¨
=i«� [>�³2´ÉbjU4KkOzÅb\WXUR^lacb\WXS��pacQTORb\WXS5aXyv��ace}]TQTU4KkOw�w^lMR^lacb�����|4E�¸�¸FE � ³Tb-aT�2_�³\_�Û�G+*s_FE8���
� EX¹N	��À���n[-KkbL³ x �iÑ`[T^VORQT�pKkbTÐ�WcY-WXe�³@WF�nÑfWXodWXO4K�³GÚ`��WwQ\WXbTo-³:�À��g ^VSlM4acbL³:WXb-Y ?G�n±F� /�Kk^lM4KkO�³�y`­)¢"��¨

�®­)�4«c ;3�«c R¥�¢5�~«�­¿«�� �[��¥�3T¨O32 ��Ï«c ��%�¡­\¢{«G¯d¨4« ! ¨k¢~ ��4��¥f�N¢5�"�X¨t�4«c­\¢{«c¤s ��£³p´�?�?�?ÒÛNMRUng acO4MR[-ac]}acb;�iWXOR^�WXUR^lacb\WXSÚTO&WXegK��nacORÐÄWXb-YÄJLKk�pKkS x KkU4M:egKkUR[-asYTM�³#E�¸�¸�Û�³T]T]L�0Ûk¹XG+*2Û�GFE��
� EFG,	��À�i�n[-KkbL³ x ���F�!Ñ`[T^VORQT�pKkbTÐcWcY-WXe�³2-}� x �R/+ac]T^Vb\WXUR[L³`WXb-YÇ��� g��!ÓnOR^Vo�opM�³��vª�§ � ! ¥�¯d¨� 4¨Ï¯��z�£¢~ R¥�¢5�~«�­¤X� �®­s¯ ¢"��¨¿ªÄ¤ ! �k«� z¬No;cM�s¥��`�Ã¤s­.�N¢5�Ï«c­2¥c¦`¥c­2¬k���s¥�3T¨ �®­+�k«c  ! ¥�¢5�Ï«c­\³5´ÉbjURSG��acb�yÏKkO4Kkb-ZNK?acb$´Éb�yÏacORe�WXUR^lacbx �sM4U4KkegM�³T±Ib\WXSV��MR^lMGWXb-Y x �sbdUR[-KNM4^lM�³#E�¸�¸FE��
� EF],	F�À�\Jv�8�n[-ac]T]L³ 1!« ! 32¤�¢5�¡­j¯ ! �¡­ � ! ¥c¦0�Ã¤s "�k¥f�Ã¨���� �Ï¥¿¦l¨
�X¨£¦8�N¨k¢2�k¤s 
��¥�¢~¤s R¨2}`«N=v³)�pacQTORb\WXS�aXyn��ace}]TQTU&W�ÅUR^lacb\WXS0Æ![j�sMR^lZNMB$��.C |zÛ�Ü�Ü�_ � ³-b-aT�LÛ�³\Ý�Ý�*sÜ�Û��
� EpÝ+	FJv�T�À�\��ac[-KkbL³Ky`­ ¥X�N¢5�z�c¨��&«c­\¢{«c¤s  ! «�¬d¨£¦ �F¥c­2¬D5R¥c¦¡¦�«�«c­��£³D��ace}]TQTU4KkOI��^lMR^lacbL³#/�O&WX]T[T^lZNM�³-WXb-Y�´ e�WXopKÆ!O4asZNKNM4MR^VbTo-�-´ e�WXopK+ÁIb-YTKkO4M4U&WXb-Y�^VbTo��#{�|zÛ�Ü�Ü�Û � ³Tb-aT�#E�³.E�Û�Û�*uE�Û����
� E8�,	FÑ+��Ú`�j��ajacU4KNM�³p�À�j��ajac]8KkO�³s���V�\�pÑfW��jSlacO�³TWXb-Yx�-�u/�O&WX[\WXe�³uI_�N¢5�z�c¨t�[�s¥
3T¨ ! «�¬d¨£¦ �_ov¢"��¨ �¡ I¢~ R¥��¡­ �®­s¯;¥�­2¬¥�3f32¦ �4�4¥�¢5�Ï«c­\³\��ace}]TQTU4KkOI��^lMR^lacbrWXb-Y?´ e�WXopKmÁwb-YTKkO4MRU&WXb-Y�^VbToZC0$�|zÛ�Ü�ÜFG � ³-b-aT�LÛ�³-_8�+*uG�Ü��
� E�Ü,	F�À�\�nO4KkegKkO4M�³Hc2¢{¥�¢5�z�£¢5�4�4¥c¦ �[�s¥�3-¨d>�­2«N=:¦l¨R¬�¯d¨ �¡­s�X¥c ��Ï¥�¢5�Ï«c­2¥c¦ � ! ¥�¯d¨%�N¨{¯ ! ¨£­\¢{¥�¢5�Ï«c­\³-Æv[L���;�-UR[-KNMR^lM�³-��K£Å]\WXORURegKkbdU�aXy�q WXUR[-Kke�WXUR^lZNMwWXb-Yr��ace}]TQTU4KkO x Zk^lKkb-ZNK�³-ÁwbT^V�pKkO4MR^VUÉ�?aXy!q�WXbTbT[-Kk^Ve�³H/�KkORe�WXbd�p³)E�¸�¸FE��
� _�¸,	F�À�0�nO4KkegKkO4M�³ x ��j�MR[-KkO�³5WXb-Y x � x apWXURU4aT³��À¨£ £­D¨£¦n¬d¨k­����~¢~©r¨��£¢5� ! ¥�¢5�Ï«c­�¥c­2¬:�¡­\¢~ ��¡­�� �w�g¥�¦ �V¯c­ ! ¨£­\¢ �k«c >�­2«N=:¦l¨R¬�¯j¨
oµ¬c  �"�X¨£­ �N¨{¯ ! ¨£­\¢{¥�¢5�Ï«c­)9�¢É¨R¥f�r� �®­s¯Í¦V¨
�c¨£¦2�N¨N¢"�?¢{«q=i¥c¦ >�³`Æ!O4asZ��v�G±_/�qÍ��¸X¹-³@EF]XUR[ÇÆ�WXURU4KkORb�IKNZNaco�bT^VUR^lacb x �se}]8a�MR^VQTe�³-JLu+� x _�Û�ÝNG�³ x ]TOR^VbTopKkO�³)E�¸�¸X¹-³T]T]L�-_F]+*d¹�¹-�
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	F�À�8�nO4KkegKkO4M�WXb-Y x � x apWXURU4aT³ I 3.�N¨£¤T¬p«Noz¬��Y�k¢{¥c­.�&¨@�N«c d�[��¥�3T¨t3D ��Ï«c ��1�®­ ¦l¨
�X¨£¦n��¨k¢R�N¨Ï¯ ! ¨£­2¢{¥�¢5�~«�­\³0EXb-Y´�?�?�? ´ÉbjURS{��g acORÐ�MR[-ac]Äacb?�iWXOR^�WXUR^lacb\WXS{³0/�KNacegKkUROR^lZ�WXb-Y�JLKk�pKkS x KkUF|4EXb-Y�´�?�?�?Ç´ bdURS{�Mg acORÐsMR[-ac]racb
�iWXOR^�WXUR^lacb\WXS2/�KNacegKkUROR^lZ`j;�LÚ2WXQTopKkO&WcM�³0u;��Æ5WXO&WXo�^la�M�|w?vYTM�� � WXb-Yqj;�LÚ\WXQTopKkO&WcM�u;��Æ�WXO&WXo�^la�M<|w?vYTM�� �
J0Kk�pKkS x KkUIq�KkUR[-ajYTM�|¡��J x q � ³-uw^lZNK�³TKNYTM�� � ³#E�¸�¸�_�³T]T]L�LÛ�]�Ü+*2Û�ÝN]��
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�j z« ! ¥�¢ �4�Db ! ¤s¦ ¢ �z�J3-¨��N¢~ R¥c¦K�Ã¤'� �Ï«c­ ¥c¦�¯p«c  �~¢"� ! �3T¨£ "�k«�  ! ¨R¬�«c­ � ! ¥�¯d¨��S� � ! ¤j¦V¥�¢ �¡­j¯Ä¢"�T¨@�£¤�¢~¤j 4¨%32¦l¨ �~¥d¬d¨�� �k¥p¢É¨£¦®¦ �~¢É¨��£³fÆ!O4ajZ��8EXb-Y /�� xTx 	X´ x Æv� x Ìzac^VbjU

�nacORÐ�MR[-ac]Äacb�O4KkegacU4K�M4Kkb-MR^VbTogY-WXU&W;y~Q-MR^lacb�a��pKkOwQTOR�\WXbrWXO4K�WcM�|~Á��IÓ`±�u E�¸�¸�_ � ³\q WN�ZE�¸�¸�_��
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� ]FG,	��\�pJLKk^VURSlaXÔ!³ x �fWw^VbT²p³dWXb-YgÁ;� x UR^VSVS�W�³n�-¨
� �w�N¦V¨:~k¤-¨£¤-¨+¬d¨k¢É¨7�N¢ �~«�­ �®­Z�4« ! 32¦l¨��;¤s �54¥c­Ä¥c 4¨R¥��d5k©À¨���¢~ R¥f�N¢ �Ï«c­¥�­2¬r¥�­2¥c¦ ©,� �Y�}«��}¦ �®­D¨4¥c 2�N¨4¥�¢~¤j 4¨��k³fÆ!O4asZ��L´ x Æv� x W�WXb-a��pKkO�g acORÐsM4[-ac] acb hrWI^Vo�[�ÅÉ�wKNM4acSVQTUR^lacbq?iWXORUR[
´ e�WXo�^VbTo}yÏacOt/�KNa�MR]\WXUR^�WXS0´ b�yÏacORe�WXUR^lacb�hc³.E�¸�¸FG��

� ]F],	FqÍ�iJ0Kk�pKkbdU4acbL³_?I� /�OR^VegM4acbL³wWXb-Y�j;�iÚ2WXQTopKkO&WcM��V³dc2¢{¥p¢ �Y�k¢ �w�4¥�¦2�[�s¥
3T¨ �®­+}n¤-¨£­.�&¨ �¡­Ò¯d¨R«�¬d¨
� �4��¥f�N¢ �"�X¨
�&«c­\¢{«c¤s [�k³2��ace}]L�T��^lMR^lacbrWXb-Y?Æ�WXURU��\�wKNZNacbL�0|{�n��Æi� � ³ME�¸�¸�¸�³T]T]L�\_�Û�]+*s_FE�_��

� ]pÝ+	F�F�jJL^VSVSlKNMRURO&WXb-Y�³�
2¨7�
�d­ �4~k¤-¨����k«� :�
��¥c­j¯d¨;¬d¨k¢É¨7�N¢ �~«�­\³T´L?�?�?ÒÑLO&WXb-M��\��ace}]TQTU��#�0$Ä|zÛ�ÜpÝNE � ³�b-aT�-Ýs³�]FGX¹�*
]FG�Ü��

� ]8�,	FqÍ�LWXb-Yq?I�LÚ\WXU4Kke}^{³�Iw­$¨�� � �Ï¨£­2¢ 
 �¡­\¢É¨£ "�k¥f�Ã¨
o 32 4¨���¨£ �� �®­j¯ ¦V¨r�X¨£¦���¨k¢G 4¨R¬ �z�£¢{¥�­.� �¡­j¯�¥c¦�¯p«c  �¡¢"� ! ¥c­2¬ �¡¢"�¥
3f32¦ �w�4¥p¢ �~«c­Ò¢{« �®­2¢É¨£ z�N¥f� �Ï¥c¦ �¡­.�4« ! 3D R¨���� �J5£¦l¨t}n¤ �~¬�}:«N=v³ x ´µ±�q �\� x Zk^{�5��ace}]TQTU��O� � |zÛ�Ü�Ü�Ü � ³0b-aT�0¹-³
Û�Û�]FG+*2Û�Û�Ü�Û��

� ]�Ü,	F�F�8q�WXSVS�WcY�^nWXb-Y �\��± x KkUR[T^�WXbL³�°0¨
�X¨k¦K�N¨k¢ ! ¨k¢"�s«�¬��2�N«c x�k¤s ���¥p¢~¤j 4¨ }:«N= 
 � ! ¥�¯j¨<¨£­M�s¥c­.�&¨ ! ¨k­\¢ 
�¥c­2¬���s¥�3T¨Ò R¨7�4«N�X¨£ £© �¡­ ! ¨R¬ �4�4¥c¦ � ! ¥�¯d¨��£³}ÆvO4ajZ�����acb�yR�+acb��w^lMRQ\WXSV^V²�WXUR^lacb½WXb-Y q�WXUR[-Kke�WXUR^lZNM�³?Û�Ü�ÜFG�³]T]L�2_FE�Ü+*s_X¹XG��
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	 x ��u�acO4acbT[\W�WXb-YF�F��u�Kk�cWXUR^�W�³fP;¨k¢É¨��N¢ �Ï«c­¿¥�­2¬�¬d¨
�r�k  � 38¢ �~«c­¿«��25k¤ �¡¦�¬ �®­j¯N�.�£ z« ! ! ¤s¦ ¢ � 32¦l¨G¥d¨£  �Ï¥c¦�� ! ¥�¯d¨
�£³�G±��IÆD± ´ e�WXopKmÁwb-YTKkO4MRU&WXb-Y�^VbTo g acORÐsM4[-ac]L³�Û�Ü�ÜF]�³T]T]L�T¹X]�Ü+*d¹jÝ ���
� �FE,	�-}�Tuwa��cWXÐ8³2§G¨7�N¢ � \ �4¥�¢ �Ï«c­�«���¬ �V¯ �~¢{¥c¦ � ! ¥�¯j¨£ Ã©�³-Æv[-acU4aco�O&WXe}egKkUROR^lZ�?!bTo�^Vb-KNKkOR^VbToZT��IKkegacU4K x Kkb-MR^VbTo-³�pacS{�#G8��³�b-a�_�³�]T]L�\_�_�Ü�Å _X¹�¹�|zÛ�Ü�ÜFE � �
� ��_,	FÓ���Æf�.jwSlM&KkbL³#Iw¤s¢{« ! ¥�¢ �4���
�s¥c­j¯j¨F¬j¨k¢É¨��N¢ �Ï«c­S�k«� d��¥c¦ �~¬p¥p¢ �~«c­�«��m¬ �V¯ �~¢{¥c¦ ! ¥�3 ¬d¥�¢{¥X5R¥���¨��£³\´ x Æv� x���� UR[ZNacbTo�O4KNM4M�³T´µ±wÆi� x ³��pacS{�#EX¹-³#E�¸�¸X¹-³-]T]L��Û�E�¸+*2Û�EFG��
� �X¹N	�WF�njwOR^lacU�³�cD¢{¥�¢ �Y�k¢ �w�&¥c¦K�Ã­D¥�>c¨��_�N«c D5k¤ �¡¦�¬ �®­j¯�¨��p¢~ z¥f��¢ �~«c­a�Ã R« ! �k¢É¨£ 4¨R«��r�&«�3��4�Ä¥d¨£  �Ï¥c¦ � ! ¥�¯d¨��k³fÆ!O4asZ��0aXyUR[-K+´ x Æi� x g acORÐ�MR[-ac]�acb hkÆ![-acU4aco�O&WXe}egKkUROR^lZ;^Ve�WXopK�WXb\WXSV��MR^lM+h}|4E�¸�¸�� � �
� �FG,	 x �uj�MR[-KkO:WXb-YD�-��±F� x KkUR[T^�WXbL³ �8 R«c­\¢"��3D z«�3T¥�¯p¥�¢ �¡­j¯ = �~¢"�`�k¤s ��X¥�¢~¤j 4¨
oz¬d¨;3T¨£­D¬d¨£­\¢R�J3-¨4¨R¬X9�¥c¦�¯p«c  �~¢"� ! �d5R¥No�N¨R¬;«c­��m¥ ! �¡¦ ¢{«�­Mo��s¥f�4«X5 �X�k«c  ! ¤j¦V¥�¢ �Ï«c­��k³F�pacQTORb\WXS\aXy���ace}]TQTU&WXUR^lacb\WXSDÆ![d��MR^lZNM�³sÝcÜ�³�]T]L�TÛ�E�Å{¹dÜ}|zÛ�Ü8�8� � �
� �F],	FuF�8Æ�WX]\WXO4ajY�^VUR^lM�³f§G¨��4«�­��£¢~ £¤���¢ �~«c­Ò¢~  �~¬ � ! ¨£­�� �~«�­-­D¨£¦¡¦V¨g¬d¨t3�¥�©,�N¥�¯d¨��}¤s �54¥ �®­M��¨k­ � ! ¥�¯d¨£  �Ï¨S�£¢ �£  �R«����4«No3��4~k¤T¨%�N¥�¢É¨£¦¡¦ �~¢{¥c¦l¨d��¥c¤s¢É¨�  ���k«�¦ ¤�¢ �~«�­\³-Æ![L���À�TUR[-KNMR^lM�³-ÁIbT^V�pKkO4M4^VU4PmYTK+uI^lZNK£Å x ac]T[T^�W�±IbjUR^V]DacSV^lM�³LÛ�Ü�Ü8���
� �pÝ+	FuF�TÆ�WX]\WXO4asY�^VUR^lM�³2qÍ�\��acO4Y�³\qÍ�M�pacO4Y-WXbL³DWXb-Ye�cÅÉÆ5�D��asZNhdQ-KkO4Kk²p³ �:¤ �¡¦�¬ �¡­j¯�¬d¨k¢É¨7�N¢ �~«�­�¥c­2¬< R¨7�4«c­��k¢~ Ã¤��ro
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� �8�,	FuF�sÆ�WXO&WXo�^la�M�³��I¨R«�¬j¨�� �4�À¥f�N¢ �"�X¨+ 4¨Ï¯ �Ï«c­��F¥�­2¬À¦l¨
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3f32¦ �w�4¥p¢ �~«c­M� �¡­¥c k¢ � \R� �~¥c¦0� �Y� �~«c­2³TÆ![L���À�TUR[-KNMR^lM�³TÁwbT^V�pKkO4MR^VU4PmYTK+uw^lZNK£Å x ac]T[T^�Wg±wbdUR^V]8acSV^lM�³M�dWXbjQ\WXOR�aE�¸�¸�¸��
� ��Ü,	FuF�!Æ�WXO&WXo�^la�M�WXb-Y����!��KkOR^lZ4[-K�³@I�|�P�� o�5R¥N�N¨R¬$¦l¨
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¹d¸FE+*d¹d¸pÝs�

� Ü��,	FuF�`Æ�WXO&WXo�^la�M�³+qÍ���wacQ-M4M4acbL³�WXb-Y �;�`��WXegKNMR[L³mª ¥�¢J�
� �¡­j¯Ç¬ �Y�k¢{¥c­.�&¨ �Ã¤s­.�N¢ �Ï«c­���9 I �[��¥�3T¨
oµ¢{«Noµ¥c 4¨R¥
��¥c  �~¥p¢ �~«c­D¥c¦\¥�3f32 R«�¥f�r� �N«c i¯c¦V«X5R¥�¦ oµ¢{«NoÉ¦V«��4¥c¦8 4¨Ï¯ �z�£¢~ R¥�¢ �Ï«c­\³X?vQTO4ac]DK�WXb¿��acb�yÏKkO4Kkb-ZNK`^Vb<��ace}]TQTU4KkOv��^lMR^lacbL³
JLu+� x E��FG�Û�³ x ]TOR^VbTopKkOzÅ{�vKkORS�WXo-³HE�¸�¸FE�³T]T]L�\Ý�ÝNG+*�Ý ��Ü��

� ÜX¹N	FÑ+��Æ�WN�sSV^lY�^lM�³'Iw¦�¯p«c  �~¢"� ! �)�N«c !¯c z¥
3#� �4�
�I¥c­2¬ � ! ¥�¯d¨O32 z«+�&¨��[� �®­s¯�³j��ace}]TQTU4KkO x Zk^lKkb-ZNK`Æ!O4KNM4M�³�´ b-Z��V³�Û�Ü8�FE��
� ÜFG,	F���DÆfPkU4KkOR^iWXb-Y Ñ+�D�wWXb-Z&[T^VbL³ �K��¢~ R¥f�N¢ �Ï«c­Í¥�­2¬�¤+3�¬p¥�¢É¨<«����£¢~ 4¨4¨k¢:­D¨N¢w=i«c [> �®­�¤j �5R¥c­$¥c R¨4¥��2�Ã R« ! � �V¯��
 R¨
�k«c¦ ¤s¢ �Ï«c­ �N¥�¢É¨£¦¡¦ �~¢É¨ � ! ¥�¯d¨��k³8Æ!O4ajZ��D´ x Æv� x ��ace}e}^lM4MR^lacb�´ � MR�se}]Da�MR^VQTe acb h�/�KNa�MR]\WXUR^�WXS!Ñ`[-KNacOR�p³Æ!O4asZNKNM4MR^VbTo�WXb-Y?±w]T]TSV^lZ�WXUR^lacb-M+hg|{���T±wORegKkb\WXÐj^lMIWXb-Y �}� ���TJLKNK�³TKNYTM�� � ³-�pacS{��Ûk¹-³ME�¸�¸FE�³�]T]L�2ÝN]8�+*�Ý�Ý����

� ÜF],	 ³�ªr¤j¦�¢ �® 4¨��N«c¦ ¤�¢ �Ï«c­Sc\­2¥�>�¨��#�N«c v¤s �5R¥�­g z«�¥p¬m¨���¢~ R¥f�N¢ �Ï«c­@�£ z« ! p �Sy�� yRc�¥c­D¬�
`¤ �w�r>N5 �¡ z¬ � ! ¥�¯d¨
�£³E��Xb-YS?v±w� x KNJ�±wbTbdQ\WXS x �se}]Da�MR^VQTe�hk�wKkegacU4K x Kkb-MR^VbTo+^Vb}ÑLO&WXb-MR^VUR^lacb�hm|J/+aja�M4M&Kkb-M�³�KNY�� � ³pqr^VSVSV]TO4KNM4M�³
�IacURU4KkO4Y-WXe�³-u�KkUR[-KkORS�WXb-YTM�³#E�¸�¸���³-]T]L�#]�Ü+*�ÝN]��

� ÜpÝ+	 ³K^f �5R¥�­��£¢~ 4¨4¨k¢ ! ¥�3f3��¡­j¯�¤X� �®­j¯S~k¤ �4�
>N5 �¡ z¬�¥c­2¬ �Y>c«c­2«�� � ! ¥�¯d¨��£³jÆ!O4asZ��p´�/+±w� xTx ³��pacS{����³XE�¸�¸���³]T]L��Û�ÝNE�Û�*2Û�ÝNE����
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� Ü8�,	F�F�0��WcY�ÐpK�³ x �0±wb-Y�O&W�³�j;�f±wS�Å;-IaXy{WX[T^{³iWXb-YÍÓ��5�Ia��sMÃWXe�³Kp ! ¥�¯j¨Z�
�s¥c­s¯d¨?¬d¨k¢É¨7�N¢ �~«�­ ¥c¦�¯p«c  �¡¢"� ! ��9`I�£©��£¢É¨ ! ¥�¢ �4�d�£¤j 
�X¨£©�³-´�?�?�? ÑLO&WXb-MÃWcZkUR^lacb-Mwacb�´ e�WXopKmÆ!O4asZNKNM4MR^VbTos$'&�|4E�¸�¸FG � ³-b-aT����³ME�ÜX¹�* ��¸pÝs�
� Ü�Ü,	FÑ+�\�G^VÐsSV^Vb�ÅÉ�wWN�s^V�8³TuF��-�^VOR�dWXUR^{³DWXb-Y?uF� x asZ4[-KkbL³@^0­-¦l¨
�X¨£¦��N¨k¢"��9��I¨R« ! ¨k¢~ £©¿¥c­D¬:32  �Ï«c �o�5R¥���¨R¬D�N¨{¯ ! ¨£­Mo¢{¥p¢ �~«c­2³nÆ!O4asZ����XUR[ ?vQTO4ac]DK�WXb)��acb�y~KkO4Kkb-ZNKracb ��ace}]TQTU4KkO���^lMR^lacb |w?��:�n�;� E�¸�¸X¹ � |~Ñ+�iÆ�W�ÌzY�S�W�WXb-Y

�\�-q�WXU&WcM�³TKNYTM�� � ³TJLu+� x ��¸FEX¹-³ x ]TOR^VbTopKkO�³.E�¸�¸X¹-³-]T]L�#G�¸+*u]�Û��
� Û�¸�¸,	FqÍ�X�IasZ4[-KkOR�p³�´£�VWF���pKkORe��sbL³dWXb-YS�-�FlDKkORQT�T^�W�³�� �V¯���¨k I«c z¬j¨£ I¥f�N¢ �"�X¨t�4«c­\¢{«c¤s ��G¥�­2¬m¢"��¨ �® G¥�3f3D¦ �4�4¥�¢ �Ï«c­<¢{«

¢"�T¨�¬d¨N¢É¨��N¢ �Ï«c­ «���¦ �¡­D¨�­D¨N¢w=i«c [>+� �¡­e�N¥�¢É¨£¦¡¦ �~¢É¨ � ! ¥�¯d¨£ £©�³TÆ!O4asZ���EXb-Y?´�?�?�? g acORÐsMR[-ac]�acb��iWXOR^�WXUR^lacb\WXS{³/+KNacegKkUROR^lZ�WXb-Y�JLKk�pKkS x KkUwqrKkUR[-asYTM:^Vb���ace}]TQTU4KkOw�w^lMR^lacbL³ME�¸�¸����
� Û�¸�Û
	FqÍ�s�IasZ4[-KkOR�p³�´Ã�VW;�u�pKkORe��sbL³-WXb-Y��-�MlDKkORQT�T^�W�³ � ¢~¤�¬j¨m¬ � ¤j­8¨�­2«c¤u�X¨£¦¡¦l¨B�k¦V¥����N¨m¬j¨%�4«c­2¢{«c¤j ���¥f�N¢ � �[��3�«c¤s 

¦V¥¿¬��k¢É¨��N¢ �Ï«c­�¬d¨m R«c¤s¢É¨
�;¬p¥c­��m¬d¨�� � ! ¥�¯d¨���¬d¨F¢ �£¦ �R¬��N¢É¨��N¢ �Ï«c­\³DÆ!O4ajZ��#/+�_?vÑ x ´ x �je}]8a�MR^VQTe�acb x ^Vo�b\WXSWXb-YÄ´Ée�WXopK+Æ!O4asZNKNM4MR^VbTo-³.E�¸�¸����
� Û�¸FE,	 ³ � ��¯N��¨£ 
oµ«c R¬d¨£ �¥f�N¢ �"�X¨��4«�­\¢{«c¤s [�k³!Ñ0KNZ4[L���wKk]DacORUSGF]FGF]�³!´ u��I´µ±F³ E�¸�¸FG�³�U4aÄ�DK�]TQT�TSV^lMR[-KNY�^Vb

UR[-K�´ÉbjU4KkORb\WXUR^lacb\WXS8�pacQTORb\WXS5aXyv��ace}]TQTU4KkOG��^lMR^lacbL�
� Û�¸��,	FqÍ�L�wacQ-M4M4acbL³t15¤-¨ �®­2¢É¨Ï¯c R¥�¢ �~«�­Ò¥�­2¬%�£ R«c­\¢+¨
��«c¦ ¤s¢ �Ï«c­ �¡­ � ! ¥�¯d¨x�N¨Ï¯ ! ¨k­\¢{¥�¢ �Ï«c­\³�Æ![L���À��UR[-KNMR^lM�³5ÁwbT^�Å�pKkO4M4^VU4PmYTK+uI^lZNK£Å x ac]T[T^�W�±IbjUR^V]DacSV^lM�³-��KNZNKke��8KkOtE�¸�¸X¹-�
� Û�¸X¹N	FqÍ�T�IacQ-M&M4acbÄWXb-Y?���T��KkOR^lZ4[-K�³HI ��¥c  �~¥�¢ �Ï«c­2¥�¦F�Ã R¥ ! ¨
=i«c �>@�k«� �¥f�N¢ �"�X¨;¥c­2¬¿¥p¬p¥�3D¢{¥p¢ �z�X¨%��¨Ï¯ ! ¨£­\¢{¥�¢ �Ï«c­«��d�X¨��N¢{«c ���¥c¦ ¤T¨4¬ � ! ¥�¯d¨
�£³-ÑfKNZ4[L�-O4Kk]8acORU�³-´µuw�w´ ±;³�E�¸�¸FE��
� Û�¸FG,	FqÍ�8�IacQ-M4M&acb�WXb-Y u;�8Æ5WXO&WXo�^la�M�³�cM�s¥�3-¨ 32  �Ï«c [� �N«c F¦l¨
�X¨k¦K�N¨k¢G R¨;3D R¨���¨£­\¢{¥�¢ �Ï«c­��k³�?n�:�n� ��¸FE 7�Æ!O4ajZNKNK£Å

Y�^VbTopM}aXy�UR[-KÄÝ�UR[ ?!QTO4ac]DK�WXb ��acb�y~KkO4Kkb-ZNK?acbÇ��ace}]TQTU4KkOg��^lMR^lacb�ÅÉÆ�WXORU�´4´£³fJLu+� x E��FG�Û�³ x ]TOR^VbTopKkOzÅ
�vKkORS�WXo-³.E�¸�¸FE�³T]T]L�2Ý �+*sÜFE��

� Û�¸F],	FqÍ���wacQ�Ë8³c§G¨��4¥c¦V¥�¯d¨w¬ � � ! ¥�¯j¨�� ! ¤s¦ ¢ �"oJ�N«c¤j ��&¨��	�'I 3f32¦ �w�&¥�¢ �~«�­<¥c¤� 4¨��4¥�¦�¥�¯j¨I¬ � ¤s­D¨ � ! ¥�¯d¨�c�| yB
�¨k¢L¬ � ¤j­D¨�&¥c £¢É¨N³\Æ![L���À�TUR[-KNMR^lM�³�?vu x Ñ+³0Û�Ü�ÜFE��
� Û�¸pÝ+	FqÍ���IacQ�ËgWXb-Y W;��q W�ÊlURO4K�³n
��d 4¨4¨
oz¬ � ! ¨£­M� �Ï«c­-­2¥c¦8¬d¨����k  � 3D¢ �Ï«c­�«��w¬d¨k­��N¨w¤s �54¥c­Ä¥c 4¨R¥��I¤'� �¡­j¯ ! ¥�3#�w¥c­2¬¥j¨£  �Ï¥c¦ � ! ¥�¯j¨��£³vÆvO4ajZ��ng acORÐ�MR[-ac]Òacb�hk±wQTU4ace�WXUR^lZ�K£ËsURO&WcZkUR^lacb�aXywe�WXb�Å{e�WcYTK?ac��ÌzKNZkU4M;y~O4ace WcKkOR^�WXSWXb-YÄMR]\WcZNK�^Ve�WXopKNM+hc³-Ó�^VORÐs[\WXQ-M4KkOG�vKkORS�WXo�Ó:WcM4KkS{³LÛ�Ü�ÜpÝs�
� Û�¸8�,	FqÍ�i�wacQ�ËÇWXb-YÇ�À�iq�Z�-+KNa �:bL³ �0¨R¥�¢~¤s 4¨ ! ¥�¢J�
� �¡­j¯`�k«� k5£¤ �®¦V¬ �¡­j¯�¨���¢~ R¥f�N¢ �Ï«c­ �£ z« ! ! ¤j¦�¢ � 3D¦V¨s�	�{¨
=O�k³�I±w�wÆ2±�´Ée�WXopK�ÁIb-YTKkO4MRU&WXb-Y�^VbTo`g acORÐsM4[-ac]L³LÛ�Ü�ÜX¹-³T]T]L� ����Û�* �X¹dÜ��
� Û�¸�Ü,	S/}� x WX]T^VO4aT³ �I¨R« ! ¨k¢~  �w�23�¥c k¢ �~¥�¦0¬ � Qw¨k R¨£­2¢ �~¥c¦f¨7~k¤�¥p¢ �~«c­M�F¥c­2¬ � ! ¥�¯d¨F¥c­2¥c¦ ©�� �z�£³-�`WXe��TOR^lY�opK�ÁIbT^V�pKkO4MR^VU �ÆvO4KNM4M�³ME�¸�¸�Û��
� Û�Û�¸,	 x � x KkOR�s^Vo�b-K�³ �I¥���¨m¬d¨�¬p«c­-­ �4¨��G¯��R«4¯c R¥�3#� �w~k¤-¨��g¨k¢ � ! ¥�¯j¨��+¥ �£  �{¨£­-­8¨��%9w¬d¨+¦ � ¥�3f3�¥�  �{¨ ! ¨£­\¢ � ¦�¥ ! �z�N¨

� 6N«c¤s £³\Æ![L���À�TUR[-KNMR^lM�³T´µu x ±�J��pacbL³LÛ�Ü�Ü����
� Û�Û�Û
	��\��± x KkUR[T^�WXbL³\°0¨
�X¨k¦.��¨k¢ ! ¨k¢"�s«�¬N��¥c­2¬2�k¥��k¢ ! ¥� ��
� �®­j¯ ! ¨k¢"�s«�¬���9w¨r��«c¦ �	�®­s¯ �¡­\¢É¨£ "�k¥f�Ã¨����¡­a�4« ! 32¤�¢{¥�¢ �Ï«No­D¥c¦2¯d¨R« ! ¨N¢~ Ã© 
H}n¤ �~¬ ! ¨��
��¥c­ �4�
� 
@�4« ! 32¤�¢É¨£ ��	�Y� �~«�­�¥�­2¬ ! ¥p¢É¨£  �Ï¥c¦ �d�r� �{¨£­.�Ã¨k³L�`WXe��TOR^lY�opK;ÁIbT^V�pKkO4MR^VU �ÆvO4KNM4M�³�Û�Ü�Ü�Ü��
� Û�Û�E,	S/}� x [\W�y~KkO�³.I ! ¥�¢"�T¨ ! ¥�¢ �w�&¥c¦0¢"��¨R«� Ã©?«��F¨
�	�Ï¬d¨£­)�&¨k³DÆ!OR^Vb-ZNKkU4acbrÁwbT^V�pKkO4MR^VUÉ��ÆvO4KNM4M�³Tu�K�� �pKkO4M4Kk�p³-Á x ±;³Û�ÜpÝN]��
� Û�Û �,	�-}� x ^lYTY�^lhd^{³sÓ��pÓ��f-�^Ve}^�W�³sWXb-Y¿�iÅJg�� x [jQL³ �I¨4« ! ¨k¢~  �4� ���s«��
>+o��4¥�3D¢~¤s  �®­j¯ ���Sy �r�r��¨ ! ¨����N«c @�£¤�5L3�� �j¨£¦

�¡­\¢É¨£ ;3�«c¦V¥�¢ �Ï«c­ 
x�4« ! 32¤�¢{¥�¢ �Ï«c­�¥c­2¬��k¤s ��X¨�¨
��«c¦ ¤s¢ �Ï«c­\³_/�O&WX]T[L�nq�ajYTKkSlM<´Ée�WXopKrÆ!O4asZNKNM4M�� � � |zÛ�Ü�ÜpÝ � ³b-aT�.G�³MEpÝ �+* ��¸�Û��
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� Û�Ûk¹N	ÀJv�XW;� x U&WX^V�?WXb-YD�-� x �j�wQTb-Z�WXbL³ �w«c¤s­2¬p¥c £© \v­2¬ �¡­j¯�= �~¢"�:3�¥c R¥ ! ¨k¢~  �4�4¥c¦¡¦ ©�¬d¨"�N«c  ! ¥X5k¦V¨ ! «�¬j¨£¦ �k³�´L?�?�?ÑLO&WXb-M&WcZkUR^lacb-M�acb�Æ�WXURU4KkORbr±wb\WXSV�sMR^lMwWXb-Y�q�WcZ&[T^Vb-Km´ bdU4KkSVSV^VopKkb-ZNKx$u&�|zÛ�Ü�ÜFE � ³\b-aT��Û�Û�³LÛ�¸F]�Û�*2Û�¸pÝNG��
� Û�Û�G,	g��� x U4KkopKkO�³.g��M?iZ4Ð�MRU4Kk^VbL³DWXb-Y����Mg ^lKNYTKke�WXbTbL³_^M3�¬p¥�¢É¨À«��� z«�¥d¬�� �¡­ ��p[cq5£©?¥c¤�¢{« ! ¥�¢ �w�g¨7��¢~ z¥X�N¢ �~«�­�Ã R« ! ¥d¨£  �Ï¥c¦�� ! ¥�¯d¨k Ã©�³�Æ!O4asZNKNKNY�^VbTopM!aXy\UR[-K x KNZNacb-Y;´ bdU4KkORb\WXUR^lacb\WXS-±w^VOR�8acORb-Kn�wKkegacU4K x Kkb-M4^VbTo+��acb�yÏK£ÅO4Kkb-ZNKnWXb-Y%?!Ës[T^V�T^VUR^lacbL³c�pacS{� ��³N?!bj�j^VO4acbTegKkbjU&WXST�IKNM4K�WXO4Z&[F´ b-MRUR^VURQTU4KvaXy-qÄ^lZ&[T^VodWXbL³�Û�Ü�ÜF]�³�]T]L� ��¸8�+* ��Û�Ýs�
� Û�Û�],	Àq�� x Q-M4MRe�WXbL³.?G�2Ú2WXU4Kke}^{³DÆ5� x egKkO4KkÐcW�³8WXb-Y x �Hj�MR[-KkO�³0Iw­
� ! 32 R«N�X¨R¬�¦V¨
�c¨£¦���¨k¢ ! ¨k¢"�s«�¬:�N«c  �®­.�&« ! o32 4¨��[� �45£¦l¨;¢w=i«No 3#�s¥���¨�}:«N=O�k³��pacQTORb\WXSfaXyi��ace}]TQTU4KkO4MwWXb-Y�Ú5SVQT^lYTMt�HU |zÛ�Ü�Ü8� � ³\b-aT�MG�ÅL]�³#]F]��+*u]8��¸��
� Û�Û�Ý+	À±F�fÑ0M&WX^{³!±;� �iKk²N²N^{³vWXb-Y�±;� x ��g ^VSVSlMRÐs�p³d15¤j 
�X¨�¨
�X«c¦ ¤�¢ �Ï«c­ � ! 3D¦V¨ ! ¨£­2¢{¥�¢ �~«�­Ç«��<¢"��¨¿ªÄ¤ ! �N«c R¬NoJcM��¥���Ã¤s­.�N¢ �Ï«c­2¥�¦��k«c  � ! ¥�¯d¨x�N¨{¯ ! ¨£­\¢{¥�¢ �Ï«c­ 
+¬d¨£­2« �z� �¡­j¯ 
 �®­\¢É¨k J3�«�¦�¥�¢ �Ï«c­ 
+¥c­2¬ ! ¥�¯c­ � \R�4¥�¢ �Ï«c­\³f´L?�?�? Ñ0O&WXb�ÅM&WcZkUR^lacb-MGacbÄ´ e�WXopK+Æ!O4asZNKNM4MR^VbTos$���|4E�¸�¸�Û � ³\b-aT� ��³LÛ�Û�]�Ü+*2Û�Û��F]��
� Û�Û��,	Àq�� x �-ÁISlM4U&WcY�³.Iw­ ¥�¦ ¯p«�  �~¢"� ! �k«c F¨
�£¢ � ! ¥p¢ �®­j¯ � ! ¥�¦®¦H���4¥c¦l¨}¬ � Qw¨£ R¨k­.�&¨��x54¨k¢w=n¨4¨£­Í¢w=i«�¬ ��¯ �¡¢{¥c¦ � ! ¥�¯d¨
�£³Æ5WXURU4KkORb��IKNZNaco�bT^VU�� ��|zÛ�ÜpÝ�� � ³��FE��+* �������
� Û�Û�Ü,	 x ����^Vb-M4acbL³0Jv���À����ac[-KkbL³5WXb-Y Ú`�LÆ5KkORS�WXbdU�³ ����¢~ z¥X�N¢ �~«�­Ò«��} R¨���¢{¥c­j¯c¤s¦�¥� Z5£¤ �¡¦�¬ �¡­j¯��g¤'� �¡­j¯ZP��nª�¥�­2¬

«c k¢"�s« � ! ¥�¯d¨k³-Æ!O4asZ��-aXy x Z�WXb-Y�^Vb\WN�s^�WXb ��acb�yÏKkO4Kkb-ZNK�acb�´ e�WXopKm±wb\WXSV�sMR^lMm| x ��´µ±;��¸�Û � ³#E�¸�¸�Û��
� Û�E�¸,	x/À�+�va�M4M&KkSVe�WXb½WXb-Y qÍ�V?G�FYTK /�QTb-MRU�³ ^�3�¬p¥p¢ �®­j¯  R«�¥p¬ ! ¥�3#� 5£© �4«c­2¢É¨���¢~¤T¥c¦� 4¨R¥��N«c­ �¡­j¯ ��³�Æ!O4asZ��g acORÐsM4[-ac] acb hk±wQTU4ace�WXUR^lZx?�Ë�URO&WcZkUR^lacb�aXy`q�WXb�ÅÉq WcYTK jw��ÌzKNZkU4M+y¡O4ace ±:KkOR^�WXSnWXb-Y x ]\WcZNKg´ e�WXopKNM+h

|~±F�#/�ORQ-KkbL³M?G��Æ5�\Ó:WXSVU4M&WN�s^�WcM�³-WXb-Ysj;�#WwKkbTOR^lZNM4M&acbL³TKNYTM�� � ³-Ó�^VORÐj[��XQ-M&KkOG�vKkORS�WXo-³LÛ�Ü�ÜpÝs³T]T]L�#EF]pÝ�*uEpÝN]��
� Û�E�Û
	ÀJv��g�WXSlY�³'P;¨"\v­ �~¢ �~«�­��:¥�­2¬m¢É¨£  ! �I«��` R¨"��¨£ 4¨£­.�&¨ �¡­¿¬d¥�¢{¥��£¤'� �Ï«c­\³c´ ±�Æv� x |¡�iWXSVS�WcYTacSV^lY�³ x ]\WX^Vb � ³��pacS{� �FE�³��QTb-KgÛ�Ü�Ü�Ü��
� Û�EFE,	;�;�Xg�WXSVU4KkO�³MIw¤s¢{« ! ¥�¢ �4�%�k¦V¥���� � \R�4¥�¢ �Ï«c­Ä«��� R¨ ! «p¢É¨t�N¨£­M� �¡­j¯g¬p¥�¢{¥2�k«c ���p[cr¬p¥�¢{¥X54¥��N¨+ R¨
� �Y� �~«c­2³j´µ±wÆi� x ³�pacS{���FE�³�Û�Ü�Ü8��³T]T]L�#]X¹-Û�*u]X¹ ���
� Û�E��,	 ³.Iw¤�¢{« ! ¥�¢ �4� �
�s¥c­j¯j¨À¬d¨k¢É¨��N¢ �Ï«c­ �¡­ ��p[c ¬d¥�¢{¥X5R¥���¨�� 54¥��N¨R¬Ä«c­ �k¦�¥N�[� � \R�4¥p¢ �~«c­ «�� ! ¤s¦�¢ �Y�;3T¨��N¢~ R¥c¦¬p¥�¢{¥�³TÆvO4ajZ��-´µ±�Æv� x ³��pacS{�#E���³ME�¸�¸�¸�³-]T]L�LÛ�Û �8�+*2Û�Ûk¹XG��
� Û�EX¹N	;�;�rg�WXSVU4KkO5WXb-Ym�À�NÚTOR^VU4M4Z4[L³fIw¤�¢{« ! ¥�¢ �4���c¨£  � \R�4¥p¢ �~«c­�«�� ��p[c}¬d¥�¢{¥w¤X� �®­j¯t� ��¯��+ 4¨��k«�¦ ¤�¢ �~«�­ ! ¤s¦�¢ �Y�;3T¨��N¢~ R¥c¦¬p¥�¢{¥�³T´µ±�Æv� x ³��pacS{���FE�³0Û�Ü�Ü8��³T]T]L��¹ �FG+*d¹dÜ�¸��
� Û�EFG,	xl5�Hg�WXbTo-³0�À� l2^lacQL³5����±wORegKkb\WXÐj^lM�³L�À��J�^{³fWXb-Y �;��J�^{³OI��&« ! 3�¥c R¥�¢ �z�c¨�¥c­2¥c¦ ©�� �z�}«�� � ! ¥�¯d¨@�Ã¤'� �Ï«c­

! ¨k¢"�s«�¬��k³�´L?�?�?ÒÑLO&WXb-M&WcZkUR^lacb-M:acba/�KNa�M4Zk^lKkb-ZNK�WXb-Y��IKkegacU4K x Kkb-MR^VbTox&.{�|4E�¸�¸FG � ³sb-aT��]�³DÛ ��Ü�Û�*2Ûk¹d¸FE��
� Û�EF],	À�À�V�-�0g ^VSVSV^�WXegMFWXb-Y qÍ� x [\WX[L³nI �N¥��k¢I¥c¦�¯p«c  �¡¢"� ! �k«� �¥f�N¢ �"�X¨D�4«c­\¢{«c¤s ��¿¥c­2¬k�k¤s ���¥p¢~¤j 4¨�¨��k¢ � ! ¥�¢ �Ï«c­\³´Ée�WXopK+Áwb-YTKkO4MRU&WXb-Y�^VbTo ����|zÛ�Ü�ÜFE � ³-b-aT��Û�³LÛk¹�*uEF]��
� Û�EpÝ+	ÀÓ�� � ^lK�³8�;�D�wWXegKNM4[L³LWXb-Y�Ñ+�8Ó`acQTSVU�³nc\¤T¬p¬d¨£­ �®¦¡¦ ¤ ! �¡­2¥�¢ �Ï«c­ �
�s¥c­j¯j¨�¬d¨N¢É¨��N¢ �Ï«c­�¤'� �¡­j¯�«� z¬d¨k  �4«c­�� �Y�
o¢É¨£­.�k©�³T´ e�WXopK+��^lM��\��ace}]TQTU��)�.� |4E�¸�¸X¹ � ³Tb-aT�#E�³�Û�Û�Ý�*2Û�EFG��
� Û�E8�,	g��� � Q�WXb-Yq�-�0Æ!OR^Vb-ZNK�³ �` z¥p¬ �Ï¨£­2¢_�X¨7�N¢{«c  }`«N=R9 I ­8¨
= ¨7��¢É¨£ £­2¥c¦#�N«c ��&¨t�N«c S�Ã­2¥N>c¨��£³�Æ!O4asZ�� ��acb�yR�0acb

��ace}]TQTU4KkOI��^lMR^lacbÄWXb-Y�Æ�WXURU4KkORbr�wKNZNaco�bT^VUR^lacb�|{�n��Æi�@��ÜpÝ � ³�Û�Ü�ÜpÝs³\]T]L�M]F]+*�ÝsÛ��
� Û�E�Ü,	x/À� � Q�WXb-Y l5��l2[\WXbTo-³ ��3�� 3�«c¦V¥c �¯d¨4« ! ¨k¢~ Ã© �®­q�£¢É¨£ 4¨R« 
 ! «�¢ �~«�­�¥c­2¬�«X5"6�¨��N¢w R¨7�4«4¯c­ �~¢ �Ï«c­�o+¥Ä¤s­ � \`¨R¬¥�3f32 R«�¥f�r�j³D��ace}]TQTU&WXUR^lacb\WXS�´Ée�WXo�^VbTo¿WXb-Y��w^lMR^lacbL³-�pacS{�#]�³�-�SVQ���KkOw±:Z�WcYTKke}^lZ�ÆvQT�TSV^lMR[-KkO4M�³LÛ�Ü�ÜF]��
� Û ��¸,	xl5� � Q-K�³ x �TJ�^{³2WXb-YZ?G�V-}�TÑ0KNac[L³ �w¥c©d¨�� �~¥c­s�[��¥�3T¨ ! «�¬d¨£¦f�N«c O�N¥f� �Ï¥c¦F�N¨4¥�¢~¤j 4¨}¨���¢~ R¥f�N¢ �Ï«c­ ¥c­2¬g R¨7�4«4¯c­ �"o¢ �~«�­\³�Æ5WXURU4KkORb �IKNZNaco�bT^VUR^lacbs{.C�|4E�¸�¸�� � ³Tb-aT�0Û�E�³#E8��Û�Ü+*uE8�������
� Û ��Û
	xl2[-acbTo � Q-K�³ x U&WXbSl5��J�^{³cWXb-YB?G�V-}��Ñ0KNac[L³fI_p�o � �V¯d¨£­�c\­D¥�>c¨�9:¥�­}¥ �Ò­D¨
o �¡­M��¥�  �Ï¥c­\¢�¬d¨"�N«c  ! ¥X5£¦l¨2�4«c­\¢{«�¤j 

! «�¬d¨£¦f�N«c �«X5w6N¨���¢ ! ¥�¢J�r� �®­s¯�³T´Ée�WXopKFWXb-Y?�w^lM4^lacbr��ace}]TQTUR^VbToZ����|4E�¸�¸FE � ³-b-aT�ME�³DÝ�Ý�*��X¹-�
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� Û �FE,	 x ���vQT^{³�-}��W�WXO&W�³�W;��l2[\W�³2WXb-Y?Ñ+��W�WcM4KkodW ��W�³.I �N¥��£¢v­2¥c £ z«N=�5R¥c­2¬ ! ¨k¢"�s«�¬�¥c­D¬ �~¢"�m¥
3f32¦ �w�4¥p¢ �~«c­
�¡­¢{«
3�«c¦V«4¯c©Noµ¥p¬d¥�3D¢{¥�¢ �"�X¨ � P ! «�¬j¨£¦ �¡­j¯�³nÛ�]XUR[�´ bdURS���acb�yR��acb�Æ�WXURU4KkORb��IKNZNaco�bT^VUR^lacb |~´z��Æi����¸FE � ³L�pacS{�L¹-³E�¸�¸FE��
� Û ���,	À���)l2[\WXbTo-³.?G�2Ó:WXSVU4M&WN�s^�WcM�³2WXb-Yr±F�)/�ORQ-KkbL³ ��­2«N=:¦l¨R¬�¯j¨
o�5R¥N�N¨R¬ � ! ¥�¯j¨À¥c­2¥c¦ ©�� �z�O�N«c  � P  R«�¥p¬¿ 4¨��4«c­��
o¢~ £¤��N¢ �~«�­\³T±wM4^�WXba�pacQTORb\WXS0aXy�/�KNac^Vb�yÏacORe�WXUR^lZNMB$ |4E�¸�¸�Û � ³Tb-aT�T¹-³ �+*2Ûk¹-�
� Û �X¹N	 ³_^M3�¬p¥�¢ �¡­j¯?«��S�4¥c k¢{«4¯c R¥�3#� �4�g R«�¥p¬Ä¬p¥�¢{¥X5R¥N�N¨�� 5£© � ! ¥�¯d¨g¥c­2¥c¦ ©�� �z�£³-Æ!O4asZ�� �nacORÐ�MR[-ac]�acb hk±wQ�ÅU4ace�WXUR^lZ�?�Ë�URO&WcZkUR^lacb�aXyvq WXb�ÅÉq�WcYTK�jw��ÌRKNZkU4MIy¡O4ace�±:KkOR^�WXS�WXb-Y x ]\WcZNK�´ e�WXopKNMShg|w?G�-Æ5�2Ó:WXSVU4M&W��j^�WcM�³

±;�#/�ORQ-KkbL³\WXb-YÄJv���iWXbk/�asacS{³TKNYTM�� � ³T�pacS{����³T±;��±;�TÓ`WXSVÐpKke�W�³)E�¸�¸�Û��
� Û �FG,	�W;�V-}�,l2[\WcaT³cÑ+���n[\WXbL³cÓ���q�KkOROR^Ve�WXbL³cWXb-Y x ��j�MR[-KkO�³FI���¥c  �Ï¥�¢ �~«�­2¥c¦d¦l¨
�X¨k¦X��¨k¢�¥�3f32 R«�¥f�
�À¢{« ! ¤j¦�¢ � 3.�s¥��N¨

! «�¢ �Ï«c­\³��pacQTORb\WXS5aXyv��ace}]TQTU&WXUR^lacb\WXS�Æ![j�sMR^lZNM%$��)U�|zÛ�Ü�ÜF] � ³-b-aT��Û�]pÝs³LÛ�ÝcÜ+*2Û�ÜFG��
� Û �F],	FJi�0l2[jQL³LÑ+� x WcM&WXodW �`W�³�-}�8ÑfWcZ&[T^V�\WXb\W�³fWXb-Y �}�2Ú-QTÐjQT²�W ��W�³d
T  � 3D¦V¨k¢�� ! ¥�¯d¨ ! ¥p¢J�
� �¡­j¯d�N«c }¥ �® �5R«c £­D¨¬ ��¯ �~¢{¥c¦H��¨£­��k«�  I_Pdc � �c³TÆvO4ajZ��-´ x Æv� x���� UR[�´ x Æi� x ��acbTo�O4KNM4M�³.E�¸�¸X¹-�
� Û �pÝ+	 x � ���al2[jQ WXb-Y ±F��Ji� �vQT^VSVSlK�³$§G¨{¯ �~«�­ �4« ! 3T¨k¢ �~¢ �Ï«c­)9 ^0­ � �Ã© �¡­j¯ �Ã­2¥N>c¨�� 
) 4¨Ï¯ �Ï«c­ ¯c R«N= �¡­j¯ 
 ¥c­2¬

�w¥c©d¨��;b\ª�P�°k�k«�  ! ¤j¦�¢ �J5R¥c­2¬�� ! ¥�¯d¨���¨Ï¯ ! ¨£­\¢{¥p¢ �~«c­2³2´�?�?�? ÑLO&WXb-MÃWcZkUR^lacb-M+acb�Æ�WXURU4KkORb�±Ib\WXSV��MR^lM�WXb-Yq WcZ4[T^Vb-K�´ÉbjU4KkSVSV^VopKkb-ZNK $�(�|zÛ�Ü�ÜF] � ³Tb-aT�\Ü�³ �8�X¹�*sÜ�¸�¸��
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Û��IÑ+��Ó:WX^VSVSlasKkQTS{³t�\����Q\WXbL³w�;��Æ!OR^Vb-KkUÄWXb-Y Ó�� x KkORO&W�³a^f �5R¥�­ ¬ �V¯ �¡¢{¥�¦ ! ¥�3 ¤+3�¬p¥p¢ �®­j¯Z�Ã R« ! �k¥�¢É¨k¦®¦ �¡¢É¨
� ��¯N�$ 4¨��N«c¦ ¤�¢ �Ï«c­ � ! ¥�¯d¨
��¤X� �®­j¯ ��p[c�¬p¥�¢{¥$¥��Ä¥e32  �~«c  �:>�­2«F=:¦V¨R¬�¯d¨k³G^Vb Æ!O4ajZ�� EXb-Y /�� xTx 	X´ x Æv� x�pac^VbdU@g acORÐ�MR[-ac]�acb��wKkegacU4K x Kkb-MR^VbTo�WXb-Y?�+WXU&W}ÚTQ-MR^lacb�acb�ÁwOR�\WXb�±wO4K�WcM�³TÁw�wÓ`±wu E�¸�¸���³TÓ�KkORSV^VbL³
/�KkORe�WXbd�p³2q�W���E�¸�¸����

E��IÑ+�LÓ:WX^VSVSlajKkQTS{³0�;�LÆvOR^Vb-KkU�³fÓ�� x KkORO&W�³fÆf�fq�WXORUR[-acbL³5Æf�5�n[-KkbÍWXb-Y W;��l2[\WXbTo-³OP �V¯ �¡¢{¥�¦R5£¤ �¡¦V¬ �®­s¯ ! ¥�3 R¨"\i­D¨ ! ¨£­\¢��£ z« ! >�­2«N=:¦l¨R¬�¯d¨
oz¬c  �z�X¨k­ ¥f��¢ �z�X¨B�4«c­\¢{«�¤j ���¥c­D¬S�X¨£ £©�� ��¯N�� R¨
�k«c¦ ¤s¢ �Ï«c­r«
3D¢ �w�&¥c¦ � ! ¥�¯d¨k Ã©�³j^VbÆ!O4ajZ��F´ x Æi� x W�WXbTb-a��pKkO%g acORÐ�MR[-ac] acb hrWI^Vo�[�ÅÉ�wKNM4acSVQTUR^lacb ?iWXORUR[ ´ e�WXo�^VbTo�y~acOB/�KNa�MR]\WXUR^�WXSv´ b�yÏacOzÅ
e�WXUR^lacb�hc³MW�WXbTb-a��pKkO�³)/�KkORe�WXbj�p³\q WN�eE�¸�¸FG��

���IÑ+�dÓ:WX^VSVSlajKkQTS{³s�À�pÆ!OR^Vb-KkU�³�Ó�� x KkORO&W�³�Æ5�jq WXORUR[-acbL³�Æf���n[-Kkb�WXb-YDWF��l2[\WXbTo-³�^f �54¥c­k5£¤ �®¦V¬ �¡­j¯À¦V¥c­2¬;¤'�N¨
�
�s¥c­j¯j¨ ! ¥�3f3��¡­j¯:�£ z« ! � �V¯��� 4¨��k«�¦ ¤�¢ �~«�­ �k¥�¢É¨k¦®¦ �¡¢É¨ � ! ¥�¯d¨k Ã© 
`¥X�N¢ �z�c¨x�4«c­2¢{«c¤j ��À¥�­2¬��m«c¤�¯��k��«�¢ �¡­j¯�³2^VbÆ!O4ajZ��i´ x Ævq x � x ³TÓ`Kk^ Ìz^VbTo-³2�n[T^Vb\W�³.j�ZkU4ac�8KkOtE�¸�¸FG��

¹-�IÑ+�2Ó:WX^VSVSlasKkQTS{³2�À�DÆ!OR^Vb-KkU�³�Ó�� x KkORO&W�WXb-YrÆ5�8q�WXORUR[-acbL³ncf3�¥�¢ �Ï«No ¢É¨ ! 3�«� z¥c¦.32  �Ï«c B���s¥�3T¨x�4«c­��k¢~ z¥ �¡­\¢H�N«c ¦V¨
�c¨£¦#��¨k¢��N¨Ï¯ ! ¨£­2¢{¥�¢ �~«�­\³p^Vb�ÆvO4ajZ��K?vq�q��n��Æv�F³ x Ui±wQTo�Q-MRUR^Vb-K�³dÁ x ±;³pJLu+� x �pÝNGpÝ x ]TOR^VbTopKkOzÅ{�vKkORS�WXoÓ�KkORSV^VbsWwKk^lYTKkSV�8KkORo-³T]T]L��G�¸���ÅLG�Û�Ü�³-u�a��pKkeF�DKkO:E�¸�¸FG��
G��IÑ+��Ó:WX^VSVSlasKkQTS{³À�;��Æ!OR^Vb-KkU�³}Ó�� x KkORO&W�³}Æf�+q WXORUR[-acbL³ÀÆf���n[-Kkb WXb-YiW;�dl2[\WXbTo-³ P �V¯ �~¢{¥c¦ 5k¤ �¡¦�¬ �®­j¯
! ¥
3� R¨w\v­D¨ ! ¨£­\¢ �Ã R« ! >�­2«F=:¦V¨R¬�¯d¨
oµ¬�  �"�X¨£­�¥f�N¢ �"�X¨`�4«c­\¢{«�¤j ��}¥�­2¬Z�X¨k Ã©�� �V¯��� R¨��N«c¦ ¤s¢ �Ï«c­Í«
3D¢ �w�&¥c¦ � ! ¥No¯d¨£ £©c³n^Vb /�KkORe�WXb �pacQTORb\WXS�aXy�Æ![-acU4aco�O&WXe}egKkUROR�p³I�IKkegacU4K x Kkb-MR^VbTo�WXb-Y /+KNa�´Éb�yÏacORe�WXUR^lacb$Å�ÆvÚ8/
Æ![-acU4aco�O&WXe}egKkUROR^lK£ÅÉÚ-KkORb-KkORÐsQTb-Y�QTbTocÅ�/�KNac^Vb�y~acORe¿WXUR^lacb ³�]T]L��G�Û�Û£ÅLGFEFE�³-u�a��pKkeF�DKkO:E�¸�¸FG��
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E��VÛ ?!ORO4KkQTO4M}YTK¿YTPkSV^Vb-P�WXUR^lacb�YTKNM;ZNacbjU4acQTO4M 7fY�^�Ô�PkO4KkbdU4KNM}M&Kko�egKkbdU&WXUR^lacb-MÄ|~Kkb$b-ac^VO � Y�QÍeg�kegK
ac��ÌzKkU`|¡�pPkOR^VU4PiU4KkORO&WX^Vb}KkbF�TS�WXb-Z � ]\WXOf]TSVQ-MR^lKkQTO4M5]T[-acU4aXÅ{^VbdU4KkOR]TO4PkU4KkQTO4M���JLK�M4Z&[-Pke�WIKNMRU5K£ËsURO&WX^VU
YTK � ��¸,	É�D�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� �FG

E�� E ?�Ô�KkU�YTK?opPkb-PkO&WXSV^lM&WXUR^lacb Y�¶ ��S{��PNZ4[-KkSVSlK��nJ0W eg�kegKÄM&ZNtkb-K?KNMRUgO4Kk]TO4PNM4KkbjU4PNKr� Y�^�Ô�PkO4KkbdU4KNM
PNZ4[-KkSVSlKNM 7�Û 7 EFG�³�¸�¸�¸ 	ÇÛ 7 G�¸�³�¸�¸�¸�	ÇÛ 7VÛ�¸�¸�³�¸�¸�¸ |~YTK�odWXQ-Z4[-K���Y�O4ac^VU4K � �`JLK�M4Z&[-Pke�W�KNM4U
K£ËsURO&WX^VUwYTK � ��¸�	É� �m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� �FG

E�� � x QT]DKkOR]8a�MR^VUR^lacb�Y�� QTb-KwZ�WXORU4K�Y�Q��\�XUR^!|¡]8acSV�jopacb-KNM0ÌRWXQTb-KNM � WN�pKNZwQTb-Kw^Ve�WXopKwM&WXU4KkSVSV^VU&WX^VO4K��sJLKNM
� tNZ4[-KNMI�TS�WXb-Z4[-KNMw]Dac^VbjU4KkbdUwYTKNMG^Vb-K£ËTWcZkUR^VURQ-YTKNMwSlajZ�WXSlKNMIYTK�y~acORegK+YTKmS�WÀZ�WXORU4K��v�m�+�m�m�+���+� �pÝ

E�� ¹ x QT]DKkOR]8a�MR^VUR^lacbgY�� QTb-K:Z�WXORU4K`Y�Q}�\�XUR^L|¡]DacSV�sopacb-KNMDÌ4WXQTb-KNM � WN�pKNZ`QTb-K�^Ve�WXopK:M&WXU4KkSVSV^VU&WX^VO4K`^VSVSVQ-MzÅ
URO&WXbdUvS{��K£Ô�KkUiYTK`opPkb-PkO&WXSV^lM&WXUR^lacb 7cQTbgM4KkQTST]8acSV�jopacb-KGZ�WXORU4aco�O&WX]T[T^lhjQ-KIKkbTo�Slac�8KGYTK`b-aceF�TO4KkQ�Ë
�\�XUR^VegKkbdU4M�ZNacbdUR^Vo�Q-M��I�+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� �8�

���VÛ ?�ËTKke}]TSlK;Y�� QTb ZNacQT]TSlKÀY�� ^Ve�WXopKNM�MRU4PkO4PNa�M4ZNac]T^lhjQ-KNM��8JLKNM�^Ve�WXopKNM�M&acbdU�YTKNM�YTacbTb-PNKNM�M&WXU4KkSVSV^�Å
U&WX^VO4KNMIMR^VeFQTSlPNKNMw�;]\WXORUR^VOIY�� ^Ve�WXopKNM�WcPkOR^lKkbTb-KNM��!�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹XE

��� E ÆfacQTO�S�WÀO4KNMRUR^VURQTUR^lacb�MRU4PkO4PNa�M4ZNac]T^lhjQ-K�³2YTKkQ�Ë?^Ve�WXopKNM�M4acbdU�WcZNhdQT^lM&KNMIYTKmYTKkQ�Ë?]8ac^VbdU4M�YTKm�sQ-K
Y�^�Ô8PkO4KkbjU4M��5ÁIb ]8ac^VbdU

P
YTK�S�W�M4ZNtkb-K<M4K}]TO4aXÌRKkURU4K�MRQTO;Z4[\WchjQ-Kg^Ve�WXopK��?S{� ^VbdU4KkO4M&KNZkUR^lacbÍY�Q

]TS�WXb�^Ve�WXopKmKkUIYTK�S�WgY�O4ac^VU4K`Ìzac^Vo�b\WXbjUGSlK+]8ac^VbdU
P
KkU:SlK�ZNKkbdURO4K�ac]TUR^lhjQ-K

CA
acQ

CB
���+���+��¹ �

��� � ÆfacQTO<YTKkQ�ËÍ]8ac^VbdU4MgZNacbcÌzQTo�Q-PNM
PA
KkU
PB
³�S{��acOR^lKkbdU&WXUR^lacb O4KkS�WXUR^V�pK?]DKkORegKkUgYTK?Z�WXSlZkQTSlKkO}S�W

]Da�M4^VUR^lacbÍY�Q�]Dac^VbjU
P
Y-WXb-M�SlK¿MR��MRU4tkegK�YTK<ZNajacO4YTacbTb-PNKNM;SV^lP�WXQ�ZNacQT]TSlK¿Y�� ^Ve�WXopKNM��

P
KNMRU

YTP£�-bT^0ZNace}egK+SlKmZNKkbjURO4K�Y�Q?]TSVQ-MI]DKkUR^VUGM4Kko�egKkbjUIO4KkSV^�WXbjUGSlKNMGY�O4ac^VU4KNMF|
PA,CA

� KkUF|
PB
³
CB
� � ¹�¹

��� ¹ ?�ËTKke}]TSlKmYTKmMRQTOzy{WcZNK+YTKmZNacORO4PkS�WXUR^lacbL� �+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹X]
��� G Æ5WX^VO4KFY�� ^Ve�WXopKNMIKkb�opPNacegPkUROR^lK�hdQ-KkSlZNacb-hjQ-K �m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹jÝ
��� ] Æ5WX^VO4KFY�� ^Ve�WXopKNMIKkb�opPNacegPkUROR^lK�Pk]T^V]DacS�WX^VO4K �+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹jÝ
��� Ý q�WcM&hdQ-KmWcY-WX]TU&WXUR^�yvYTKmZNacORO4PkS�WXUR^lacbL�
���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹ �
��� � ?!ORO4KkQTOnY-WXb-MiSlKGZ�WcMiYTKG²�acb-KNMiasZNZkQTSVU4PNKNMnWN�pKNZIQTb-K`yÏKkb-�kURO4KIYTKGZNacORO4PkS�WXUR^lacb��TË�K��\|ÏW � QTbg]T^�Ë�KkS
YTKmY�^lMR]\WXOR^VU4P+bjQTSVSlKmKNMRUIZNacb-M4^lYTPkO4P��0|¡� � M4acb?[-acegacSlaco�Q-KFY-WXb-M:S{� ^Ve�WXopK�ZNacbcÌzQTo�Q-PNK+bL��KNMRUG]\WcM
O4KkURO4acQT�pPg�¿Z�WXQ-M4KÀYTKFS�W<]TOR^lM4KÀKkb�ZNace}]TU4K}Y�� QTb-KÀ]\WXORUR^lKÀY�Q �\�XUR^VegKkbdU�Y-WXb-M�S�W�yÏKkb-�kURO4K;YTK
ZNacORO4PkS�WXUR^lacbL� �m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹dÜ

����Ü ±I]T]TSV^lZ�WXUR^lacb?Y�Q�e�WcM4hjQ-KwM4QTOnS�W��j^Vo�b-KkURU4K�YTK�ZNacbdU4K£Ë�U4K��TJ0W�]\WXORUR^lK�Y�Q��\�XUR^VegKkbjUGKNMRUnO4KkUR^VO4PNK
YTKÄS�W yÏKkb-�kURO4K�YTK�ZNacORO4PkS�WXUR^lacb)o�O&�cZNK�� S�W�opPNacegPkUROR^lK WcY-WX]TU&WXUR^V�pK Y�Q e�WcM4hdQ-K���JLKr]T^�Ë�KkS
[-acegacSlaco�Q-K�KNMRU:O4KkURO4acQT�pP��@�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+��¹dÜ

���VÛ�¸ ´Ée�WXopK�YTKiY�^lM4]\WXOR^VU4PnopPkb-PkO4PNK`�I]\WXORUR^VO5Y�QÀZNacQT]TSlKnYTKnS�W`�-o�QTO4K
���VÛ�7s|ÏW � ZNacORO4PkS�WXUR^lacbgZkS�WcM4MR^lhjQ-K
|¡� � ZNacORO4PkS�WXUR^lacbÄ]\WXO:e�WcM&hdQ-KNM�WcY-WX]TU&WXUR^�y~M��w�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� G�¸

���VÛ�Û x �jbjUR[-tNM4KmY�Q�]TO4asZNKNM4MRQ-MIYTK�O4KNZNacb-MRURORQ-ZkUR^lacb �c�À�v�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� G�Û
���VÛ�E ��P£�-bT^VUR^lacbrYTKNMIWXbTo�SlKNM�Y���WXURUR^VURQ-YTK<|¡O4acQTSV^lM�³-U&WXbTodWXopK�³-S�WcZNKkU � Y�� QTb-KFZ�WXegPkO&W}Kke��\WXO4hjQ-PNKFM4QTO
QTb-KÀ]TS�WXU4K£ÅÏy~acORegK<WcPkOR^lKkbTb-KÄ|~Kkb MRQT]T]8a�M&WXbdUmhjQ-K;SlKNM�W�Ë�KNM+YTKÀO4acU&WXUR^lacb YTKÀS{��W��j^lacb�KkUmYTKFS�W
Z�WXegPkO&W}M4acbjUG^lYTKkbdUR^lhjQ-KNM � �\J0KmM4Z4[-Pke�WgKNMRUGK£ËsURO&WX^VUwYTK � Û�Û
	É�Ò�m�+�m�+�m���+�m�+�m�+�m�m�+���+� GFE

E���Û



E��FE ����/ � �*"	����
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���VÛ ��SVSVQ-MRURO&WXUR^lacb�YTKNMwWXbTo�SlKNM
(ϕ, ω, κ)

QTUR^VSV^lM4PNMIKkbr]T[-acU4aco�O&WXe}egPkUROR^lK��L��KNMwWXbTo�SlKNM�K£Ës]TOR^VegKkbjUIS�W
O4acU&WXUR^lacb�KkbjURO4K+SlK�O4P£y~PkO4KkbjUR^lKkS0Z�WXegPkO&W (

xB , yB , zB
) KkU`SlK�O4P£y~PkO4KkbjUR^lKkSLU4KkORO&WX^Vb (

xE , yE , zE
)

WcM4M&ajZk^lPm�;QTb-K+]TO4aXÌRKNZkUR^lacbÄZ�WXORU4aco�O&WX]T[T^lhjQ-K��2J0K+M4Z4[-Pke�W�KNMRUGK£ËsURO&WX^VUwYTK � Û�Ûr	É� �m�+���+�m�m�+� GFE
���VÛk¹�WwQT^VUwe�WXO4hjQ-KNM��\Y�Q-Zk^�WX^VO4KNM+O4Kk]TO4PNM4KkbjU4PNKNM+Y-WXb-M�SlK;]TS�WXbryÏasZ�WXS5YTKFS�W¿Z�WXegPkO&W��DJ0KFO4Kk]8tkO4KÀY�Q
]TS�WXb?yÏasZ�WXSLKNMRUGZNKkbdURO4PFMRQTO:SlK�]Dac^VbjUG]TOR^Vb-Zk^V]\WXSfYTK�MR�jegPkUROR^lKg|~ÆiÆ xT� Y�Q�MR��MRU4tkegK+ac]TUR^lhjQ-K��m�+� G��

���VÛ�G x �sbdUR[-tNM4K}WXSVopacOR^VUR[Te}^lhjQ-K}YTK�S{��ac]TUR^Ve}^lMÃWXUR^lacb�o�Slac�\WXSlK;YTKNM�]\WXO&WXegtkURO4KNM+YTKF]TOR^lM4KÀYTKF�jQ-K;YTK
n
^Ve�WXopKNMIWcPkOR^lKkbTb-KNM��I�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+� G�Ü

���VÛ�] ��acQT]TSlKmY�� ^Ve�WXopKNMwMRU4PkO4PNa�M4ZNac]T^lhjQ-KNMGO4KNZkUR^��\PNKNMwKkb�opPNacegPkUROR^lK�Pk]T^V]8acS�WX^VO4K�� �m�+�m�+���+�m�m�+� ]�Û
���VÛ�Ý�q�u x KkbropPNacegPkUROR^lK}Pk]T^V]8acS�WX^VO4K��8JLKNM�²�acb-KNM�b-acbrO4Kkb-M4Kk^Vo�b-PNKNM+M&acbdU�Kkbrb-ac^VO��DS�W�SVQTe}^Vb\WXb-ZNK
KNMRU:]TO4ac]8acORUR^lacbTb-KkSVSlKF�}S{��WXSVUR^VURQ-YTK�� �m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+� ]�Û

���VÛ���/�OR^VSVSlK�acORUR[-a�M4ZNac]T^lhdQ-KFWcM4M4asZk^lPNKm�ÀS�W;]TO4aXÌzKNZkUR^lacbrZ�WXORU4aco�O&WX]T[T^lhdQ-K��F�+�m�+�m�m�+�m�+���+�m�m�+� ]X¹
���VÛ�ÜÇÆ!O4aXÌRKNZkUR^lacbrY�� QTbÄUROR^�WXbTo�SlKmY�QÄq�u x Pk]T^V]8acS�WX^VO4K+�pKkO4M:S�WÀo�OR^VSVSlK�acORUR[-a�M4ZNac]T^lhdQ-K�� �+���+�m�m�+� ]FG
��� E�¸ÇqrQTSVUR^V]TSlKNMGUROR^�WXbTo�SlKNMI]TO4aXÌzKkU4PNMGY-WXb-MIS�W;o�OR^VSVSlKmacORUR[-a�M4ZNac]T^lhjQ-K�KkU:^VbjU4KkO4M4KNZkU&WXbdU�SlK�eg�kegKm]T^�ËTKkS{� ]F]
��� E�Û�q�u x acORUR[-acO4KNZkUR^��\P;WN�pKNZ�QTb?]\WcM

R = 0.65
e KkU

εcorr = 0.4
���+���+�m�+�m�m�+�m�+���+�m�m�+� ]pÝ

��� EFEÇq�u x acORUR[-acO4KNZkUR^��\PNM�WN�pKNZ�Y�^�Ô8PkO4KkbjU4MIM4KkQT^VSlMwYTK+ZNacORO4PkS�WXUR^lacbL�F�m�+���+�m�+�m�m�+�m�+���+�m�m�+� ]8�
��� E��Çq�u x acORUR[-agO4P�WXSV^lM4P�WN�pKNZmQTb-K+^Ve�WXopKmYTK+Y�^lMR]\WXOR^VU4Pm�-SVURO4PNK�WN�pKNZ+QTb��-SVURO4K+egPNY�^�WXbL���+�m�m�+� ]�Ü
��� EX¹ q�u x acORUR[-a�O4P�WXSV^lM4P�WN�pKNZgQTb-K}^Ve�WXopKgYTKgY�^lMR]\WXOR^VU4P}�-SVURO4PNK�WN�pKNZ�QTb �-SVURO4KgYTK}O4PµÌRKNZkUR^lacb�YTK
U&WX^VSVSlK

7 × 7
�����+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+� Ýc¸

��� EFGÇq�u x y~Q-MR^lacbTb-P
MNS1 +MNS2

�D�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+� Ý��
��� EF]Ç±wo�O&WXb-Y�^lM4M4KkegKkbjUwYTK�S�WÀ²�acb-K+O4KNZkU&WXbTo�QTS�WX^VO4K�O4acQTopKmYTK+S�WF�-o�QTO4K���� EFG��w�+�m�m�+�m�+���+�m�m�+� Ý�¹
¹-�VÛ x acQ-MzÅÉPNZ&[\WXbdUR^VSVSlacbTb\WXopK+Y�� QTb�ZNacbdU4acQTO�O4Kk]TO4PNM4KkbdU4P�YTK:y{WcÎNacb�K£Ë�]TSV^lZk^VU4KwKkUi]\WXO&WXegPkURO4Pw]\WXO�M4acb
WX�-M4Zk^lM&M4K+ZkQTOR�j^VSV^Vo�b-K����m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+� Ý�Ý

¹-� E �wKk]TO4PNM4KkbdU&WXUR^lacb �rURO4ac^lM}Y�^VegKkb-MR^lacb-M�YTK<S{� ^VbjU4KkO4M4KNZkUR^lacbÇY�� QTb�Kkb-M4KkeF�TSlK?YTK�bT^V�pK�WXQ�Ë$W��pKNZ
SlK�]TS�WXb�YTK�S{� ^Ve�WXopK�|¡bT^V�pK�WXQ�²�PkO4a � �DJLKFZNacbjU4acQTOwO4Kk]TO4PNM&KkbdU4P;^Ve}]TSV^lZk^VU4KkegKkbdUmKNMRU�ZNKkSVQT^5YTK�S�W
�-o�QTO4K+¹-�VÛ��\J0WÀSlPkopKkb-YTK+O4Kk]TO4PNM4KkbjU4KmS�WÀY�^lMRU&WXb-ZNK�?!Q-ZkSV^lY�^lKkbTb-K�M4^Vo�b-PNK�WXQ�ZNacbdU4acQTO��v���+�m�m�+� ÝcÜ

¹-� � ?�ËTKke}]TSlKmY���K£Ë�URO&WcZkUR^lacbrYTKmM&Kko�egKkbdU4MF|ÏW � KkUwY�Q?o�O&WcY�^lKkbdU��pKNZkU4acO � a � WcM&M4ajZk^lPg|¡� � ���+�m�m�+�
Ü8�
¹-� ¹ �vac^lMR^Vb\WXopKNM?Zk^VO4ZkQTS�WX^VO4KNM�QTUR^VSV^lM4PNM�]DacQTO�S�WÍZNacb-MRURORQ-ZkUR^lacb�YTK�S�W��\WXb-YTK PkURO4ac^VU4K O&WX]T^lYTK��:J0W
SlPkopKkb-YTK�yÏacQTORbT^VUGQTb-K�WX]T]TO4a�Ës^Ve�WXUR^lacb YTK�S�W}Y�^lMRU&WXb-ZNKm]T^�Ë�KkSVS�WX^VO4K�WXQ�ZNKkbjURO4K��I�+�m�+���+�m�m�+��Û�¸�Û

¹-� G ±w]T]TO4aNË�^Ve�WXUR^lacbÄSV^Vb-P�WX^VO4KFY�� QTb�ZNacbdU4acQTO��+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�¸FE
¹-� ] ��^�WXo�O&WXe}egK�YTK�S{��WXSVopacOR^VUR[TegK;Y���Pk�pacSVQTUR^lacbrY�Q�ZNacbjU4acQTO�WcZkUR^�y �+���+�m�+�m�m�+�m�+���+�m�m�+��Û�¸X¹
G��VÛ �wKk]TO4PNM4KkbdU&WXUR^lacb-M�Y�^�Ô8PkO4KkbjU4KNMIYTK+S�W;eg�kegK�M4ZNtkb-K 7�^Ve�WXopKmM&WXU4KkSVSV^VU&WX^VO4KFKkU:O4KNZNacb-MRURORQ-ZkUR^lacb �c�À�£Û�Û�¸
G�� E �iWXOR^�WXUR^lacb�MR]\WXUR^laXÅ{U4Kke}]DacO4KkSVSlK;YTK+S�W;yÏacb-ZkUR^lacbÄ]8acb-YTPkO&WXbdU�S�W}ZNacbjURO&WX^VbdU4K;YTK�y~acORegK��

d0 = 3
³

t1 = 100
³
t2 = 400

³
λmin = 1.25

KkU
λmax = 2

�f���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�Ûk¹
G�� � Ú-acORegKNM�¥ 3D  �Ï«c  �}|~KkbÍ�TS�WXb-Z�³ {x/ψ0 (x) = 0} � KkU;SlKkQTO4MÀKkb-M4Kke��TSlKNM}YTK<bT^V�pK�WXQ�ËÍWcM4M&ajZk^lPNM|¡bT^V�pK�WXQ�Ë�YTK+o�OR^lM�³ |ψ0 (x)| � �0|ÏW � ÌRacQ-KkUF|¡� � �\�XUR^VegKkbdU�Kkb�J �m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�Û�]G�� ¹ x Kko�egKkbjU&WXUR^lacb�MÃWXb-Mv^Vb-M4KkORUR^lacb¿YTK:yÏacORegKF¥@32  �~«c  ��KkU

ξ0 = (1, 0, 0, 0)
�L|ÏW � egasYTtkSlKIYTK��n[\WXb

KkU:�vKNM4K<|¡� � egajYTtkSlKmÓ:W��pPNMR^lKkbL���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�Û��
G�� G x Kko�egKkbjU&WXUR^lacbrWN�pKNZ�^Vb-M4KkORUR^lacb�YTKGyÏacORegK}¥t32  �~«�  �
78|ÏW � egasYTtkSlK�YTK��n[\WXb?KkU��vKNM4KwKkU

λ = 1|¡� � egasYTtkSlK+Ó:WN�pPNMR^lKkb�KkU
λ = 10

� �m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�Û�Ü
G�� ] x Kko�egKkbjU&WXUR^lacb W��pKNZ�QTb�ZNacbdU4acQTO WcZkUR^�yg�\WcM4P�MRQTOÄS{� ^Vb�yÏacORe�WXUR^lacb�YTK�ZNacbdU4acQTO�|J/���Ú � KkU

ξ0 = (s0 = 1.1, θ0 = 0.1, µx,0 = −4, µy,0 = 1)
7D|ÏW � O4PNMRQTSVU&WXU`M&WXb-M�ZNacbdURO&WX^VbjU4K+YTKGyÏacORegKF¥

32  �Ï«c  �~�L|¡� � O4PNMRQTSVU&WXUwW��pKNZ�ZNacbjURO&WX^VbdU4K;YTK�y~acORegK�¥d32  �~«�  ��|
λ = 5

� � �m�+�m�m�+�m�+���+�m�m�+��Û�E�¸
G�� Ý x Kkb-MR^V�T^VSV^VU4P���S�WÍURO&WXb-M4S�WXUR^lacb.7:M4Kko�egKkbdU&WXUR^lacb�WN�pKNZ�SlK egasYTtkSlK�YTK��n[\WXb�KkU?�vKNM4K KkU?S�W
ZNacbjURO&WX^VbdU4K�YTK�y~acORegK��pJ0K:ZNacbdU4acQTO�WcZkUR^�y�^VbT^VUR^�WXS\YTKNMiK£Ës]8PkOR^lKkb-ZNKNMI|ÏW � ³\|¡� � KkUw|~Z � WmPkU4P`URO&WXb-MzÅ
yÏacORegP!]\WXO�QTb-KvMR^Ve}^VSV^VURQ-YTKv]TS�WXb-KvY�^VO4KNZkU4KiYTK�]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = 0.0, µx,0 = 5, µy,0 = 5)
�{Û�EFE

G�� � x Kkb-MR^V�T^VSV^VU4P:�GS�WGO4acU&WXUR^lacb 7�M&Kko�egKkbdU&WXUR^lacb�WN�pKNZ�SlKnegajYTtkSlK�YTK:�n[\WXb;KkU5�vKNM4KiKkU5S�WwZNacbdURO&WX^VbdU4K
YTK�yÏacORegK��-JLK+ZNacbjU4acQTO�WcZkUR^�y�^VbT^VUR^�WXS0YTKNMGK£Ë�]DPkOR^lKkb-ZNKNM�|ÏW � ³f|¡� � KkU�|~Z � WÀPkU4P�URO&WXb-MzyÏacORegP+]\WXO
QTb-KmM4^Ve}^VSV^VURQ-YTK+]TS�WXb-KmY�^VO4KNZkU4KmYTK+]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = 0.3, µx,0 = 0, µy,0 = 0)
�&Û�E��
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G���Ü x Kkb-MR^V�T^VSV^VU4PrWXQÇyÏWcZkU4KkQTO<Y���PNZ4[-KkSVSlK 7vM4Kko�egKkbdU&WXUR^lacb�W��pKNZ�SlK?egasYTtkSlKÄYTKr�n[\WXb KkUg�vKNM4K�KkU
S�WÒZNacbdURO&WX^VbjU4K�YTK�y~acORegK��;|ÏW �

ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)
�m|¡� �

ξ0 =

(s0 = 0.8, θ0 = 0.0, µx,0 = 0, µy,0 = 0)
�L|~Z �

ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)
�mÛ�EX¹

G��VÛ�¸ x Kkb-MR^V�T^VSV^VU4P���S�W?URO&WXb-MRS�WXUR^lacb 70M4Kko�egKkbjU&WXUR^lacb$W��pKNZ�SlKgegajYTtkSlK<Ó`W��pPNMR^lKkb$KkUmS�W�ZNacbjURO&WX^VbdU4K
YTK�y~acORegK��\JLK+ZNacbdU4acQTO�WcZkUR^�y5^VbT^VUR^�WXS0YTKNMIK£Ës]8PkOR^lKkb-ZNKNM�|ÏW � ³0|¡� � KkUF|~Z � WÀPkU4P�URO&WXb-MRy~acORegP+]\WXO
QTb-KmMR^Ve}^VSV^VURQ-YTK+]TS�WXb-K�Y�^VO4KNZkU4K�YTK�]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = 0.0, µx,0 = 5, µy,0 = 5)
�&Û�EFG

G��VÛ�Û x Kkb-MR^V�T^VSV^VU4P���S�W¿O4acU&WXUR^lacb*7LM4Kko�egKkbdU&WXUR^lacb$WN�pKNZ}SlKgegajYTtkSlK}Ó:WN�pPNM4^lKkb�KkU+S�W�ZNacbdURO&WX^VbjU4K<YTK
y~acORegK��jJLKIZNacbjU4acQTOGWcZkUR^�yL^VbT^VUR^�WXS2YTKNM�K£Ës]8PkOR^lKkb-ZNKNM�|ÏW � ³D|¡� � KkU�|~Z � WmPkU4PIURO&WXb-MzyÏacORegPG]\WXOiQTb-K
MR^Ve}^VSV^VURQ-YTK+]TS�WXb-KmY�^VO4KNZkU4KFYTK�]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = 0.3, µx,0 = 5, µy,0 = 5)
�w�+�+Û�EF]

G��VÛ�E x Kkb-MR^V�T^VSV^VU4P:WXQ;yÏWcZkU4KkQTO�Y���PNZ4[-KkSVSlK 7XM4Kko�egKkbdU&WXUR^lacb�W��pKNZ�SlKnegasYTtkSlK�Ó`W��pPNMR^lKkb}KkU�S�WIZNacbjURO&WX^VbdU4K
YTK�yÏacORegK��
|ÏW �

ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)|¡� �
ξ0 = (s0 = 0.8, θ0 = 0.0, µx,0 = 0, µy,0 = 0)|~Z �
ξ0 = (s0 = 1.5, θ0 = 0.0, µx,0 = 0, µy,0 = 0)

�f�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�EpÝ
G��VÛ � x Kkb-MR^V�T^VSV^VU4P:�:S{� ^VbT^VUR^�WXSV^lM&WXUR^lacb 7XM4Kko�egKkbdU&WXUR^lacbgW��pKNZnQTb;ZNacbdU4acQTOiWcZkUR^�y-�\WcM4P�MRQTOfS{� ^Vb�y~acORe�WXUR^lacb
YTKmZNacbdU4acQTOÀ|J/���Ú � KkUIW��pKNZ�ZNacbjURO&WX^VbdU4K�YTK+y~acORegK��
|ÏW �

ξ0 = (s0 = 1.1, θ0 = 0.1, µx,0 = −4, µy,0 = 1)|¡� �
ξ0 = (s0 = 1.0, θ0 = −0.1, µx,0 = −1, µy,0 = −2)|~Z �
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = 0, µy,0 = 2)

� �+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�E�Ü
G��VÛk¹ x Kkb-MR^V�T^VSV^VU4P��FQTb-K�^VbT^VUR^�WXSV^lM&WXUR^lacb�PkSlac^Vo�b-PNK�7TM4Kko�egKkbdU&WXUR^lacb WN�pKNZ�QTb�ZNacbdU4acQTO�WcZkUR^�y5�\WcM4P+M4QTO
S{� ^Vb�y~acORe�WXUR^lacb�YTK+ZNacbdU4acQTOÀ|J/���Ú � KkUIW��pKNZmZNacbdURO&WX^VbjU4KFYTK+y~acORegK��
|ÏW �

ξ0 = (s0 = 1.1, θ0 = 0.25, µx,0 = −4, µy,0 = 1)|¡� �
ξ0 = (s0 = 1.0, θ0 = −0.25, µx,0 = −2, µy,0 = −3)|~Z �
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = −2, µy,0 = 2)

� ���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û ��¸
G��VÛ�G �IKNZ�WXS�WXopK}O4PkQ-M&MR^vWN�pKNZ}QTb-K}^VbT^VUR^�WXSV^lMÃWXUR^lacb�PkSlac^Vo�b-PNKgKkU+S{� ^Vb-M4KkORUR^lacb�Y�Q q�u x K£Ë�acoptkb-K}Y-WXb-M
S�W;yÏacb-ZkUR^lacbTb-KkSVSlKmY���Pkb-KkORo�^lK��f|ÏW � egasYTtkSlKmYTK��n[\WXbÄKkUI�vKNM4Kg|¡� � egasYTtkSlKmÓ:WN�pPNMR^lKkbL� �m�+���+�+Û ��Û

G��VÛ�]��vZ4[-KNZFY�Q�O4KNZ�WXS�WXopKFW��pKNZ+QTb-K+^VbT^VUR^�WXSV^lM&WXUR^lacb PkSlac^Vo�b-PNKmKkUGSlKmegajYTtkSlKmYTK;�n[\WXbÄKkUG�vKNM4Kg|¡]\WcM
Y�� ^Vb-ZNacOR]DacO&WXUR^lacb�Y�QÄq�u xT� �$�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û ��Û

G��VÛ�Ý��vZ4[-KNZIY�Q;O4KNZ�WXS�WXopK:MÃWXb-M�^Vb-M4KkORUR^lacb}Y�Qgqru x ³XW��pKNZ:QTb-K�^VbT^VUR^�WXSV^lM&WXUR^lacbgPkSlac^Vo�b-PNKGKkU�SlK�egajYTtkSlK
Ó:WN�pPNMR^lKkbL� �+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �FE

G��VÛ�� �IKNZ�WXS�WXopKIO4PkQ-M4MR^2W��pKNZGQTb-KG^VbT^VUR^�WXSV^lMÃWXUR^lacb<PkSlac^Vo�b-PNK�KkUvS{� ^Vb-M4KkORUR^lacb<Y�Q¿qru x K£ËTacoptkb-KIY-WXb-MvS�W
y~acb-ZkUR^lacbTb-KkSVSlK+Y���Pkb-KkORo�^lKg|¡egasYTtkSlK�Ó:WN�pPNMR^lKkb�]8acQTO�S{� ^Ve�WXopK�³�egasYTtkSlK�YTK��n[\WXb?KkU`�vKNM4Kw]DacQTO
SlK+qru xT� �8�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �FE

G��VÛ�Ü �IKNZ�WXS�WXopK}O4PkQ-M&MR^vWN�pKNZ}QTb-K}^VbT^VUR^�WXSV^lMÃWXUR^lacb�PkSlac^Vo�b-PNKgKkU+S{� ^Vb-M4KkORUR^lacb�Y�Q q�u x K£Ë�acoptkb-K}Y-WXb-M
S�W}yÏacb-ZkUR^lacbTb-KkSVSlK;Y���Pkb-KkORo�^lK�|¡egasYTtkSlK /���Ú�]DacQTOwS{� ^Ve�WXopK�³2egasYTtkSlK;YTK;�n[\WXb KkUw�vKNM4K�]DacQTO
SlK+qru xT� �8�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û ���

G�� E�¸��vZ4[-KNZIY�Q;O4KNZ�WXS�WXopK:MÃWXb-M�^Vb-M4KkORUR^lacb}Y�Qgqru x ³XW��pKNZ:QTb-K�^VbT^VUR^�WXSV^lM&WXUR^lacbgPkSlac^Vo�b-PNKGKkU�SlK�egajYTtkSlK
/���Ú�� �m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û ���

G�� E�Û x Kko�egKkbdU&WXUR^lacb)WN�pKNZ?QTb-K���WXOR^�WXUR^lacbÇMR]\WXUR^laXÅ{U4Kke}]8acO4KkSVSlKÄYTK�S�W ZNacbjURO&WX^VbdU4K�YTK¿y~acORegK?KkU}SlK
egajYTtkSlK�Ó`W��pPNMR^lKkb�|

λmin = 3
³
λmax = 30

³
d0 = 7

� �!�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �X¹
G�� EFE x Kko�egKkbdU&WXUR^lacb)WN�pKNZ?QTb-K���WXOR^�WXUR^lacbÇMR]\WXUR^laXÅ{U4Kke}]8acO4KkSVSlKÄYTK�S�W ZNacbjURO&WX^VbdU4K�YTK¿y~acORegK?KkU}SlK
egajYTtkSlK�Ó`W��pPNMR^lKkb�|

λmin = 27
³
λmax = 70

³
d0 = 7

� �����+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �FG
G�� E�� x Kko�egKkbdU&WXUR^lacb$WN�pKNZ}QTb�]8ac^lYTM+ZNacb-MRU&WXbdUFYTK}ZNacbdURO&WX^VbdU4K<YTK;y~acORegK}KkU+SlK;egasYTtkSlK}Ó:WN�pPNMR^lKkb
|
λ = 50

� �\�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �FG
G�� EX¹ �iWXOR^�WXUR^lacb�MR]\WXUR^laXÅ{U4Kke}]DacO4KkSVSlK}YTKFS�WXe��8Y-W�WN�pKNZFSlK�egasYTtkSlKx/���Ú�KkU

λmin = 1
³
λmax = 5

³
d0 = 5

7
|ÏW �

ξ0 = (s0 = 1.1, θ0 = 0.25, µx,0 = −4, µy,0 = 1)|¡� �
ξ0 = (s0 = 1.0, θ0 = −0.25, µx,0 = −2, µy,0 = −3)|~Z �
ξ0 = (s0 = 1.0, θ0 = 0.1, µx,0 = −2, µy,0 = 2)

�0�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û �F]
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G�� EFG x Kko�egKkbjU&WXUR^lacb�WN�pKNZm�cWXOR^�WXUR^lacb�MR]\WXUR^laXÅ{U4Kke}]8acO4KkSVSlK�Y�Q?]8ac^lYTM:YTK+ZNacbdURO&WX^VbjU4K�YTK�yÏacORegKg|¡egaXÅ
YTtkSlK<Ó`W��pPNMR^lKkb � 7n|ÏW �

λmin = 15
³
λmax = 100

³
d0 = 15

|¡� �
λmin = 50

³
λmax = 100

³
d0 = 10

���m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û �pÝ
G�� EF]��vZ&[-KNZwY�Q<O4KNZ�WXS�WXopK�W��pKNZIQTb<]Dac^lYTM�ZNacb-MRU&WXbjU�YTKwZNacbdURO&WX^VbdU4K+YTKGy~acORegK;|¡egajYTtkSlKwÓ:WN�pPNMR^lKkb � 7
|ÏW �

λ = 20
|¡� �

λ = 70
���+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û �pÝ

G�� EpÝ �vZ&[-KNZÄY�Q�O4KNZ�WXS�WXopK$|¡egasYTtkSlK�Ó:WN�pPNMR^lKkb � WN�pKNZ 7w|ÏW � QTbT^lhdQ-K��cWXOR^�WXUR^lacb U4Kke}]DacO4KkSVSlKrYTK?S�W
ZNacbjURO&WX^VbdU4K�YTK¿y~acORegK�W��pKNZ

λmin = 30
³
λmax = 70

|¡]\WcMgYTK�O4KkS�W�Ë-WXUR^lacbÇMR]\WXUR^�WXSlK � �I|¡� �
��WXOR^�WXUR^lacb�M4]\WXUR^laXÅ{U4Kke}]DacO4KkSVSlK;YTKmS�W�ZNacbdURO&WX^VbdU4K}YTKmy~acORegK;WN�pKNZFQTbÄ]TO4aX�-S5MR]\WXUR^�WXS5YTP£�-bT^5Kkb
PNhjQ\WXUR^lacbÍ|4G��VÛ�Û � KkU

λmin = 27
³
λmax = 70

³
d0 = 7

�5|~Z � ��WXOR^�WXUR^lacb�MR]\WXUR^laXÅ{U4Kke}]8acO4KkSVSlK;YTK
S�WÀZNacbjURO&WX^VbdU4K;YTK�y~acORegKmW��pKNZ�YTKNM`yÏacb-ZkUR^lacb-MIPNZ&[-KkSlacbrYTKdW�K�WN�s^lMR^lYTK+]8acQTO

λa (t)
KkU
d(t)
�r�+��Û ��Ü

G�� E8� x QT]8KkOR]Da�M4^VUR^lacb;YTK�S�W:�pPkOR^VU4P�U4KkORO&WX^Vb�|¡o�OR^lM4PNK � KkU5Y�� QTbÀ]8acSV�jopacb-K�Z�WXORU4aco�O&WX]T[T^lhjQ-K`SlajZ�WXSlKkegKkbjU
KkORO4acb-P �m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Ûk¹d¸

G�� E�Ü ��acbj�pKkORopKkb-ZNKm�-b\WXSlKmY�Q�ZNacbjU4acQTO�WcZkUR^�yiWN�pKNZmQTb-K�y~acORegK<¥:32  �Ï«c  ��KkORO4acb-PNK��m�+�m�+���+�m�m�+��Ûk¹d¸
G�� ��¸Ç�wKNZ�WXS�WXopKÄ]\WXO¿ZNacbdU4acQTO�WcZkUR^�y��\WcM4PrMRQTO�S{� ^Vb�yÏacORe�WXUR^lacb)YTK�o�O&WcY�^lKkbdU |J/���Ú � KkU?WN�pKNZrQTb-K
yÏacORegK�¥d32  �Ï«c  �ib-acb�KkORO4acb-PNK�� ���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Ûk¹-Û

G�� ��Û��wKNZ�WXS�WXopKÄ]\WXO¿ZNacbdU4acQTO�WcZkUR^�y��\WcM4PrMRQTO�S{� ^Vb�yÏacORe�WXUR^lacb)YTK�o�O&WcY�^lKkbdU |J/���Ú � KkU?WN�pKNZrQTb-K
yÏacORegK�¥d32  �Ï«c  �nKkORO4acb-PNKmYTPkOR^V�pPNK�YTK+S�WÀZ�WXORU4K�� �+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Ûk¹-Û

]��VÛ ?�Ô�KkUnY���WXORO4acb-Y�^lM&M4KkegKkbdU:WXQ�bT^V�pK�WXQ¿YTKNMnMR^VbTo�QTS�WXOR^VU4PNMnopPNacegPkUROR^lhjQ-KNMnY�¶��+S�W�b-acQT�pKkSVSlK�Pkb-KkOzÅ
o�^lKmYTK+ZNacbjURO&WX^VbdU4K;YTK�yÏacORegK��\WcM4PNKmMRQTO:S{��WXSV^Vo�b-KkegKkbjU�YTKNM:b-acORe�WXSlKNM�� �+�m�m�+�m�+���+�m�m�+��Ûk¹�¹

]�� E ´ bdU4KkO&WcZkUR^lacb ��SlacbTo�Q-K?Y�^lM4U&WXb-ZNK?Y�Q-K���S{��Pkb-KkORo�^lK?ZNacORO4KNZkUROR^lZNKÄhjQ\WcY�O&WXUR^lhdQ-K��!JLKNMg�pKNZkU4KkQTO4M
U&WXbTopKkbjU4M ~t(s) KkU ~t(s′) WXQTO4acbjUGU4Kkb-Y-WXb-ZNKF�À�kURO4K�acORUR[-acopacb\WXQ�ËÄacQÄZNacSV^Vb-P�WX^VO4KNM����+���+�m�m�+��Ûk¹XG]�� � Ú-acb-ZkUR^lacb-MIegajY�^��\PNKNMwYTKmÓ`KNM4M4KkSLYTK+M4KNZNacb-YTK�KNMR]DtNZNK�� �m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�G�¸

]�� ¹ x Z&[-Pke�WgYTPNZkOR^V��WXbdUISlK�egasYTKmY���PNZ&[\WXbdUR^VSVSlacbTb\WXopK}WN�pKNZ+QTb-K+y~acb-ZkUR^lacbÄYTK+Ó`KNM4M&KkS�]DacQTOG]TO4aX�-S
Ψ
Û�G�Û

]�� G ´ e�WXopKmYTK+MR�sbdUR[-tNM4KFWN�pKNZ+SlKmZNacbjU4acQTOI^VbT^VUR^�WXSLO4Kk]TO4PNM&KkbdU4P�Kkb?O4acQTopK�� �m�+�m�m�+�m�+���+�m�m�+��Û�GFE
]�� ] |ÏW � Ú\acORegK�¥:3D  �Ï«c  �nKkUIM4acb�Kkb-M&Kke��TSlK�YTK�bT^V�pK�WXQ�ËÄWcM4M&ajZk^lPg|¡� � �m���+�m�+�m�m�+�m�+���+�m�m�+��Û�GFE
]�� Ý �wPNMRQTSVU&WXUIWN�pKNZ�S�WÀZNacbdURO&WX^VbdU4K;YTK�yÏacORegK+ZkS�WcM4MR^lhjQ-K �m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�G��
]�� � x Kko�egKkbjU&WXUR^lacbÀW��pKNZvZNacbdURO&WX^VbjU4KnYTK�yÏacORegKvWXQTU4acOR^lM&WXbjU0SlKNM���WXOR^�WXUR^lacb-ML]\WXO&WXSVSltkSlKNM�7p|ÏW �

λpara =

5
�0|¡� �

λpara = 10
�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�G��

]���Ü x Kko�egKkbjU&WXUR^lacbÀW��pKNZvZNacbdURO&WX^VbjU4KnYTK�yÏacORegKvWXQTU4acOR^lM&WXbjU0SlKNM���WXOR^�WXUR^lacb-ML]\WXO&WXSVSltkSlKNM�7p|ÏW �
λpara =

15
�0|¡� �

λpara = 30
�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�GX¹

]��VÛ�¸ x Kko�egKkbjU&WXUR^lacbrWN�pKNZ�SlKwegajYTtkSlK�Y���WXURU&WcZ4[-KmWXQ�Ë<YTacbTb-PNKNM:YTK+�n[\WXb?KkUn�vKNM&KwKkU`S�WFZNacbdURO&WX^VbdU4K
YTK y~acORegKÍWXQTU4acOR^lM&WXbdU�SlKNM���WXOR^�WXUR^lacb-MÄ]\WXO&WXSVSltkSlKNM 7;|ÏW � M&WXb-M�ZNacORO4KNZkUR^lacb�hjQ\WcY�O&WXUR^lhdQ-K�KkU
λpara = 20

�ÄS{� ^Vb-MRU&WXbdU
n0

�`|¡� � WN�pKNZ�ZNacORO4KNZkUR^lacbÒhdQ\WcY�O&WXUR^lhjQ-K�³
λpara = 20

³
λquad = 8KkU

a = 0.5
� ���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�GFG

]��VÛ�Û x Kko�egKkbjU&WXUR^lacbrWN�pKNZ�SlKwegajYTtkSlK�Y���WXURU&WcZ4[-KmWXQ�Ë<YTacbTb-PNKNM:YTK+�n[\WXb?KkUn�vKNM&KwKkU`S�WFZNacbdURO&WX^VbdU4K
YTK y~acORegKÍWXQTU4acOR^lM&WXbdU�SlKNM���WXOR^�WXUR^lacb-MÄ]\WXO&WXSVSltkSlKNM 7;|ÏW � M&WXb-M�ZNacORO4KNZkUR^lacb�hjQ\WcY�O&WXUR^lhdQ-K�KkU
λpara = 50

�ÄS{� ^Vb-MRU&WXbdU
n0

�`|¡� � WN�pKNZ�ZNacORO4KNZkUR^lacbÒhdQ\WcY�O&WXUR^lhjQ-K�³
λpara = 50

³
λquad = 7KkU

a = 0.5
� ���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�GFG

]��VÛ�EÇ�wKk]TO4PNM4KkbdU&WXUR^lacb�YTK:S�W�yÏacO4ZNKGhjQ\WcY�O&WXUR^lhdQ-K���S{� ^Vb-MRU&WXbdU
n0
�pJLKNMv²�acb-KNMi�TSlKkQ-KNMnZNacORO4KNM4]Dacb-YTKkbjU

��QTb-K�yÏacO4ZNK`]Da�M4^VUR^V�pKm|~K£Ô8KkU!YTK:Y�^VS�WXU&WXUR^lacb � ³dZNKkSVSlKNMiKkb}�pKkORU!O4Kk]TO4PNM4KkbdU4KkbjUiQTb-K�yÏacO4ZNK`b-PkodWXUR^V�pK
|~K£Ô�KkUIYTK+ZNace}]TO4KNM4MR^lacb � � �+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�GF]

]��VÛ � ?�Ë�]8PkOR^lKkb-ZNK�WN�pKNZÀQTb-KÀ^Ve�WXopK}O4PNKkSVSlK�³8S�W<yÏacORegK�¥�3D  �Ï«c  �IKNMRU+SlK;O4PNMRQTSVU&WXU�Y�Q O4KNZ�WXS�WXopK�W��pKNZ
S�W¿ZNacbdURO&WX^VbjU4KgYTKFy~acORegKÀZkS�WcM4M4^lhdQ-K��8J0W¿M4Kko�egKkbjU&WXUR^lacb�KNMRU�K£Ô8KNZkURQ-PNKgW��pKNZÀSlK�egasYTtkSlK}Y���WXUzÅ
U&WcZ&[-K;WXQ�ËÄYTacbTb-PNKNM�YTK}�n[\WXb�KkUw�vKNM4K�³-S�W<ZNacbdURO&WX^VbjU4K;YTK�yÏacORegKFWXQTU4acOR^lM&WXbjU�SlKNMw��WXOR^�WXUR^lacb-M
]\WXO&WXSVSltkSlKNMwKkUwWN�pKNZmZNacORO4KNZkUR^lacb�hdQ\WcY�O&WXUR^lhjQ-K

λpara = 4
³
λquad = 0.5

KkU
a = 0.5

� ���+�m�m�+��Û�GF]
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Ýs�VÛ qrPkUR[-asYTacSlaco�^lK;]TO4ac]Da�M&PNKF]8acQTO�S�W�YTPkU4KNZkUR^lacb YTK;Z4[\WXbTopKkegKkbjU 75|~± � Z�WXSlZkQTS�KkUwy~Q-MR^lacb�Y�� ^Vb�Å
Y�^lZNKNMGYTK+Z4[\WXbTopKkegKkbjU��5|~Ó � WXURU4PkbjQ\WXUR^lacbrYTKNM:��WXOR^�WX�T^VSV^VU4PNMIK£ËTacoptkb-KNMGZ�WXORU4K£Å{^Ve�WXopK<|{� � WXb\W�Å
SV�sM&KmYTK�Z&[\WXbTopKkegKkbdU4M��-b\WXSlK��\J0PkopKkb-YTK 7 �we KkU �w]rM4acbdUwO4KNMR]DKNZkUR^V�pKkegKkbjU�S{� ^Ve�WXopKNMwM&WXU4KkS�Å
SV^VU&WX^VO4K+e�QTSVUR^lM4]DKNZkURO&WXSlKFKkUG]\WXb-Z4[TO4ace�WXUR^lhjQ-K��+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]�Û

Ýs� E x QT]DKkOR]8a�MR^VUR^lacbÍYTKgS�W�Z�WXORU4K<Y�Q �\�XUR^�|~KkbÄÌRWXQTb-K � WN�pKNZ<SlKgq�u x o�O&�cZNK���S{� ^Vb�yÏacORe�WXUR^lacbÍYTK
opPNajZNasY-WXopK��\JfW � tNZ4[-K�O4acQTopKm]8ac^VbdU4KmQTbrZ4[\WXbTopKkegKkbdU�7T�\�XUR^VegKkbjUwO4Kke}]TS�WcZNP�]\WXOGQTbÄU4KkORO4K£Å
]TSlKk^VbL�8�+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]X¹

Ýs� � �IPNMRQTSVU&WXU;YTK�S�WÄYTPkU4KNZkUR^lacbÒYTK�Z4[\WXbTopKkegKkbjUgZ�WXORU4K£ÅÉqru x �5JLPkopKkb-YTK 7LO4acQTopK |~YTPkU4KNZkUR^lacb$YTK
Z4[\WXbTopKkegKkbjU � ³�ÌRWXQTb-KÍ|ÏWXe��T^Vo�Q � ³��TSlKkQ |¡^Vb-YTPNZk^lY-WX�TSlK � �:Æ5WXO&WXegtkURO4KNM 7

seuilrens
� Û�¸��¿³

seuilplat
� Û�e�³ seuilbat � �;e��F�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]FG

Ýs� ¹ x Q-ZNZNtNMIYTK+S�W}egPkUR[-ajYTKFKkb?y~acb-ZkUR^lacbrYTK
seuilrens

�M?vb�O4acQTopK+�-o�QTO4K+SlKmU&WXQ�Ë?YTKm�\�XUR^VegKkbdU4M
ZNacORO4KNZkU4KkegKkbdUgYTPkU4KNZkU4PNMÀZNace}egK�WN�dWXbdUÀZ4[\WXbTopP���J0WrZNacQTOR�8Kg�TSlKkQ-K<O4Kk]TO4PNM4KkbdU4K¿SlKgU&WXQ�Ë�YTK
�\�XUR^VegKkbdU4MFYTPkU4KNZkU4PNM+ZNace}egKgWN�dWXbdUFZ4[\WXbTopPÀ]\WXO+O&WX]T]8acORU+WXQ�b-aceF�TO4KÀU4acU&WXSvYTK;�\�XUR^VegKkbdU4M
Y-WXb-M:S�W}Z�WXORU4K��

seuilplat = 1m
KkU
seuilbat = 3m

���m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]F]
Ýs� G x Q-ZNZNtNM�YTKmS�W�egPkUR[-ajYTK;KkbÄyÏacb-ZkUR^lacb YTK

seuilplat
�#?vbrO4acQTopK��-o�QTO4K;SlKmU&WXQ�ËÄYTKF�\�XUR^VegKkbdU4M

ZNacORO4KNZkU4KkegKkbdUgYTPkU4KNZkU4PNMÀZNace}egK�WN�dWXbdUÀZ4[\WXbTopP���J0WrZNacQTOR�8Kg�TSlKkQ-K<O4Kk]TO4PNM4KkbdU4K¿SlKgU&WXQ�Ë�YTK
�\�XUR^VegKkbdU4MFYTPkU4KNZkU4PNM+ZNace}egKgWN�dWXbdUFZ4[\WXbTopPÀ]\WXO+O&WX]T]8acORU+WXQ�b-aceF�TO4KÀU4acU&WXSvYTK;�\�XUR^VegKkbdU4M
Y-WXb-M:S�W}Z�WXORU4K��

seuilrens = 50
� KkU

seuilbat = 3m
�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]F]

Ýs� ] x Q-ZNZNtNMmYTK;S�W¿egPkUR[-ajYTK}Kkb�yÏacb-ZkUR^lacb YTK
seuilbat

�0?!b�O4acQTopK;�-o�QTO4KÀSlK;U&WXQ�Ë YTKÀ�\�XUR^VegKkbdU4M
ZNacORO4KNZkU4KkegKkbdUgYTPkU4KNZkU4PNMÀZNace}egK�WN�dWXbdUÀZ4[\WXbTopP���J0WrZNacQTOR�8Kg�TSlKkQ-K<O4Kk]TO4PNM4KkbdU4K¿SlKgU&WXQ�Ë�YTK
�\�XUR^VegKkbdU4MFYTPkU4KNZkU4PNM+ZNace}egKgWN�dWXbdUFZ4[\WXbTopPÀ]\WXO+O&WX]T]8acORU+WXQ�b-aceF�TO4KÀU4acU&WXSvYTK;�\�XUR^VegKkbdU4M
Y-WXb-M:S�W}Z�WXORU4K��

seuilrens = 65
� KkU

seuilplat = 1.5m
� �+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]pÝ

Ýs� Ý Ó:WXb-YTK+^Vb�y¡O&W�Å{O4acQTopK�³2ZNacQTSlKkQTO4MGO4PNKkSVSlKNM�|~�0��Ó � ³TKkU
NDV I

�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�]�Ü
Ýs� � ?vMRUR^Ve�WXUR^lacbÄYTK�S�WFURO&WXb-MRS�WXUR^lacb?e�W�Ë�^Ve�WXSlK

µ1

KkU�e}^VbT^Ve�WXSlK
µ2

KkbjURO4K+SlK�M4Kko�egKkbdUGZ�WXORU4aco�O&W�Å
]T[T^lhdQ-K � ±wÓR	0KkU:SlKmM4Kko�egKkbjUzÅ{^Ve�WXopK � ±;��Ó�� 	É�
�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Ý��

Ýs��Ü ±:ZNZkQTe�QTS�WXU4KkQTOGYTKtWwacQTo�[��BEmY�^VegKkb-M4^lacb-M
(µx, µy)

�jJv��WcZNZkQTe�QTS�WXUR^lacb�KkbjURO4KIS�WmURO&WXb-MRS�WXUR^lacb
e}^VbT^Ve�WXSlK�KkU:e�W�Ë�^Ve�WXSlK�KNMRUGPkS�WXORo�^lK�Y�� QTb-K+�\WXb-YTKmYTK

l
]T^�Ë�KkSlM��
�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Ý��

Ýs�VÛ�¸ ��PkU4KNZkUR^lacbÀYTK�Z4[\WXbTopKkegKkbjU4MvQTbT^V�pashdQ-KNM���JLKNM�Z&[\WXbTopKkegKkbdU4MvacbjU�PkU4P�YTPkU4KNZkU4PNM�]\WXO5S�WIZNace}]\W�Å
O&WX^lM4acb�WN�pKNZGS{� ^Ve�WXopKGuw�G��´£�cJLKNM��-o�QTO4KNM!^VSVSVQ-MRURO4KkbjUvSlKNM!ac��ÌRKkU4MvZ�WXORU4aco�O&WX]T[T^lhdQ-KNMnMRQT]8KkOR]Da�M4PNM
�;QTb-K+^Ve�WXopKmM&WXU4KkSVSV^VU&WX^VO4K�]TSVQ-M:O4PNZNKkbdU4K�� �m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Ý �

Ýs�VÛ�ÛÍ��PkU4KNZkUR^lacb�YTK�Z&[\WXbTopKkegKkbdU�Kkb¿O&WX^lM&acb�Y�� QTb-K�yÏacORU4K��cWXOR^�WXUR^lacb�opPNacegPkUROR^lhjQ-K 7
Egeom = 0.54KkU

pNC = 0.30
�2JLK+Z4[\WXbTopKkegKkbjU�KNM4UGMR^Ve�QTSlP�� �m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Ý �

Ýs�VÛ�E ��PkU4KNZkUR^lacb YTKFZ4[\WXbTopKkegKkbjUmKkbrO&WX^lM4acb�Y�� QTb-K;URO&WXb-MRS�WXUR^lacb
µHough

PkSlKk�pPNK��
sHough = 0.27

³
µHough = (−6,−26)

KkU
pNC = 0.00

�\J0KmZ4[\WXbTopKkegKkbjU�KNMRUGM4^Ve�QTSlP�� ���+�m�+�m�+�m�m�+���+�+Û�ÝcÜ
Ýs�VÛ � ��PkU4KNZkUR^lacbgYTKnb-acb�ÅÉZ&[\WXbTopKkegKkbdU:WN�pKNZ`QTb}ac��ÌRKkU�Z�WXORU4aco�O&WX]T[T^lhjQ-K:]\WXOzy{WX^VU!URO&WXb-MzyÏacORegPn]\WXOvM4^�Å
e}^VSV^VURQ-YTKnYTKv]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1, θ0 = 0.1, µx,0 = 1, µy,0 = 1)
��JLKib-acb�ÅÉZ4[\WXbTopKkegKkbdU

KNMRUGZNacb��-ORegPFW��pKNZ
sHough = 0.76

³
µHough = (1, 0)

³
Egeom = 0.1

KkU
pNC = 0.63

� �+���+�+Û���Û
Ýs�VÛk¹ ��PkU4KNZkUR^lacbÍYTK�b-acb�ÅÉZ4[\WXbTopKkegKkbdU�W��pKNZ�QTbÍac��ÌzKkU;Z�WXORU4aco�O&WX]T[T^lhdQ-K¿]\WXOzy{WX^VU�URO&WXb-MzyÏacORegPg]\WXO
MR^Ve}^VSV^VURQ-YTK�YTK ]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.05, θ0 = 0.075, µx,0 = 4, µy,0 = −1)
�:JLK

b-acb�ÅÉZ4[\WXbTopKkegKkbjUFKNMRU�ZNacb��-ORegP}WN�pKNZ
sHough = 0.72

³
µHough = (1, 0)

³
Egeom = 0.08

KkU
pNC = 0.63

�<�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û���Û
Ýs�VÛ�G ��PkU4KNZkUR^lacbÍYTK�b-acb�ÅÉZ4[\WXbTopKkegKkbdU�W��pKNZ�QTbÍac��ÌzKkU;Z�WXORU4aco�O&WX]T[T^lhdQ-K¿]\WXOzy{WX^VU�URO&WXb-MzyÏacORegPg]\WXO
MR^Ve}^VSV^VURQ-YTKgYTK}]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = −0.02, µx,0 = −2, µy,0 = 1)
�0JLK}b-acb�Å

Z4[\WXbTopKkegKkbjUÄKNMRU?ZNacb��-ORegP�WN�pKNZ
sHough = 0.81

³
µHough = (0, 0)

³
Egeom = 0.04

KkU
pNC = 0.76

�<�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û��FE
Ýs�VÛ�] ��PkU4KNZkUR^lacbÍYTK�b-acb�ÅÉZ4[\WXbTopKkegKkbdU�W��pKNZ�QTbÍac��ÌzKkU;Z�WXORU4aco�O&WX]T[T^lhdQ-K¿]\WXOzy{WX^VU�URO&WXb-MzyÏacORegPg]\WXO
MR^Ve}^VSV^VURQ-YTK�YTK�]\WXO&WXegtkURO4KNM

ξ0 = (s0 = 1.0, θ0 = 0.0, µx,0 = 5, µy,0 = 5)
�:JLK�b-acb�Å

Z4[\WXbTopKkegKkbjU<KNMRU}ZNacb��-ORegPÄW��pKNZ
sHough = 0.84

³
µHough = (−1, 0)

³
Egeom = 0.01

KkU
pNC = 0.83

�<�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û��FE
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Ýs�VÛ�Ý���PkU4KNZkUR^lacb�YTK�b-acb�ÅÉZ4[\WXbTopKkegKkbjU`W��pKNZ:QTb-K:KkORO4KkQTOvYTK`e}^lM4K`KkbgZNacORO4KNMR]8acb-Y-WXb-ZNK:egasYTPkSV^lM&WX�TSlK
]\WXOnQTb-KIURO&WXb-MzyÏacORe�WXUR^lacb¿o�Slac�\WXSlK��jJLKwb-acb�ÅÉZ4[\WXbTopKkegKkbjUGKNMRUnZNacb��-ORegP�WN�pKNZ

sHough = 0.86
³

µHough = (0,−1)
³
Egeom = 0.12

KkU
pNC = 0.68

�Ç�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û����
Ýs�VÛ��Ç��PkU4KNZkUR^lacb�YTK�b-acb�ÅÉZ4[\WXbTopKkegKkbjU`W��pKNZ:QTb-K:KkORO4KkQTOvYTK`e}^lM4K`KkbgZNacORO4KNMR]8acb-Y-WXb-ZNK:egasYTPkSV^lM&WX�TSlK
]\WXOnQTb-KIURO&WXb-MzyÏacORe�WXUR^lacb¿o�Slac�\WXSlK��jJLKwb-acb�ÅÉZ4[\WXbTopKkegKkbjUGKNMRUnZNacb��-ORegP�WN�pKNZ

sHough = 0.88
³

µHough = (0, 0)
³
Egeom = 0.03

KkU
pNC = 0.83

���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û��X¹
Ýs�VÛ�ÜÇ��PkU4KNZkUR^lacbrYTKmb-acb�ÅÉZ4[\WXbTopKkegKkbdUmW��pKNZ�YTKNMIKkORO4KkQTO4MISlajZ�WXSlKNMwYTK�yÏacORegK��-JLKmb-acb�ÅÉZ&[\WXbTopKkegKkbdU
KNMRUGZNacb��-ORegP;WN�pKNZ

sHough = 0.62
³
µHough = (1, 0)

³
Egeom = 0.02

KkU
pNC = 0.66

�L�m�m�+��Û��X¹
Ýs� E�¸Ç��PkU4KNZkUR^lacbrYTKmb-acb�ÅÉZ4[\WXbTopKkegKkbdUmW��pKNZ�YTKNMIKkORO4KkQTO4MISlajZ�WXSlKNMwYTK�yÏacORegK��-JLKmb-acb�ÅÉZ&[\WXbTopKkegKkbdU
KNMRUGZNacb��-ORegP;WN�pKNZ

sHough = 0.73
³
µHough = (1, 0)

³
Egeom = 0.03

KkU
pNC = 0.71

�L�m�m�+��Û��FG
Ýs� E�Û���PkU4KNZkUR^lacbrYTKmb-acb�ÅÉZ4[\WXbTopKkegKkbdUmW��pKNZ�YTKNMIKkORO4KkQTO4MISlajZ�WXSlKNMwYTK�yÏacORegK��-JLKmb-acb�ÅÉZ&[\WXbTopKkegKkbdU
KNMRUGZNacb��-ORegP;WN�pKNZ

sHough = 0.75
³
µHough = (1, 0)

³
Egeom = 0.05

KkU
pNC = 0.71

�L�m�m�+��Û��FG
Ýs� EFEÇ��PkU4KNZkUR^lacb�WXe��T^Vo�Q���|~Z�WcMG^Vb-YTPkU4KkORe}^Vb-P � �

sHough = 0.45
³
µHough = (0, 0)

³
Egeom = 0.02KkU

pNC = 0.55
� �m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û��F]

Ýs� E��Ç��PkU4KNZkUR^lacb YTKÒZ4[\WXbTopKkegKkbjU�KkORO4acb-PNKÒY�Q-K�WXQ�Ë�KkORO4KkQTO4M�SlajZ�WXSlKNM�YTK�yÏacORegKÒYTKÍS�W Z�WXORU4K��
sHough = 0.47

³
µHough = (−1,−1)

³
Egeom = 0.19

KkU
pNC = 0.39

�L�+�m�m�+�m�+���+�m�m�+��Û��pÝ
Ýs� EX¹ ´ SVSVQ-MRURO&WXUR^lacbrYTKNM�KkORO4KkQTO4M�YTK�YTPkSV^Vb-P�WXUR^lacb KkUwYTK+S{��K£Ô�KkUwYTK�opPkb-PkO&WXSV^lM&WXUR^lacb�Y-WXb-MGS�WgZ�WXORU4KFYTK
Û�Ü�ÜF]��-Ji��ac��ÌzKkUIZ�WXORU4aco�O&WX]T[T^lhjQ-K�KNM4UIMRQT]8KkOR]Da�M4P�MRQTOIS{� ^Ve�WXopKmM&WXU4KkSVSV^VU&WX^VO4KmYTKBE�¸�¸FE��!���+�m�m�+��Û��8�

±F�VÛ ´ e�WXopK�WcPkOR^lKkbTb-K+O4Kk]TO4PNM4KkbjU4PNK;� G �
YTK+M&W;U&WX^VSVSlK�acOR^Vo�^Vb\WXSlK��-J0K�y¡QTURQTOI�j^VSVS�WXopKmacSV�se}]T^lhjQ-KmM4K
MR^VURQ-KmWXQÄb-acO4YsÅÉKNMRUIYTK+S{� ^Ve�WXopK��G���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+��Û�Ü8�

±F� E ?�Ë�URO&WX^VUwYTKNMwYTacbTb-PNKNM x ´�/�Y���PNZ&[-KkSVSlK<Û 7VÛ�¸�³�¸�¸�¸�YTKmS�WÀ�s^VSVSlKmYTKFÆfPkÐs^VbL�\JLKm�\�XUR^fKNMRUIKkbÄO4a�M4K�³
SlK�O4PNM4K�WXQÄO4acQTUR^lKkOIKkb��s^lacSlKkU�³TSlKNM:OR^V�s^ltkO4KNMGKkUIZ�WXb\WXQ�Ë�Kkb?�TSlKkQL³TSlKNM:S�WcZNMwKkb?�pKkORU��¿�+���+�m�m�+�2E�¸�¸

Ó��VÛ MR^Ve}]TSlK£Ë�^VbT^VUR^�WXSfKkU:O4P � K£Ë�^lacb �+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�2E�¸��
Ó�� E ?�Ë�]\WXb-MR^lacb �+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�2E�¸X¹
Ó�� ����acbjURO&WcZkUR^lacb-MI]8a�M4MR^V�TSlKNM �+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�2E�¸X¹
Ó�� ¹��wPkURO4PNZk^lM4M4KkegKkbdU �m�+�m�m�+�m�+���+�m�m�+�m�+�m�+���m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�2E�¸X¹
���VÛ x Z&[-Pke�W}^VSVSVQ-MRURO&WXbjUIS�W;egasYTPkSV^lM&WXUR^lacb�^Vbd�pKkO4M&K��\JLKNM:O4Kk]8tkO4KNMGU4KkORO&WX^VbrKkUIZ�WXegPkO&W}M4acbjUIY�^VO4KNZkU4M��iE�¸F]
��� E x Z&[-Pke�W}^VSVSVQ-MRURO&WXbjUIS�W;egasYTPkSV^lM&WXUR^lacbÄY�^VO4KNZkU4K��\J0KNM:O4Kk]DtkO4KNMIU4KkORO&WX^VbÄKkUIZ�WXegPkO&W}M&acbdUIY�^VO4KNZkU4M�� E�¸8�
Ú��VÛ ��^lMRQ\WXSV^lM&WXUR^lacb �c��YTK+S�W;�s^VSVSlKmYTK+Æ5PkÐj^Vb�Å�WN�pKNZ+U4K£Ë�URQTO4KNMIKkUGMÃWXb-MGqru�Ñ+� �m�+�m�+���+�m�m�+�2E�Û��
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E��VÛ �nS�WcM4MR^��\Z�WXUR^lacb�YTKNMIWXORU4K£yÏWcZkU4MGQTOR�\WX^Vb-MIKkb?yÏacb-ZkUR^lacbÄYTKNMGY�^�Ô�PkO4KkbdU4MIQTbT^V�pKkO4M����+�m�+�m�m�+���+� �F]
E�� E �n[\WXbTopKkegKkbdU4Mw]Da�M&MR^V�TSlKNMGY�� QTb��\�XUR^VegKkbjUwY-WXb-M

Uobjectif
�+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� �pÝ

���VÛ �IPNMRQTSVU&WXU4M�Kkb�]T^�Ë�KkSlM�YTK?S�W�hjQ\WXbdUR^��\Z�WXUR^lacb YTK�S�W ]TO4PNZk^lMR^lacb WX�-M4acSVQ-KÄYTKNMg]\WXO&WXegtkURO4KNM�YTK
]TOR^lM4KmYTK��sQ-K�]DacQTOISlKNM:URO4ac^lM:^Ve�WXopKNMwWcPkOR^lKkbTb-KNM��r�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� GFG

��� E �IPNMRQTSVU&WXU4M�Kkb�]T^�Ë�KkSlM�YTK?S�W�hjQ\WXbdUR^��\Z�WXUR^lacb YTK�S�W ]TO4PNZk^lMR^lacb�O4KkS�WXUR^V�pKrYTKNMg]\WXO&WXegtkURO4KNM�YTK
]TOR^lM4KmYTK��sQ-K�]DacQTOwZ4[\WcZkQTb-K�YTKNMG]\WX^VO4KNMIY�� ^Ve�WXopKNMwWcPkOR^lKkbTb-KNM����+�m�+�m���+�m�+�m�+�m�m�+���+� GF]

��� � �IPNMRQTSVU&WXU4M}YTK�S{��ac]TUR^Ve}^lMÃWXUR^lacbÇYTKNM}]\WXO&WXegtkURO4KNMgYTK�]TOR^lM4K?YTK¿�sQ-K�WN�pKNZ�SlKNMÀ^Ve�WXopKNM���¸�� E�Û
e 	�]T^�Ë�KkSfYTK+O4PNM4acSVQTUR^lacbL� �+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� ]�¸

��� ¹ �IPNMRQTSVU&WXU4M�YTK�S{��ac]TUR^Ve}^lM&WXUR^lacb�YTKNM�]\WXO&WXegtkURO4KNM?YTK�]TOR^lM4K YTK��jQ-K WN�pKNZ SlKNM¿^Ve�WXopKNM?M4acQ-MRÅ
PNZ4[\WXbjUR^VSVSlacbTb-PNKNMw]\WXOIQTb?yÏWcZkU4KkQTO:URO4ac^lM��T�+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� ]�¸

��� G ?!ORO4KkQTOwWX�-M4acSVQ-K�KkbdURO4K+SlKNM_/m��ÆiMGKkU:S�WÀO4KNZNacb-MRURORQ-ZkUR^lacb �c��Y�Q
MNS1

�
∆N

7TKkORO4KkQTOGY-WXb-M
S�W¿Y�^VO4KNZkUR^lacb�b-acO4Y�³

∆E
7DKkORO4KkQTO+Y-WXb-M�S�W¿Y�^VO4KNZkUR^lacb KNMRU�³

∆Z
KkORO4KkQTOmWXSVUR^VegPkUROR^lhjQ-K�³LKkORO4KkQTO

Y-WXb-M:SlK+]TS�WXb 7
∆P lan =

√
∆N2 + ∆E2

�T�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� ]��
��� ] ?!ORO4KkQTOwWX�-M4acSVQ-K�KkbdURO4K+SlKNM_/m��ÆiMGKkU:S�WÀO4KNZNacb-MRURORQ-ZkUR^lacb �c��Y�Q

MNS2
�
∆N

7TKkORO4KkQTOGY-WXb-M
S�W¿Y�^VO4KNZkUR^lacb�b-acO4Y�³

∆E
7DKkORO4KkQTO+Y-WXb-M�S�W¿Y�^VO4KNZkUR^lacb KNMRU�³

∆Z
KkORO4KkQTOmWXSVUR^VegPkUROR^lhjQ-K�³LKkORO4KkQTO

Y-WXb-M:SlK+]TS�WXb 7
∆P lan =

√
∆N2 + ∆E2

�T�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+� ]��
G��VÛ ?!ORO4KkQTOwWX�-M4acSVQ-K�KkbjURO4K

ξ0
KkUGM&acb�KNM4UR^VegPNK

ξ̂0
]\WXO:S{��WXSVopacOR^VUR[TegKmYTK�YTKNM4ZNKkbjU4KmYTK�o�O&WcY�^lKkbdUIKkU

U4Kke}]-MIYTK+Z�WXSlZkQTS{���m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Û�Ý
G�� E ?!ORO4KkQTO}WX�-M4acSVQ-K<KkbjURO4K

ξ0
KkUFM4acbÍKNMRUR^VegPNK

ξ̂0
]\WXO;S{��WXSVopacOR^VUR[TegK�Y�Q�MR^Ve}]TSlK£Ë�KkUFU4Kke}]-MFYTK

Z�WXSlZkQTS{�$�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�m�+�m�m�+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û�Û�Ý
G�� � �wWX]T]8acORU5KkbjURO4K�SlKNMfU4Kke}]-M!YTK�ZNacbd�pKkORopKkb-ZNKIM&WXb-MfKkUvW��pKNZiy~Q-MR^lacbÀYTKnq�u x 7

ratio =
tsans fusion
tavec fusion

�ÏÛ �X¹
G�� ¹ �wWX]T]8acORU¿KkbjURO4K�SlKNM�U4Kke}]-M�YTK�ZNacbd�pKkORopKkb-ZNK�M&WXb-M¿KkU�W��pKNZ ZNacbdURO&WX^VbdU4K�YTKÄyÏacORegKrMR]\WXUR^laXÅ
U4Kke}]DacO4KkSVSlK 7

ratio =
tcontrainte uniforme

tcontrainte spatio−temporelle

���+�m�+���+�m�m�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û ��Ü
Ýs�VÛ �wQ\WXbdUR^��\Z�WXUR^lacb�YTKNMGM4ZNacO4KNM:YTK+Z4[\WXbTopKkegKkbjU 	�b-acb�ÅÉZ4[\WXbTopKkegKkbjU��

pNC
KNMRU:S�WF]TO4ac�\WX�T^VSV^VU4PmYTK

b-acb�ÅÉZ4[\WXbTopKkegKkbjU��
sHough

KNMRU:SlK+M4ZNacO4KmYTKdW�acQTo�[�b-acORe�WXSV^lM4P��D�+�m�+�m���+�m�+�m�+�m�m�+���+�+Û��pÝ
Ýs� E �wQ\WXbdUR^��\Z�WXUR^lacb�YTKNMnO4PNMRQTSVU&WXU4M`YTKGS�WFYTPkU4KNZkUR^lacb?YTKIZ4[\WXbTopKkegKkbjUIWN�pKNZwS�W�Z�WXORU4K�YTKtE�¸�¸FE��sJLKNM
O4PNMRQTSVU&WXU4MIM&acbdUIK£Ë�]TOR^VegPNMGKkb�]8acQTOzÅÉZNKkbdU�MRQTO:QTb?U4acU&WXS0YTKFÝ�Ý;Z�WcM�� �+�m���+�m�+�m�+�m�m�+���+�+Û���Ü

Ýs� � �wQ\WXbdUR^��\Z�WXUR^lacb�YTKNMnO4PNMRQTSVU&WXU4M`YTKGS�WFYTPkU4KNZkUR^lacb?YTKIZ4[\WXbTopKkegKkbjUIWN�pKNZwS�W�Z�WXORU4K�YTK�Û�Ü�ÜF]��sJLKNM
O4PNMRQTSVU&WXU4MIM&acbdUIK£Ë�]TOR^VegPNMGKkb�]8acQTOzÅÉZNKkbdU�MRQTO:QTb?U4acU&WXS0YTKgÛ�¸FG}Z�WcM��f�+�m���+�m�+�m�+�m�m�+���+�+Û�Ü�¸

E��pÝ
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J�K&LNMPOQKSR
T�U)VWVXU?VXY6Z\[WU^]�_�`ba�cd`fe�g<U\h)VXikj�l�U?_�cX`b_�`f[WU)c"aIm6Uonqp)VXYI`Sl�`brs`btfiuU?vSiu[X]wm*V"x�]fm4]wrky6[WUzcArsU\[Ah{Y4]wmItbU)nqU\m*VX[|U\m*VWcXU}aIm6U?hN]~cWVXU?mSa6nqp)�
cXi��*a6U?l�Uoe4�wVXisnqU\m*VX[�U)Vdl6U\[|l6`fmIm6p\U\[|l6U"VXp\rspNl6pzVXU\h)VXis`bm�`b_�VXiu�Sa6U\[�Y4]wa6VXU"cXp\[W`brsa�VXiu`fm�_IrsaI[�cXp\h\U\m*VXU\[\�0��� i�l�p\U}h\U\m*VWc{]frsU}l6UomI`wVWcXU
]f_I_�cX`*hzY6UdU\[�V�l1� a6VXisrsis[WU)c�r�� ium�j�`wcXn�]wVXis`bm�tbp\`fnqp)VWcXiu�*aIU0U)V�[W_�p\h)is�4�*aIU|l6U\[�eI�wVXisnqU\m*VX[�[�y6n?e�`brsis[Wp\[�l6]fmI[	ru]}hN]~cWVXUA]~�4m�l6U�j�]wh\isruikVXU)c
ruU)a6c^cXU)h\`bm6m4]fis[W[X]wmIh\U2lI]fm6[?a6mIUqisn�]ftfUB[X]~VXU\rsrsisV{]wikcXU�_4]wmIh{Y6cX`bn�]~VXiu�Sa6U�U)V�l6U�[\� ]w��c{]fm6hzY6ikcql6U)[^l�is��h\aIrkVXp\[^l6aEnqisrsisU\aQa6cXeI]fismC�
T�U)VWVXUoh\`bm6m4]fis[W[X]wmIh\U��o�I�z���w�z�dU\[�V0ium6h\`fcX_�`wcXp\U}h\`bnqnqUAa6mIU"h\`fm*VWc{]fism*VXUol6UAj�`wcXnqU}lI]fm6[�aIm�nq`Sl�Z\rsU"vb]~cXi�]~VXis`bmIm6U\r!l�UAcXU\hN]wr�]wtbU
�4m�hN]~cWVXU)��iun�]wtbUo_4]~cdh)`bm*VX`ba�cX[d]wh)VXikj�[\�|�d`ba6[|_�cX`b_�`f[W`bmI[|l6U)[|[W`frua�VXis`bmI[dmI`ba6v&U\rsrsU\[0_�`ba6c|r�� ]fnqp\rsis`fc{]~VXiu`fm�l�Uor�]^cX`feIa6[�VXU\[W[WU^l�U\[
h\`bm*VX`ba�cX[A]wh)VXikj�[dh)`bm*VWc{]fism*VX[\��ru]�j�aI[Wis`fm�l6Uor�� isn�]wtbU?]~vbU\hoaIm��2`Sl�Z\rsU?�|aInqp)cXiu�*aIUol�U}��a6cWj�]fh\U����2�"�6��U)Vdru]qvf]wcXiu]wVXis`bm�[W_I]wVXis`f�
VXU\nq_�`fcXU\rsrsUol6Udr�]?h\`bm*VWc{]fism*VXUol6U|j�`fcXnqUd_�U)cXnqU)VWVXU\m*V�l�UA[Wa6cXnq`fmSVXUzc�rsU"_6cX`be6rsZ\nqU"l6U)[�nqium6isn�]}rs`*hN]wa6�����dmIUdmI`ba6v&U\rsrsUAp\m6U)cXtbisU
l6U�h\`bm*VWc{]wium*VXU�l�U�j'`fcXnqUb�brsium6pN]fikcXU0U)V��SaI]blSc{]wVXiu�*aIUb�b_�U)cXnqU)V�]fa��^h)`bm*VX`ba�cX[�]wh)VXikj�[�l�U�[\� ]w��c{]fm6hzY6ikc�rs`*hN]wruU)nqU\m*V�U)V	_4]~c{]frsrsZ\rsU\nqU\m*V
l6Uoru]qj'`fcXnqU��o�4�z���f�z�Al6Uoru]qhN]wcWVXUo_�`ba�cdnqisU\a���[WU\tbnqU\m*VXU)c|r�� `beSg�U)VAlI]fm6[|r�� isn�]ftfUb�0��� ]frsistbm6U\nqU\m*Vdl6U\[|l6`fmImIp)U\[|_I]wc|h\`bm*VX`fa6cX[
]fh)VXikj�[|cXp\[W`ba�VArsU?_�cX`be6ruZ)nqU?l�U\[dvf]wcXiu]weIisrsisVXp)[dU)��`btfZ\mIU)[AhN]wcWVXUz��isn�]wtbU}iumIl6p\_�U)m4lI]wm*VXU\[0l1� aIm�h{Y4]wmItbU)nqU\m*V|Uz��U\h)VXikj�UzV|cXU\mIl�]fismI[Wi
r�� ]wm4]frky�[WU�l�UohzYI]fmItfU\nqU\m*VX[�[WaIe6[WpN�*aIU\m*VXU"_Irsa6[0�4]feIrsUb�� dU\[|ismIl6ish\U\[dl6UohzYI]fm6tbU\nqU\m*V�[Wisnq_IrsU\nqU)mSV0hN]wrsh\aIrsp\[dx�_I]wcWVXikcdl6a��2�A�
U)V0l1� aIm6Udisn�]ftfUA[X]wVXU)rursikV{]fikcXUon^a6rkVXiu[W_�U)h)VWc{]frsUd[W`fm*V�j�aI[Wis`fmImIp)[�_�`ba6c�ru]?l6p)VXU\hzVXiu`fm�l�Udh{Y4]fm6tbU\nqU)mSVX[�aImIisv&`S�*a6U\[�l�aBeI�wVXi�a6cXeI]fismC�
¡ mEr�� ]fe6[WU\mIh)U�l6U�h{Y4]wmItbU)nqU\m*V"aIm6iuvb`S�Sa6Ub�1aIm6U�nqp)VXYI`Sl�U^eI]f[Wp\Uq[Wa�coruUqvb`fVXUql�U�¢d`faItbY��*a4]fm*VXik�4U?ru]BcXU\[W[WU\n?eIru]fm6h\UqU\m*VWcXU�rsU
_�`brky�tb`bm6U^hN]~cWVX`btwc{]f_IY6iu�Sa6U}cXU)hN]frsp^UzVAl�U\[d_�cXiunqikVXisv&U\[0[WU\tfnqU\m*VX[|U)�SVWc{]wisVXU)[Al6Uor�� isn�]ftbU?_4]wmIh{Y6cX`bn�]~VXiu�Sa6Ub�0�P]�j'aI[Wis`bmDl6a�[Wh)`fcXU
l6U^¢|`ba6tbY�]~vbU\h^ru]�vb]~cXi�]~VXis`bm�tfp\`bnqpzVWcXi��*a6U?U\m�cXU\tbis[�VWcXp\U^_4]wcAruU?cXU\hN]fru]wtbUql�U\[Ah\`fmSVX`fa6cX[o]wh)VXikj�["_�U)cXnqU)Vdru]�j'`fcXn^a6ru]wVXis`bm�l1� aIm6U
_6cX`beI]fe6iursikVXp}l6UAm6`bm���h{Y4]wmItfU\nqU\m*V�vSis[X]fm*V0x�]f[W[Wis[�VXU)c|aImB`b_�p)c{]~VXU\a6c|l6]fmI[�[X]?V{�whzY6Uol6UdcXp)v�is[Wis`bm�l�UAhN]~cWVXUb�

£¥¤�¦�Lf§z¨*©�K*LbR9ª{« �f¬*­*®z¯�®z¬6°�± ª �f¬I°��f²S�B� ª °�� ³{± ª �f¬6¬��f��´X´z�f¬ ª ®-���4�{���f�{��±d�z�4°���¯?��´z�f°����f¬6±�³z²S´X���f¬6±|�'¯q�N­*®�µ*®�°�¶)·u¶Wµ*¶z°�® ª °����w¬I± « �f²S°�®
�X¶z´z�b· ²S°����f¬6±�¸I¹w´X°�ºz¯�®^µC» ¼{¬N³\�w�z¯��f°����f¬Q½0¶W�X­f���z� « ��¾)²I®z± ª �w�z°��X­f���z� « ��®N¿

À2������Á��H���������	��
��E
���+��!
��<��
@Â0���PÃÄ#6�C+�/��,����
���.�
���/��H
���
�#)(��&���43B
��!�!#�����
��!����� ��� +���/����6
�#F��
�G
=�
���=�����#I+��<��/ �B
��Å���!+�
�������/Æ��
����Ç�	�C������
�#Q.���/�.�
��C�*�	#I�����<��� 
��C�B�����-�*�1���&����/ �<�B
�/��C�

ÈBÉ Lb¦�ÊNË�¨�¦XR
Ì YIis[�VXYIU\[Wis[�]wiunq[�]~V�_6cX`f_�`b[WismIt�]?nqU)VXY6`Sl6`brs`ftfyqVX`?]fm4]wrky6Í)UAhzYI]fm6tbU\[�e�U)V�Î�U\U)m�]}l6istbikV{]fr1n�]f_�`wj�eIa6iurul�ium6tb[�]wm4l�nq`fcXU0cXU\h\U\m*V
YIistbY�cXU\[W`brsa�VXiu`fm2`f_6VXishN]fr�cXU\nq`wVXUd[WU\m6[WismIt�l6]wV{]S� Ì YIUdÏbU)yqiul6UN]o`fjCVXYIU|_6cX`b_�`f[WUNl�]f_I_�cX`&]whzY�is[�VX`?a6[WU|VXYIU|[W_�U\h\ik�4h|tbU\`fnqU)VWcXishN]fr
ium�j�`wcXn�]wVXis`bm�l6U)cXisv&U\l�j�cX`bnÐVXYIU}eIaIisrul6ism6tb[A[�y�n^e�`frsiuÍ)UNl�ium�VXY6U?n�]w_Dism�`fc{l�U)cdVX`�UN]w[WU?VXYIU)iscdcXU\h\`btfmIikVXis`bm�iumD]�_4]wmIh{Y6cX`bn�]~VXish
[X]wVXU\rsrsikVXU"iun�]wtbUdÎ�Y6isruUd`wvbU)cXh\`bnqism6t?a�cXe4]fmBl6ik�qh)aIrkVXisU\[\� Ì YIis[�_6cXis`wc�Ï�m6`NÎ�ruU\l6tbUdiu[�U)n^e�UNl6l6UNl�ismB]fh)VXisv&UAh)`bm*VX`ba�cX[�nq`Sl6U\rs[�]w[�]
[WY4]f_�U|h\`bm6[�VWc{]fism*V�j�`wcXn^a6r�]~VXUNlqism2]ovb]~cXiu]wVXis`bmI]fr1]f_6_6cX`&]whzY1��ÑEU0_6cX`f_�`b[WUdm6U)Î,[W`frua�VXis`bmI[	VX`?isnq_6cX`~v&U�VXYIU�cX`be6aI[�VXm6U\[W[�`wj![WY4]w_�U
h\`bm6[�VWc{]fismIUNlQ]wh)VXisv&U�h\`bm*VX`fa6cX[\�}VXYIU�j�a6[Wis`bmQ`fj�VXY6Uqisn�]ftbUqÎ�ikVXYQ]�l�iutfikV{]fr�[Wa�cWj�]fh)U�nq`Sl�U\r0�� o�I���"]fmIl�VXYIUq[W_I]wVXis`f��VXU\nq_�`wc{]fr
vb]~cXi�]~VXis`bmq`fj�VXY6U�[WY4]w_�U�h\`bm6[�VWc{]fism*V�]wrsru`NÎFVX`"`~v&U)cXh\`fnqU�VXYIU�h)cXikVXishN]wrIis[W[WaIU�`fj4ru`*h\]fr4nqismIisn�]S��ÒÓm6U)ÎF[WY4]w_�U�h\`bm6[�VWc{]fism*V�U\m6U)cXtfyo�
ruism6UN]wc�]wm4l��*a4]fl�c{]wVXish���]frsrs`NÎ�[�rs`*hN]fr1]fmIlq_4]wc{]wrsruU)rCl�is[Wh)cXU\_4]wmIh\isU\[�`fj1VXYIU|]fh)VXisv&U0h\`bm*VX`fa6cX[�j�cX`bn@VXY6U|h\]wcWVX`btwc{]f_6YIishd[WYI]f_�Ud_�cXis`fc
VX`2e�U)VWVXU)cA[WU\tbnqU\m*VAVXY6U^`fe�g<U\h)V}ismDVXY6U^isn�]ftfUb� Ì Y6U?�4m6U^n�]w_6��VX`f��isn�]ftfU^n�]wVXh{YIism6tB]whzY6isU\v&UNl�e*yD]fh)VXisv&U�h)`bm*VX`ba�cX[A[W`brsv&U^VXY6U
iu[W[Wa6Ud`wjPU)��`ftbU\m6`baI[	vb]~cXiu]feIisrsikVXisU\[�e�U)V<Î�U\U\mqVXYIU�n�]w_�]fm4l�VXY6U0isn�]wtbU|]fm4l�VXY6U)cXU)j�`wcXUdn�]wÏ&U\[�VXYIU�[WaIe6[WUN�*aIU\m*V	hzYI]fmItfUdl�U)VXU\h)VXis`fm
l6U\h\is[Wis`bm�nq`fcXU^cXU\rsiu]fe6rsUb�BT�Y4]wmItbUqismIl6ishN]wVX`wcX[o[Wiunq_6rky�hN]frsh\a6r�]~VXUNl�j�cX`bnÔVXYIU^ o�I�Õ]wm4l�]2n^a6rsVXis[W_�U\hzVWc{]fr�[X]wVXU\rsrsikVXUqisn�]ftbU�]~cXU
nqU)cXtbUNlEVX`Dl6UzVXU\h)V�`feSv�is`faI[^h{Y4]wmItfU\[�`fj|eIa6isr�l�ismItb[\��Ñ,YIU)mFm6`�`beSvSiu`faI[?hzYI]fmItfU2is[ql�U)VXU\h)VXUNl���]DnqUzVXYI`SlEe4]w[WUNlQ`bmÄ¢d`faItfY
v&`fVXismIt2�*a4]fm*VXik�4U)[dVXYIU?[Wiunqisru]wcXikV�y�e�U)V<Î�U\U\m�VXY6U?cXU)�ImIUNl�hN]~cWVX`btwc{]f_IY6ishq`beSg�U\h)V}]wm4lD[WU\tbnqU\m*Vd_6cXisnqikVXiuvbU\[AU)�SVWc{]fhzVXUNl�j�cX`bnÖVXY6U
_4]fm6hzY�cX`bn�]~VXiuhoisn�]ftfUb� Ì YIU"j�a6[Wiu`fm�`fj�VXYIUo¢d`faItbY�vb`fVXismItq[Wh\`wcXU?Î�ikVXY�VXYIU}tbU)`bnqU)VWcXishovb]~cXiu]wVXis`bmDl6a6U"VX`�VXY6U}]fh)VXisv&U}h\`bm*VX`fa6cX[
n�]wVXh{YIismIt�U\mI]fe6ruU)[}VX`�j'`fcXn^a6ru]wVXU�]B×�mI`bm���hzYI]fmItfU)Ø�_�cX`beI]feIisrsikV<yE]fisnqismIt�]wV^]f[W[Wis[�VXismIt�]�_IY6`fVX`w��ism*VXU)cX_�cXU)VXU)c}_�U)cWj�`wcXnqismIt�n�]f_
aI_�lI]~VXismIt6�

Ù�ÚfÛ7Ü}¤6ÊNÝ4L&R7ª{« �f¬S­*®z±0� ª °���Þf® ª �w¬I°��f²S�{±��I�z���w�oßw¬4�fà�·u®WµN­*®z±0�z�4°���¯?�uáN�f°����f¬6±�³z²S´X���f¬6±��X®z¯��f°�®^´)®z¬I´X��¬S­2��¯��N­*®z± « �u­ « �X®z´z�b· ²S°����w¬I±
½0®W�X­f�W�z� « � ª ¼{¬N³\�w�z¯��f°����f¬�¸6¹f´X°�®z¯^± ª �f�{°��X­f�W�z� « ¹*¿

â2ã<Lb¨bã�ä!©uã�å�ÚSR2Ì c{]wisVXU)nqU\m*V0l6U\[�æ<n�]wtbU\[��	ç0U\h\`bm6m4]wiu[W[X]wmIh\Uol�U\[0èI`fcXnqU)[�� � is[Wiu`fm�_4]~cdé|c{l6ism4]~VXU\a6cN�
ê�Ë É ¤6Ê~Ë�¦W¤6ã�ÊwÚ&LEÝ�ë Ë�¨~¨bM�Úfã�©�R
�CæW��Òo�&[WikVXU ¡ �A� ¡�¡ æ�¢ Ì l6U�r�� æ<ç0æ Ì ���"�2ç-T��dçd��ìbìwí&ìS�	î*�*cXaIU0T�YI]wcXrsU\[�T�]wnqishzY6U\r4ï�ðÄñ*ò~îfîA�Pó�ò\í&ñ*ò Ì éd�d�!éd�"� ¡ T ¡   ¡�ô
ñS��è�c{]fmIh)Ub�
�Cæ�Òd��Ò}��æ�mI[�VXikVXa6VAl1� Ò|a�VX`bn�]wVXiu�*aIUf��Ò�hN]bl�p\nqisU^l�U\[o��h)iuU)mIh\U\[Al6U^T�YIismIUb�?õ�YI`fmIt&öda4]fm4T�aImD A`bm6t&�1aC�1ð!`&ï	`~��îfñbîf÷S�!ï	U\i g�ismIt��
T�YIismIUb�


	Notations et conventions
	Introduction
	Contexte applicatif et besoins d'une mise à jour de cartes urbaines
	Objectif scientifique et approche choisie
	Innovations
	Plan de la thèse
	Cadre de la thèse

	Analyse et formulation du problème
	Introduction
	État de l'art sur l'analyse de scènes et la mise à jour de cartes à partir d'images de télédétection haute résolution
	Spécificités et stratégies pour la mise à jour de cartes 
	Comparaison d'images
	Comparaison carte-image

	Quelques travaux sur la fusion de données de télédétection pour l'analyse de scènes à haute résolution
	Fusion d'images optiques
	Fusion d'images optiques et altimétriques

	Utilisation de contraintes issues de connaissance a priori 
	Connaissance générique
	Connaissance spécifique

	Synthèse

	Position du problème de la mise à jour de cartes
	Cadre conceptuel général
	Définition des univers relatifs à la télédétection
	Définition de Uinterprtation 

	Problématique adressée dans la thèse
	Analyse de changements carte-image considérée dans la thèse
	Difficultés des milieux urbains


	Méthodologie proposée
	Conclusion

	Génération d'un modèle numérique de surface orthoscopique
	Introduction
	Stéréoscopie photogrammétrique
	Stéréoscopie - rappel et principe général
	Mise en correspondance automatique d'images par masques de corrélation adaptatifs
	Critère de ressemblance par corrélation croisée
	Corrélation par masques adaptatifs

	Principe de la chaîne de reconstruction utilisée

	Optimisation des paramètres de prise de vue
	Paramètres de prise de vue
	Calcul des paramètres d'affinité: orientation interne
	Évaluation de la qualité des paramètres de prise de vue

	Optimisation globale
	Fonction de coût
	Référentiel cartésien géocentré
	Résultats

	Évaluation de la qualité de géocodage des MNSs

	Orthorectification d'un MNS épipolaire
	Orthorectification par méthode directe
	Interpolation triangulaire (interpolation bilinéaire sur les 3 plus proches voisins)
	Algorithme
	Résultats

	Pré-traitements sur l'image de disparité
	Filtrage médian
	Filtre de réjection
	Synthèse


	Fusion de MNSs
	Conclusion 

	Présentation et choix de contours actifs avec contrainte de forme pour le recalage fin carte-image
	Introduction
	État de l'art des contours actifs contraints par une forme a priori
	Les contours actifs
	Représentation d'un contour actif
	Approche géométrique et variationnelle
	Contours actifs basés sur l'information de frontière
	Contours actifs basés sur l'information de région

	Segmentation sous contrainte de forme spécifique
	Approche non statistique
	Approche statistique
	Invariance de la contrainte de forme par transformation géométrique

	Segmentation sous contrainte de forme générique: les modèles quadratiques

	Contours actifs pour le recalage fin carte-image: choix et implantation
	Choix de la représentation du contour actif
	Choix du terme d'attache aux données
	Modèles basés sur l'information de région
	Modèle basé sur l'information de frontière

	Choix de la contrainte de forme
	Algorithme et optimisation
	Réduction des temps de calculs: utilisation de la technique de bande étroite rapide 
	Diagramme d'évolution du contour actif contraint


	Conclusion

	Contours actifs contraints robustes
	Introduction
	Estimation robuste des paramètres de Tsim par algorithme du simplex
	Fusion de termes exogènes dans la fonctionnelle d'énergie d'attache aux données
	Insertion plus souple de la forme a priori: flexibilité spatio-temporelle de 
	Applications et analyse des résultats expérimentaux
	Protocole expérimental
	Comparaison simplex vs. descente de gradient pour l'estimation des paramètres de Tsim
	Contribution de la connaissance de forme a priori pour la segmentation
	Sensibilité à l'initialisation des contours actifs contraints
	Comparaison des modèles basés sur l'information de région
	Modèle basé sur l'information de frontières

	Solutions pour une moindre sensibilité à l'initialisation et aux minima locaux
	Résultats avec fusion de données exogènes dans le terme d'attache aux données
	Résultats avec une contrainte de forme spatio-temporelle


	Limites du modèle avec contrainte de forme
	Conclusion 

	Contrainte de forme autorisant les variations parallèles 
	Introduction
	Énergie de contrainte de forme autorisant les variations parallèles
	Connaissance a priori générique par modèles quadratiques
	Énergie quadratique correctrice
	Modèle
	Gradient de l'énergie

	Algorithme
	Calcul de la force quadratique
	Extension de la force

	Difficultés d'implantation

	Expériences et analyse des résultats
	Résultats sans correction quadratique
	Résultats avec correction quadratique

	Conclusion 

	Analyse de changements carte-image
	Introduction
	Méthodologie
	Calcul et fusion d'indices simples de changement
	Indice calculé à partir de la donnée altimétrique (MNS)
	Limitations de la comparaison carte-MNS
	Approche
	Résultats expérimentaux

	Indice calculé à partir d'une image multispectrale
	Fusion de la prise de décision

	Analyse de changements carte-image
	Mise en correspondance de segments carte-image par vote de Hough
	Principe
	Algorithme
	Énergie associée au vote de Hough

	Mesure de la variation géométrique due au recalage par contours actifs
	Probabilité de détection de non-changement

	Résultats expérimentaux
	Protocole expérimental
	Étude de quelques cas de changements/non-changements
	Détection de changement
	Détection de non-changement
	Ambiguïté et fausse alarme avec une carte entachée d'erreurs locales
	Synthèse des résultats

	Analyse statistique
	Résultats avec une carte de bonne qualité
	Résultats avec une carte de qualité moyenne


	Conclusion 

	Conclusion
	Synthèse
	Discussion des limitations
	Limites du modèle de contrainte de forme
	Limites de l'analyse de changements
	Limites des contours actifs

	Perspectives

	Présentation et pré-traitements des données
	Présentation des données
	Données de télédétection
	Images aériennes 
	Images satellitaires

	Données cartographiques

	Pré-traitements des données de télédétection
	Sous-échantillonnage des images aériennes
	Rectification des images satellitaires


	Algorithme du Simplex
	Modélisation de localisation directe et inverse
	Modélisation inverse
	Modélisation directe

	Calcul rapide de la moyenne et de la variance à l'intérieur et l'extérieur d'un contour actif représenté par un ensemble de niveaux
	Calcul de variations d'énergies de contrainte de forme et quadratique
	Équation d'évolution dérivée de la fonctionnelle de contrainte de forme par différence de normales
	Dérivée de l'énergie de correction quadratique
	Énergie J1(C) 
	Énergie J2(C)
	Variation totale de l'énergie Jcorrection(C) 


	Représentation 3D d'une scène urbaine
	Objectif et rappel de la méthodologie
	Principe de la modélisation
	Résultats sur la ville de Pékin

	Bibliographie
	Liste des publications
	Table des figures
	Liste des tableaux

