
HAL Id: inria-00070559
https://hal.inria.fr/inria-00070559

Submitted on 19 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Automatisation de la Méthode de Tour Into The Picture
Kévin Boulanger, Kadi Bouatouch

To cite this version:
Kévin Boulanger, Kadi Bouatouch. Automatisation de la Méthode de Tour Into The Picture. [Rapport
de recherche] RR-5448, INRIA. 2005, pp.64. �inria-00070559�

https://hal.inria.fr/inria-00070559
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
R

--
54

48
--

F
R appor t  

de  r ech er ch e 

Thème COG

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Automatisation de la Méthode de Tour Into The
Picture

Kevin Boulanger and Kadi Bouatouch

N° 5448

Janvier 2005





Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)

Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71

���������
	������	���������������	������������������! "����#%$&�����' (����)(�+*,����#-�

.0/21436587�9&:-;=<>5-?&/2@
∗
<A5-B8.C<AB-3D7E9&:-<>FG9&:IHKJ

†

LNMPORQES�TDU�VXWZY\[^]`_aO+QbSR]dc�egf2hPij_kijlm]
n,oaeKp`S�_q]dY\r`sut0vwY

xdyKzPzAe2o{_d|^S}okS~caMPSRoacqMPS�hA�-�K�g�2�EW��2ygh��\i�S+od�K�2�2��W��g�Ez�ygfgSR]

�����~�I�����u�4yCQE�+_kMPe^|PS�|^S������^�E����� �C�¢¡P£�¤�¥m¦+�6�^�{£�§mLNr n�¨�SR]{_�©PhPS�_aSRcqMPhPi«ª2©�S�|^S¬oaS+h�|^©®�y2]{�
i�Q�yKfgS2¯-Y^egh°zPoaijh>c�i�zAS�c�e2h�]{i«]{_kS�±²c+egh\�gS+ok_ki�o�©PhPS³]{SR©P´jS�ijQ�yKf2S¬SRh°©PhµS+h�]kS+Q¶P´�S�|PS³�CzAeg´�[\fge2hPSR]
|^Sbc+e\egoq|^e2hPhP�+S~]dS+·^zPoki�Qb�+S~]¸|PyKh>]u©Ph¹okSRzAO+oaS�º2»¶¯¼s½cqM�ygc+©Ph¾|PSbc�SR]¸zAe2´j[\fge2hPSR]uSR]{_}yg]a]{e^c+ij�RS¶©PhPS
_aS�·\_k©PoaS�oaS+zPoa�R]kS+h�_ayKh�_u©PhPSEz�yKok_ki�SE|^S�´6¿ ijQ�yKf2S¶oaSR|^oaSR]a]k�+Sg¯>v,h�]k©Pij_kSEi�´-SR]{_ulmygc+ij´�SE|^SEh�yG��i�fg©�S+o¸|PyKh>]
´«y�]ac�ORhPS}oaS+z�ok�~]{SRh2_k�RS�z>yKoÀc+SR]u�EzAe2´j[\f2eghPS~]+¯>TwS+_{_aS¶yKz�zPokePcaMPS�y�|PS+©^·³ijh�c+egh\�g�+hPi�S+h�_a]dQ�y�p`S+©Poq]}Á>´jS
zPoaS+Qbi�S+oIS~]`_-´6¿ e2P´�ijf�y�_aije2h¶|^S�oa�+fg´�S+oI©Ph�fgoqyKh>|}hPegQ¶�okSN|^S�z�yKoqyKQbO�_aoaSR]4Q�yKh�©�S+´�´jSRQESRh2_~ÂG´�SN|^S+©P·\i�O+QbS
S~]`_I´6¿ SRh�]{SRQ¶P´�Sw|PSÃoaSR]{_koai«cÄ_aije2h�]4c�e2h�c�SRokh�ygh2_�´«ydzPoai�]kSw|^Sw�\©PSwegoaijf2ijh�yg´�Sd§mzAe2]kiÅ_aije2h�S�_Ie2oki�S+h�_ay�_ai�egh>¨�¯~�4y
Qb��_aMPe^|^S¸ª�©PSuh�eg©�]wzPoaegzAe�]{e2h�],ok�~|^©Pij_NyK©¬QEi�hPi�Q¶©PQÆ´jS~]wijh�_kSRok�gSRh2_ki�egh>]w|PSu´Ç¿ ©^_aij´�i«]kyK_kS+©Po�S+_�zASRokQbS�_
©Ph�Q�yK·\i�Q¶©PQÈ|^S�´ji�AS+ok_k��zAeg©�oN´«y�zPoai�]kS�|^S��\©PSbÉ^hPe2©�]Dy~�ge2h�]wh�egQbQb��c+S�_k_kS�Qb��_aMPe^|^S¶Ê}�^�=�KËbÌK�Ç¥m¦
�I���^������� �³�Í¡P£E¤�¥m¦+�Ç�^�k£CÎmÊ}�A�a¤�Ï�¯¼ÐÀeg©�]�zPoaegzAe�]{e2h�]¸yK©�]a]{i,|^SR]�Qb��_aMPe^|^S~]�S�Ñ�c+ygc+SR]¸zAe2©Po�S+·�_aoaygi�okS
|^S~]w´�ijf2hPSR]wS�_NzAegi�h2_q]�|^SÀl¢©�iÅ_aS¸hP�Rc+SR]a]kygijoaSR]Ã±¶´6¿ �+_ayg´je2hPh�yKf2SÀ|^S�c+yKQb�Roay¶±�z>yKok_ki�o�|Ò¿ ©PhPS�]{SR©P´jSui�Q�yKf2Sg¯
ÓÕÔ>ÖR�+×aØ2Ùm�\���EL�e2©PoIi�h2_aeu_aMPSNzPi«cÄ_k©PoaSgÂ�oaS+h�|^©E�yg]k�wi�Q�yKf2SgÂG��_ayg´je2hPh�ygfgS�|^SNcRyKQb�+oqyPÂ~zAe2ijh�_a]IS+_Ú´ji�fghPS~]
|^S�l¢©Pij_kSgÂ�oaS+h�|P©CUuzAS+h>V��

∗ Û-Ü ÝRÞàß�á â&ãÄäGåçæqßGèÄÜ`é6êIÞàéÇÞàë6æ~á ì�é
† ÛÚæqí~ÞÍá â&ãÄäGæaî6ãÄäGï=ð�êIÞàéÇÞàë6æ~á ì�é



� �¬���¶�
	}����*� "����#È$A���I�  (����)(��*,�I�¬#-�

��� �RÖ����PØgÖg�����K�^�À����� ���Í¡�£�¤�¥m¦+�Ç�^�k£�§mLNr n�¨Ni�]ÀyKh�i�Q�yKf2S	�=�yg]kSR|¬oaS+h�|^SRoki�hPfbQbS�_aMPe^|Ò¯�r=_Àc+egh�]ki�]{_a]Dijh
c+egh��gSRo{_aijh�f²eghPS�zPi«cÄ_a©PokS�i�h2_ke"y¾]{S+_Eegl¸�CzAeg´�[\fgegh>]�
DM�e2]kS�c+e\egoq|^i�h�y�_aSR]¶ygokS�S�·^zPoaSR]a]{S~|�ijh y¾ºg»
c+e\egoq|^i�h�y�_aSD]{[^]{_kSRQ³¯� iÅ_aM�SRygcqM�z>e2´�[�f2eghbi�]Ãy2]k]ke^c+i�y�_aSR|Ey�_aS�·\_k©PoaSdoaS+zPoaSR]kS+h�_ki�hPf}eghPSdoaSRcÄ_ai���S~|bz�yKok_
egl&_aMPSuzPi«cÄ_k©�okS2¯�LNMPSRh¼Â�iÅ_�i«]ÃS~yg]k[¶_ae¶h�yG�\ijf�y�_kSD_aMPoke2©PfgM�_kMPS¸]ac�S+h�SÀokSRzPokS~]{SRh2_aSR|b�[E_aMPS��}zAeg´�[�f2egh�]R¯
LNMPi«],yKzPz�oke�ygcqM¼Â�
DMPi�´jSDf2ij�\i�hPf}c�e2h��\ijh>c�i�hPf�okS~]{©P´j_a]RÂ�M>yg]I_�
we�|^oqy�
D�y2c��^]RÁ~_kM�S���oq]`_,eghPSDi�]-_aMPSDhPS~c�SR]��
]kiÅ_`[�_ke¬_k©PhPSEQbygh�©�yg´j´�[³y�´«yKoafgS�h\©PQ¶AS+o¸eKl,z>yKoqyKQbS�_aS+oq]+ÂP_kMPSE]kSRc+egh�|0i«]Àij_a]¸c+egh�]{_koqyKi�h2_uokSRf2yKoq|^i�hPf
_aMPSuzAe2]kiÅ_aije2h¬yKh�|�e2oki�S+h�_ayK_ki�egh�eglÒ_kMPS�c+yKQbS+oqy�
DMPi«caM�cRyKz^_a©PokS~|b_kMPSuzPi«cÄ_a©PoaSg¯\LNMPSuQbS�_kM�e^|�
�SÀzPoae��
zAe�]{SuoaSR|^©�c+S¸]{i�fgh�i��>cRyKh�_k´�[E_kMPS�ijh�_kS+oa�gS+h�_ki�egh�]�eKl¼_aMPS¸©�]kS+o�
DMPSRh�S�·\_koqygc�_ki�hPf�_kM�S�]{S+_NeKlI��zAe2´j[\f2egh�]
ygh�|�yK´�´�e�
d]ÃyKh\[�zAe2]kij_ki�egh�yKh�|�egoaijSRh2_ayK_ki�eghbegl&_kM�Suc+yKQbSRoay�
DMPi«cqM�cRyKz^_a©PokS~|E_kMPSÀf2ij�2S+h�zPi�c�_k©PoaSg¯��¹S
M�yG�gSdcRyK´�´jS~|�_kM�i�]ÃQbS�_kMPeP|ÒÁ\Êu�^� ��Ë�Ì��6¥m¦����K�^���Ä�>�=�¶�Í¡�£D¤�¥m¦+�Ç�^�k£EÎmÊ}�A�a¤�Ï�¯�¹SÀyg´�]ke�z�oke2zAe2]kSNS�Ñ�c�i�S+h�_
QbS�_aMPe^|P]Úl¢egoÃS�·\_koqygc�_ki�hPf��KyKhPi«]kMPijhPf}´�ijhPS~]ÃyKh�|bzAegi�h2_a],©�]kS�l¢©P´�l¢egowc+yKQbSRoay�cRyK´�ijPoqy�_aije2h�l¢oke2Q y�]{i�hPfg´�S
i�Q�yKfgS2¯
���! &×#"�Ô$��%I�2�¹L�eg©Po�r h�_kebLNMPS�n,i�c�_k©PoaSgÂ^i�QbygfgS��6�y2]{S~|boaS+h>|^S+oaijh�f�Â\c+ygQbS+oay�c+yg´ji�Poqy�_ki�e2h¼Â2�KyKhPi«]kMPijhPf
zAe2ijh�_a]Dygh�|�´�ijh�SR]RÂ>UuzASRh>V��¹oaS+h�|^SRoki�hPf



Ê��A�k¤ º

 "	��³�������D%�
	������N#-�D

����� Ö �GÔ %I��ØgÖ	�ÇÔ � 

� ¯ � �¼S�oaS+h>|^©��yg]k��ijQ�ygfgS ¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �
� ¯à��LNeg©PoDr h2_aeE_aMPS}n,i«cÄ_k©�okS ¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �

� � ��ÖRÔA� �^Ö	�Ç� �^Ö�mÔ � %I����ÔA� � ��� Ö~Ô"Ö	� �����mØKÖ~� ��� �
�^¯ � sdoqcaMPij_kS~cÄ_a©PokS�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �
�^¯à��sdh�yg´j[^]kS�|PS�´6¿ ijQ�yKf2S¸e2oki�fgi�h�yg´jS°¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �

�^¯à�^¯ � xdygzPzAS+´«]D]k©PoD´�SR]DhPeK_aije2h�]D|^S}z>SRoa]kzASRc�_ki��gSÈ¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �
�^¯à�^¯à� TwM�ygokf2S+QbS+h�_D|^S}´6¿ i�Q�yKf2S¸e2oki�fgi�h�yK´�S�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ � �
�^¯à�^¯ º »u��_aSRcÄ_aije2h0|^SR]dc�e2h2_ke2©Poq]E¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ � º
�^¯à�^¯ � »u��_aSRcÄ_aije2h0|^SR]D´ji�fgh�SR]D|^S�l¢©Pij_kS�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ � �
�^¯à�^¯à� »u��_aSRcÄ_aije2h0|^SR]DzAegi�h2_q]D|^S�l¢©Pij_kS ¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �Kº

�^¯ º Twegh�]{_koa©�cÄ_aije2h�|^S~]D|^e2hPhP�+S~]Dºg» ¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ ºgº
�^¯ ºP¯ � v,_ayK´�egh�h�yKf2S�|^S}´�ybcRyKQb�+oqy�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ ºgº
�^¯ ºP¯à� vw|^iÅ_aS+©Pou|^S�zAe2´j[\f��ghPS~]¸¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ º��
�^¯ ºP¯ º T�yg´�c+©P´¼|^S~]�_aS�·\_k©�okS~]�¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯����
�^¯ ºP¯ � v,·\zAe2o{_qy�_aije2h�|^SR]d|^e2hPhP�+S~]Dºg»�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯����

��� ���-Ùm�\� � � Ö �PÖ	�mÔ � ��Ö �����~�IÙ¢Ö �PÖR� 
 �
ºP¯ � sdoqcaMPij_kS~cÄ_a©PokS�|^S�´6¿ ijQbzP´��+QbS+h�_ayK_ki�egh!¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯����
ºP¯à� Uuz^_ki�Qbi�]ay�_aije2h�]�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯��2�
ºP¯ º sÚLNr n�Q�y��gSRo�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯����
ºP¯ � sÚLNr n�h�yG�\ijf�y�_ke2o³¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ ���


 � ����� �P� ��!=��ÖR� ��� "$#
��¯ � r QbygfgS~]�Q¶©P´j_ki �6oa�R]keg´�©^_aije2h ¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �%�
��¯à� vÃ]{z>ygc�S}QE�+_koai�ª�©PS ¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �%�
��¯ º V¸SR]{_ki�egh³|^S~]D]ac�ORhPSR]NQ¶©P´j_ki�zP´�SR]�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �%�
��¯ � xDS+h�|^©0|PS�´6¿ S+h��\i�oke2hPhPS+QbSRh2_®¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ �g�
��¯à� Uu\p`S+_a]DS+h0y~�KyKh2_#�6z�´�yghÕ¯}¯�¯}¯�¯}¯�¯}¯�¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯}¯�¯ � �

"'&¶Ô � ØgÙm�I��mÔ � ( �

)*) ß%+-,/.0.�1



� �u�����jÌK����£������u����Ì�� ����¦q¡

� $A�E�4#I������*Ã�������

	�
�	 ���������������������� �!�#"$�
�4y�]{[\h�_kMPO~]{S¸|Ò¿ i�QbygfgS~]wc�e2QbzAegok_kSÀzP´�©�]kijSR©Poq]�|^egQ�yKi�hPSR]RÂ�S�_N´6¿ ©Ph�|Ò¿ S+©^·¬]R¿ yKzPzAS+´�´�SÀ´�S¸okSRh�|^©¬�y2]{�

i�Q�yKfgS�§6�ÄË�Ì%��£&�uÌ('+£*),+À£+�-)2£��Ä¥Í�.��Î¢�*�/+�ÏDSRhbyKhPf2´�ygi�]q¨Ä¯gTwSNQbe^|^SD|^SDokS+h>|^©E©^_ki�´ji«]kSN©PhPSDeg©�z�´j©�]ki�S+©Poq]
i�Q�yKfgS~]¼S�_-|^SR]¼_aSRcqMPhPi«ª2©�SR]�|¼¿ i�h2_aS+oazAeg´«y�_aije2h�zAe2©Po�yKÑ�caMPSRo4©Ph�Sw]ac�O+h�SÃ|^SwAeghPhPSwª�©�yg´jij_k�Ã�\i«]{©PSR´j´�Su§mcRyKo
]keg©P�gSRh2_Ã©^_aij´�i«]{�uyG�gSRcd|^SR]ÃzPMPeg_ke2fgoqyKzPMPi�SR]q¨Ä¯gs _aiÅ_aokSu|Ò¿ S�·^S+QbzP´�SgÂ2i�´>S�·^i«]{_kSd©Ph�SD_aSRcqMPhPe2´je2fgi�SDhPe2QEQb�RS
0 �^¥m¦21��6¥ÍËb£43-+µª�©Pi�zAS+okQbS+_RÂg±�z�ygo{_aijo,|¼¿ ©Ph�SDe2©b|^SdzP´j©�]ki�S+©Poq]ÚzPMPeK_aegf2oaygzPMPijS~]IzPoa��_koqyKij_k�RSR]RÂK|Ò¿ eg�]kS+o#�
�gSRo�©PhPS�]ac�ORhPS¸±Eºg�g��5K´«y�_a�+oayK´�S+QbS+h�_wS�_N�gSRo{_ai«c+yK´�S+QbS+h�_N]ki&|P�R]kijoa�g¯^�,¿ ijh�c+egh\�g�+hPi�S+h2_NQ�y�p`S+©�oN|^S�c+S�_k_kS
Qb��_aMPe^|^S2Â�Q76+QbS�]kiw´jS~]¶ok�R]k©P´j_ayK_a]¶]kegh�_�c+egh\��yKi�h�c+ygh2_q]+Â4SR]{_�´Ç¿ i�QEzAe�]k]ki�Pij´�ij_k��|^S�]kS¬|^�RzP´«ygc�SRoR¯4n-eg©Po
zAe2©P�gegi�odS98&SRcÄ_a©PS+ou©PhPS�_koqyKh�]k´«y�_aije2h³|Pygh�]d©PhPS�]kc+O+hPS2Â�ij´4lmyg©^_À´«y�okS~c�e2h�]`_aok©�ijoaS}yG�gSRc}|^S~]dzPoai�QEij_ki��gSR]
§mzAeg´�[�f2eghPS~]+Â�z>yKoqyK´�´j�R´j�RzPijzAO~|^SR]RÂ4¯+¯+¯à¨dzAe2©PouzAeg©P�2egi�ou]{SE|^�+zP´«ygc+S+ou´�±¬e;:C´6¿ ygzPz�yKoaS+i�´4z�MPeK_aegfgoqyKz�MPi�ª�©PS
h¼¿ y�z>yg]Ã�+_k�¸±�´6¿ egoaijf2ijhPS2¯2��y�okS~c�e2h�]`_aok©>cÄ_ki�egh�º2»8SR]{_w©�h�|^egQ�yKi�hPSÀ´«yKoafgSRQESRh2_w��_a©�|^i��gÂ\S�_Nª�©Pi&y�zAe2©Po
P©^_u|^S}okS�_aoaeg©P�gS+oN´�SR]Nz�oki�QbiÅ_aij�gS~]NS�_d´�SR]N_kS�·\_a©PokS~]NhP�~c�SR]a]ayKi�okS~]�yK©�oaS+h>|^©³|^S}´Ç¿ i�QbygfgS ��h�yK´�Sg¯

�¼S�oa�R]k©P´j_ay�_�ª�©Pi-hPeg©>]uijh�_k�RokS~]k]kS¶S~]`_}|^SR]{_ki�hP�ES+h²z>yKok_ki«c�©P´�ijSRo¸yg©^·Cy2]k]ki�]{_aygh2_q]u|^S�zAePcaMPS�§mnÃ»dsu¨
zAe2©Po�©Ph ]k[^]`_aO+QbS0|^S0h>y~�\i�f2y�_ai�eghµz�yKo�S�·^S+QbzP´�Sg¯Ã�4SR]�zAe2]a]{i�Pi�´jij_k�~]E_kS~caM�hPi�ª�©PS~]�|^SCc�S~]�ygzPz�ygokSRij´«]
]kegh�_¸´ji�QbiÅ_a�+SR]�|^©²lmyKij_�|PS�´jSR©Po¸S+·�_ao�6RQbS�c+egQbz�ygc+iÅ_a�g¯&�¼S~]À_kS~caMPh�i�ª�©PS~]¸|^SEokS~c�egh>]`_aok©�c�_ki�eghCº2»½c+´�y2]��
]ki�ª�©PS~]-fg�RhPO+oaS+h2_Ú©�hPSdª2©>yKh2_aiÅ_a�d|^SD|PeghPhP�RSR]Úª�©Pi�|^�Rz�yg]a]{S�_koaegz�lmy2c�i�´jSRQESRh2_,´�SR]ÚzAe2]a]{i�Pi�´jij_k�~]Ú|^SR]ÚnÃ»ds
§m©PhPS¶ª�©�yKh�_kij_k��_aoke2z��R´jSR�g�+S�|^S}zAe2´j[\f��ghPSR]NzPoaeG�gePª2©�S¸©Ph0oayg´jSRh2_ki«]a]{SRQESRh2_À|^S}´6¿ yKÑ�caM�ygfgS2Â^©Ph³f2oaygh�|
hPe2Q¶PoaSd|^Sd_aS�·\_k©PoaSR]wc�egh>]{e2QEQbSd©PhPSuª�©�yKh�_kij_k�ÀS�·PyKf2�+oa�+SD|^SÀQb�+Qbe2ijoaS~¨�¯2Ðde2©�]Ãyg´j´�egh�]Ã|^e2h�cD©^_aij´�i�]kS+o
©PhPS�QE�+_kMPeP|^S�yKzPzPoaeG·\i�Q�y�_aij�gS�ª�©Pi¼zASRokQbS�_À|^S}´�i�QEij_aS+oÀyK©³QbyK·^ijQ¶©PQÈ´jS~]DS�·^ijf2S+h�c+SR]�_kS~caMPhPi«ª�©PSR]dS�_
ª�©Pi&zASRokQbS�_D|Ò¿ e2^_kS+h�ijoN©Ph�oaS+h>|^©�]ay�_ai�]{lmyKi«]ayKh2_N]k©Po�©Ph�z>S+_kij_D�Rc�oqyKh�_kSR´Òª�©PS�c�SR´j©�iÒ|Ò¿ ©Ph�y2]k]ki�]{_aygh2_N|^S
zAe^cqMPSgÂPz�yKoD´«yEQ76+QbS}e^c+c+y2]{i�e2h�]{©Pod©Ph��~c�oqyKh�|Ò¿ egoq|^i�h�y�_aS+©Po~¯

	�
=< >@?/���BAC�ED.?FDHGI��JK� L-DH�I�H�
»¶¿ yKzPoaOR]w´�SR]Ã_aoayG��yg©^·�|^SNM � ÂP�^Â\ºPÂ\��Â^�(O=Â�©�hPSuh�eg©P�gSR´j´�SÀ_kSRcqMPhPi«ª�©PS�|^SuoaS+h�|P©¬�yg]k�Ài�Q�yKf2Suy¶�\©¬´jS

p`e2©PoÃS�_w]kSdhPegQbQbS��I���^������� ���¢¡P£d¤�¥m¦��6�^�k£�Î+�A�k¤IÏG¯\�¼SdzPoaijh>c�i�z>SdS~]`_�|Ò¿ ygzPzPoae^cqMPS+o,´jSÀc+egh�_kS+h\©�|Ò¿ ©�hPS
]kS+©P´�S�zPMPeg_ke2fgoqyKzPMPi�S¸z�yKoD©Ph³z�yKoqyK´�´��+´��+zPi�zAOR|^S�©PhPi«ª2©�S}c+egQbzAe2]k��|^S¶�Eª�©�yg|^oai�´�yK_kO+oaSR]R¯\�4SR]Noa�R]k©P´j_ayK_a]
e2^_kSRh�©�]¸]kegh2_¸zP´�©�]¸c+egh��KyKi�h�c+ygh2_a]uª�©PS�hPeg©�]uzAeg©�okoaije2h�]d´�S¶zASRh�]kS+o~¯>n-ygo¸c+egh2_aokS2ÂAc+S�_{_aSEyKz�zPokePcaMPS�y
|^SR©^·0i�h�c�e2h��g�RhPijSRh2_q]ÀQ�y�p`S+©�oa]�ÁA´�S�zPokSRQEi�S+o¸SR]{_¸´Ç¿ eg�´ji�f2yK_ki�eghC|^SEc+egh �>fg©PoaS+oÀ©Ph¾fgoqyKh�|³h�egQ¶PoaS�|^S
z�ygoaygQbO�_koaSR]�Q�yKh\©PS+´�´�S+QbS+h�_RÂ�´jS�|^SR©^·^ijORQbS�S~]`_d´6¿ S+h�]kS+Q¶P´�S�|^S}oaSR]{_koai�c�_ki�egh�]Dc�e2h�c�SRokh�ygh2_D´�ybzPoai�]kS}|^S
�\©PS¸e2oki�f2ijh�yg´jSE§¢zAe2]kij_ki�egh�S�_De2oki�S+h�_ay�_aije2h>¨Ä¯^��y�QE�+_kMPe^|PS�ª�©PS�hPeg©�]NzPoke2zAe2]kegh�]Ãoa�R|P©PiÅ_dyK©�Qbi�hPi�Q¶©PQ
´�SR]Eijh�_kS+oa�gS+h�_ki�egh�]b|^S�´Ç¿ ©^_ki�´�i�]ay�_aS+©PobS�_bzAS+oaQbS�_E©�h°Q�yK·^ijQ¶©PQ |^S�´�i�>SRo{_a��zAe2©PoE´�y²z�oki«]{S�|^S��\©PS,É
hPe2©�]wy~�ge2h�],hPegQbQb�uc�S+_{_kSuQb��_aMPe^|^S�Êu�^� ��Ë�Ì��6¥m¦��I�K�^�N�Ä��� �¶�¢¡P£À¤�¥m¦+�Ç�^�k£EÎmÊ��A�k¤�Ï�¯.Pdh¬ok�~]{©P´j_ayK_ÃS~]`_
|^e2hPhP��]k©PoN´«y ��fg©PoaS}�¶ª�©PiÒSR]{_D©PhPS���©�S¸okS~c�e2h�]`_aok©�iÅ_aS¸±�z�yKok_ki�oN|^S�´«y�zPMPeK_aegf2oaygzPMPi�Su|^S�´�y ��f2©PoaS � ¯
»�¿ yg©^_koaSR]Dok�~]{©P´j_ayK_a]D]{e2h2_d|PeghPhP�~]D]k©PoD´jS~]���f2©PoaSR]Nº���S+_Àºg�P¯

�4y�QE�+_kMPeP|^S�|^©X�I���^���Ä�>�=���Í¡�£�¤�¥m¦+�Ç�^�k£�S~]`_�|^�+�gSR´je2zPzA�+S�|Pygh�]�M � ÂÒ�(O6ÂA´�S¶zPoai�h�c�i�zAS¶SR]{_¸]ki�QEz�´jS
Q�yKi«],zAS+oaQbS�_�|Ò¿ eg^_aS+hPi�ow|^S~],oa�R]k©P´j_ayK_a],S+h�c+eg©PoqyKf2SRyKh2_q]+¯g�¼SÀzPoaS+QbijSRo,_koqyKij_kS+QbSRh2_�c�egh>]{i«]`_aSÀ±�]{�Rz�yKoaS+o

QSR )TQSU



Ê��A�k¤ �

������� ��� n,MPeg_ke2fgoqyKzPMPi�S¸egoaijf2ijh>yK´�S

�����	�&� � xDSRh�|^©0|^S}´�yb]ac�ORhPS}|^SRzP©Pi�]D©�h³yg©^_koaS�zAegi�h2_À|^S}��©�S

)*) ß%+-,/.0.�1



� �u�����jÌK����£������u����Ì�� ����¦q¡

�����	�Aº � vÚ_qyKzASR]d|^© �I���^�À����� �b�¢¡P£�¤�¥m¦+�Ç�^�k£�egoaijf2ijh>yK´6Â�i�Q�yKf2SR]�z�oke��gS+h�ygh2_d|^S7M � O

´�SR]Neg^p`S�_a]NS+h³y~�KyKh2_#�6z�´�ygh¬|PS¸´6¿ ygokoai�O+oaS	�6zP´«yKh¼¯�nIe2©PoDc�SR´�y�Â\©Ph�Q�yg]aª2©�SuSR]{_D©^_ki�´ji«]k�¸zAe2©PoD]{�R´jS~cÄ_ki�egh�hPS+o
´�SR]Ne2\p`S+_a]DS+h³yG��yKh�_��=zP´�ygh¾§ ��fg©�okS}º¼Î`¦ Ï�¨Ä¯�PdhPS�l¢egi«]Dc�S~]Neg^p`S�_q]NokS+_ki�oa�R]N|^S�´6¿ ijQ�ygfgS¸e2oki�fgi�h�yg´jSE§ ��fg©PoaS
º4Î ÌÄÏG¨�Â2i�´AokS~]`_aSd´6¿ yKoaoki�O+oaS	�6z�´�yKhbS+_�|^S~]ÃS~]{z�y2c�S~],�\i�|^S~]w±¶c�e2QEz�´j�+_kS+o~¯2nIe2©Po�c+S+´«yPÂ2©Ph¬´je2fgi«c�i�S+´A|^Sd_aoaygiÅ_aS	�
QbS+h�_d|Ò¿ i�QbygfgSR]�S~]`_dyg|Pygz^_k�¸SRh�©P_ki�´ji«]kygh2_D´�S¸z�ijh�c+SRyg©�|^S}c�´�egh�ygfgSE§ �>fg©PoaS�º¼Î��`ÏG¨�¯^L�oaegi«]wi�Q�yKfgS~]�]kegh�_
e2^_kSRh�©PSR]�§¢i�Q�yKfgS�egoai�fgi�h�yK´�SgÂ¼Qby2]kª�©PS�S�_EyKoaoki�O+oaS	�6z�´�yKh"c+egQbzP´���_k�G¨}ª�©Pi�]{SRok�gSRh2_¶zAeg©Po¶´«y0]k©Pij_kS�|^SR]
_aoaygiÅ_aS+QbS+h�_a]R¯\s z�yKok_ki�oN|^S�c�S¸QbegQbS+h2_~Â\i�´AlmyK©P_NzAe2]kiÅ_ai�eghPhPSRowQ�ygh�©PSR´j´�S+QbS+h�_N´�S¸z>e2ijh�_D|^Sul¢©Pij_kS}|PyKh>]
´6¿ i�Q�yKf2S�§ ��fg©PoaSbº¼Î )ÄÏG¨¸±�´6¿ ygi�|^S�|Ò¿ ©�h '��&¥ )g£+���0Ë�£ 'k¡¹zAeg©Po�|^��_kSRokQbi�hPS+o}´�y�z�okeKp`SRc�_ki�egh¾zAS+oq]{zAS~cÄ_ki��gS
y2]k]ke^c�i��+S2¯RvÃh�]{©�iÅ_aSN©PhPSNfgoai�´j´�SwzAS+©P_�6�_koaSN|^�+_kS+oaQbijh��+S�§ ��fg©PoaSNº¼Î`£`ÏG¨Iª2©�i\zASRokQbS�_,|^SN|P�R|^©Pi�okSD|^SR]Úª�©�y��
|^oai�´�yK_kO+oaSR]¸§6��yg©¬Q�yK·^ijQ¶©PQ�¨�¯P»ÀS~]�_kS�·\_a©PokS~]N|^e2ij�gSRh2_&6+_koaS�c+yg´�c+©P´j�RSR]N±�z�yKok_aijoD|^S�´Ç¿ ijQ�ygfgS¸egoaijf2ijh�yg´jS
zAe2©PoE6�_aokSuzP´«ygª�©P�RSR]w]k©PoNc�SR]�ª�©�yg|Poki�´�yK_kORokS~],´je2oa]w|^©¬oaS+h�|P©¼¯\�¼S~]Ãe2\p`S+_a]�S+h�y~�KyKh2_#�6z�´�ygh�]kegh2_�oaS+h�|^©>]
f2o��2c�SD±�|^SR]���¥S�S�	�a�RÌK��) 'À_kS+·�_a©Poa�R]À§mcg¿ S~]`_#�=±��=|^i�oaSD|^S~]Ãª�©�yg|Poki�´�yK_kORokS~]I_keg©Kp`eg©Poq],yg´ji�fghP�~]Úz�yKoÃoaygzPzAegok_,yg©
zP´«yKh�|^S�´6¿ �~c�oqyKh>¨E§ ��fg©PoaS�º4Î 
RÏG¨�¯¼v,h �>h¼Â4´«y³c+ygQb�+oqy�SR]{_}oaS+zAe�]{ij_ki�egh�hP�+S�|^S�QbyghPi�O+oaS�±�eg�]kS+oa�gS+o�´«y
]ac�O+h�SÃ|Ò¿ ©Ph¶yK©^_aokS,zAe2ijh�_�|PS,�\©PSu§mcqM�yKh�fgS+QbSRh2_I|^S,zAe�]{ij_ki�e2h�S+_�|¼¿ e2oki�S+h�_ay�_ai�egh>¨Ú§ �>fg©PoaSR]4º¼Î ��ÏÃS�_Iº4Îm¡~ÏG¨�¯

tCyK´�fgoa��´jS~]�|^�+l¢egoaQ�y�_ki�egh>]EzPoaeG�gePª2©��+SR]Ez�yKo�´�SR]�yKzPz�okeG·^ijQ�y�_aije2h�]�§Çc+ygo�´�y"]ac�ORhPS³h¼¿ SR]{_¬ª�©�yg]ki��
QbS+h�_Ip{yKQ�yKi«]w©Ph�z�ygoayg´j´��+´��+zPi�zAOR|^Suz�yKoklmyKij_q¨�Â�´�Suoa�R]k©P´j_ay�_�S~]`_Dc�egh\��ygijh�cRyKh�_R¯^TwS+_{_aS¸QE�+_kMPeP|^SuzAe�]k]kOR|^S
Q�yK´�MPSR©PokSR©�]{SRQbS+h2_DzP´�©�]{i�S+©�oa]Dc�egh�_koqyKi�h2_aSR]�ijQbzAe2o{_qyKh2_aSR]R¯^�4yEzPokSRQEi�O+oaS¸SR]{_D´jS¸_aS+Qbz�]Nz>yg]a]{�¸zAeg©PoD´jS
zPoa�	�6_koqyKij_kSRQbS+h2_�yG�gSRcÀ©Ph¬´�egfgi«c�i�S+´A|PSÀ_koqyKij_kSRQESRh2_N|Ò¿ i�Q�yKfgS~]+¯PTwS�_{_aSu�+_ayKzASuh¼¿ SR]{_�z�y2]Ãe2P´ji�f�y�_ke2ijoaSÀc+yKo
´�S�okSRh�|^©E|^S�´6¿ yKoaoki�O+oaS	�6zP´«yKh�©PhPi«ª�©PS+QbS+h�_ÚzAeg©PoaoaygiÅ_-]k©^Ñ�okSg¯��4S�zP´j©>]Ifgoae2]I|^��lmyg©^_-S~]`_Úc+S+ok_aygijhPSRQbS+h2_-´«y
zPoa�R]kS+h�c+S¸|^S�c+egh2_aoaygijh�_kS~]�c�egh>c�S+oah�yKh�_�´�y�zPoai�]kS¸|^S¸�\©PSEÁ^´jS~]wM�egoai��Regh2_qyK´�SR]ÃS+_N´�SR]��gS+ok_ki«c+yg´jS~]w|Pegi��gS+h2_
6+_koaSdPijSRh�z�ygoayg´�´jOR´jS~]Úyg©^·EAegoq|P]Ã|^SÀ´Ç¿ i�QbygfgS2Âgc+SÀª�©Pi>ijQbzP´�i«ª�©PSÀª�©PSÀ´�y}z�MPeK_aegfgoqyKz�MPijSd|^egij_E6�_koaSdzPoai�]kS
SRh���_aygh2_¬z�yKoklmyKij_kS+QbSRh2_�z�ygoayg´j´�O+´�S³yg©�]keg´6Â,yg©^·µQ¶©Poq]+¯�TwS~c�idS~]`_¬S�·\_ko*6+QbS+QbS+h�_¬|^ijÑ�c�i�´jS²y~�gS~c�©Ph
ygzPz�yKoaS+i�´�zPMPeg_kegf2oaygzPMPi«ª�©PS}_kSRh�©¹|PyKh�]u´«y¬Qbygijhµ§mQ76+QbS�SRh¾yG[2yKh2_¸´Ç¿ i�QEz�okS~]k]kije2h²|^SE]kS�zAe2]kiÅ_aije2hPhPS+o
c+egoaokSRc�_kSRQESRh2_~Â�h�eg©�]ÚoaS�_aoke2©P�gegh>]�_aeg©�p`e2©Poa]Ú©Ph�Sdokeg_ay�_aije2hb|^SÀª�©PS+´«ª�©PSR],|PS+fgoa�R]d§¢f2�+hP�+oqyK´�S+QbSRh2_,S+h2_aoaS

QSR )TQSU



Ê��A�k¤ �

� ���	�>� � �¼SR]d|^S+©^·�´�egf2i�c+ijSR´�]NS�_d´jSR©Poq]NS+h2_aok�RSR]��=]kegok_ki�SR]

� 5KS�_���52¨k¨Ä¯Ar ´4lmyg©^_¸|Pegh�c�©Ph²]k©PzPzAe2o{_uzAeg©Po �P·^S+ou´Ç¿ yKz�z�yKoaS+i�´4zPMPeK_ae�Â>z�y2]D_aeg©�p`e2©Poq]dzPoqy�_ki«ª�©PS�zAe2©Po
zPoaS+h�|PokSE|^S~]¸zPMPeK_aegf2oaygzPMPijS~]u|PyKh�]¸´�y�ok©�S�z�yKo¸S+·^S+QbzP´�Sg¯4TwSRc+i-ijQbzP´�i«ª2©�Sbª2©�S�´«y¬zPM�eK_ke2fgoqyKzPM�ijS¶hPS
|^e2iÅ_Àc�e2QEzAe2o{_aS+oDª�©¼¿ ©Ph0]{S+©�´ÒzAe2ijh�_d|^S�l¢©Pij_kS¶±E´Ç¿ i�h2_k�Roki�S+©�oDeg©³±E´6¿ S+·\_k�+oai�S+©Pod|^S}´Ç¿ i�QbygfgS2¯

tCyK´�fgoa��c�SR´�y�ÂGhPe2©�]-zAeg©P�ge2h�]-ª2©>yKh�|�Q�6RQbS�_koaeg©P�gSRoI©�hby~�KyKh2_qyKf2Sw±¸´Ç¿ i�h2_kSRok�gSRh2_aije2hE|Ò¿ ©PhE©^_ai�´ji«]ky��
_aS+©Po,zAeg©�o,c�S+_{_aSDQb��_kM�e^|^S}Ágc�SR´�y�zAS+oaQES+_Ã|^SN_koqyKij_kSRoÚh¼¿ ijQbzAegok_kSdª�©PS+´^_`[\zASd|Ò¿ ijQ�yKf2S}§¢z�MPeK_aegfgoqyKz�MPijS2Â
|^S~]k]ki�h¼Â^zASRijh�_k©PoaSgÂPS�_qcK¯¼¯+¯+¯à¨�Â�c�SR´�yEzAS+oaQbS�_ÀyK©�]a]ki&´�S¸_aoaygiÅ_aS+QbS+h�_d|PSR]Deg^p`S�_a]DS+h0yG��yKh�_��=zP´�ygh¼¯

� ���������
	������	������������  (����#%$&�����
������)(��*Ã����#I�

<&
�	 � � L�G�� D���L-D��I���
ÐdeK_aokSCeg^p`SRc�_kijl}S~]`_�|¼¿ yg©^_ke2QbyK_ki«]kS+o�´jS²QbyK·^ijQ¶©�Q |Ò¿ ��_qyKzAS~]¬|^SC´6¿ yg´jf2egoaiÅ_aMPQbS �I�K�^�¬����� ���Í¡�£

¤�¥m¦+�6�^�{£�egoai�fgi�h�yK´6Â^|^S�Q�yghPijORokS}±�Á
� ]keg©P´«yKf2S+o�´6¿ ©^_ki�´ji«]ay�_aS+©Pod|PSR]DhPegQ¶PoaS+©�]kSR]NQ�yKhPi�zP©P´«y�_aije2h�]D±ES98&SRc�_k©PS+o~Â
� oa�R|^©Pi�oaS¸´�S¸_aS+Qbz�]d|^S�_koqyKij_aS+QbS+h2_~Â
� zASRokQbS�_k_koaS�´Ç¿ ©^_aij´�i«]kyK_ki�egh³|^S}zPMPeg_kegf2oaygzPMPi�SR]�S98&SRcÄ_a©P�+S~]D]keg©>]�h4¿ i�QbzAegok_kS}ª�©PSR´¼yghPfg´�Sg¯

Ê��^� ��Ë�Ì��6¥m¦b���K�^�w�Ä�>�=���¢¡P£D¤�¥m¦��6�^�k£dSR]{_Ãc�e2QbzAe2]k�N|PSd|^S+©P·�´�egf2i�c+ijSR´�]D§mok�~]{©PQb�~]Ú]k©Po,´�y ��f2©PokSD��¨�Á
� Ê��A�k¤µË�Ì 12£���ÁGzAS+oaQES+_-|Ò¿ S98&SRc�_k©PSRo-©Ph¶SRh�]{SRQ¶P´�S�|^Sw_koqyKij_kSRQbS+h2_q]I]k©PoI©PhPS�i�QbygfgS�|^SwQ�yKh�ijORokS
±"c+ok�RS+o�©Ph l¢e2okQ�y�_�|PS �>caMPi�S+o¬c+egQbzPi�´j�Cc�e2h2_kSRh�yKh�_b_aeg©^_aSR]�´�SR]�|^e2hPhP�+S~]bhP�~c�SR]a]ayKi�okS~]�zAe2©Po
h�yG�\ijf2©PS+oD|�yKh�]N´«yb]ac�O+h�SgÂ

� Ê��A�k¤Õ�AÌ��R¥ ��Ì�� ���0ÁA©^_aij´�i«]{S�´jS~] �>caM�ijSRoa]uc�e2QbzPij´��R]Àz�ygo�Ê��A�k¤ÕË�Ì 12£��bzAe2©Pouh�y~�\i�fg©PSRou|PyKh�]À´«y
]ac�ORhPSg¯-TwS�´je2fgi«c�i�S+´,zAS+©^_N6�_aokS¬|^�Rc+´ji�hP��S+h�zP´�©�]kijSR©Poa]��gS+oq]{i�egh>]+Â¼z>e2©Po�zP´�©�]ki�S+©Poq]}zP´«y�_aS�l¢egoaQbSR]
Q�y�_a�+oaijSR´j´�SR]}§¢nNTuÂPnw»Ds¶Â4¯+¯+¯à¨Ä¯

�4y�zP´�©�]Nf2oaygh�|^Suz�ygo{_ai�S�|^©�_koqyG��yKi�´&ybc�egh>]{i«]`_a��±Ec+egh�c�SR�gegi�o�S�_Di�QbzP´��+QbS+h�_kS+o¸Ê}�A�a¤8Ë�Ì 12£+�ÄÂ�c+yKo
i�´Òc�e2h2_ki�S+h�_N´«y¶zP´�©�]�f2oaygh�|^SÀz�ygo{_aijSu_kMP�+e2oki«ª�©PSgÂ^yK©�]a]{i&PijSRh�S+h¬_koqyKij_kSRQESRh2_Dª�©¼¿ S+h�]{[\h2_aMPOR]kS¸|¼¿ i�Q�yKfgS2¯
sÀzPokO~],´6¿ �+_k©�|^SuPij�´ji�egf2oaygzPMPi«ª�©PSgÂgº}Q�yghPijORokS~],|PSÀc+egh�c+S+�gegi�o,´�Sd´�egf2i�c+ijSR´Pe2h2_w��_a�doaS�_aS+h\©PSR]¼É2S+´�´jS~]Ã]kegh�_
oa�R]k©PQb�+SR]D]k©PoD´�y ��fg©PoaS}��Á

� ´«yCzPoaS+QbijORokS¬Qb��_aMPe^|^S¹§mcqMPS+Qbi�h�Î Ì �a¦ �G¡\¥ ÏG¨ESR]`_bc�e2h�]{_kij_k©P�RS�|Ò¿ ©Ph°S+h�]kS+Q¶P´�S�|^S¬_koqyKij_kS+QbSRh2_a]
]kijQbzP´�SR]uc�e2h�]{�~c�©^_aiÅlm]RÂ�Q�ygi�]Àª�©PiI|^SRQbygh�|^S+h�_¸|Ò¿ S98&SRcÄ_a©PS+ou©PhCfgoqyKh>|�h�egQ¶PoaS¶|^S�oa�+f2´�ygfgSR]RÂ^S+h
z�ygo{_ai�c+©P´�ijSRoDyg©�h�ij�gS~yK©³|^SR]d]kS+©Pi�´�]RÂ

� ´«y�|^SR©^·^ijORQES¶Qb��_aMPe^|^S�§mcqMPSRQEi�h�Î`Ì;) �~¡^¥ ÏG¨ucqMPSRoacqMPS�´�SR]ÀzAegi�h2_a]u|^S�l¢©Pij_kSE|^S¶´6¿ i�Q�yKfgS�z�ygoÀ©PhPS
Qb��_aMPe^|^S�zPoke2�yKPi�´�i�]{_kSÃSRh¶©^_ki�´ji«]ayKh2_-©PhPSwl¢egh�c�_ki�egh�|^�+zASRh�|PyKh�_-|P©¶�gegi«]{i�h�ygfgSg¯�TwS�_{_aSwQb�+_kMPe^|PSgÂ

)*) ß%+-,/.0.�1



� �u�����jÌK����£������u����Ì�� ����¦q¡

�������Ò� � sdoqcaM�iÅ_aSRcÄ_a©PoaS}|Ò¿çÊ}�A�a¤ Ë�Ì 12£��

S+·\z�´ji«ª�©P�+S�|PyKh�] M � O=ÂIzPoaegQbS�_k_kSR©�]{S�yK©®hPi��gSRyg©°|^S�´«y²ª�©�yK´�iÅ_a��|^S~]�ok�~]{©P´j_ayK_a]RÂI|^S+Q�ygh�|^S�©PhPS
f2oaygh�|^S�ª�©�yKh�_kij_k��|^S�c+yK´«c�©�´�]RÂPc�e2h�]{�~ª�©PS+h�c+S�ª�©PS�hPe2©�]N�ge2©�|^oaije2h�]��+�\ij_kS+o~Â

� ´«y¹_aoke2i�]kijORQbS0QE�+_kMPeP|^S°§mcqMPS+Qbi�h Î`Ìg£�
 �~¡^¥ Ï�¨�SR]{_�]kijQbzP´�S²±"i�QbzP´j�RQbS+h2_aS+o~ÂÃoqyKzPi«|^S2Â,Q�yKi«]�S~]`_
Q�yK´�MPSR©PokSR©�]{SRQbS+h2_�_koaOR]¸i�QEz�ok�~c�i«]{S2Â&S�_}hPSbfgO+oaS�z�y2]u_keg©>]¸´�SR]�cRyg]�|^SbzAe2]kiÅ_aije2hPhPS+QbSRh2_}|PSE´«y
cRyKQb�+oqy�egoaijf2ijh�yg´jS2¯�vÃ´j´�S}SR]{_DS+·^zP´ji«ª�©P�+S�|PyKh�] M � O=¯

�4yb]keg´�©^_ki�egh³ª�©PS}hPe2©�]DyG�gegh�]NoaS�_kSRh�©PS}SR]{_d´�ybzPoaS+QbijORokS2¯^v,´�´jS�SR]{_dy2]k]kS ��´je2hPfg©�S}±EijQbzP´��+QbSRh2_kSRo
z�ygo�oqyKz�zAegok_�yg©^·¬|PS+©^·�yg©^_koaSR]Nc+yKoNS+´�´�S�c�e2h2_aijSRh2_D©Ph�fgoqyKh�|�hPe2Q¶PoaS¸|PSu_aoaygiÅ_aS+QbS+h�_a]�Q�ygi�]�i�´«]N]kegh�_
|^�~c�egQbzAe�]kygP´jS~]�S+h"©Ph�SRh�]{SRQ¶P´�S�|^S�zAS�_aiÅ_q]}_koqyKij_kSRQbS+h2_q]}SRh"fg�RhP�+oqyK´,y2]k]kS ��]ki�QEz�´jS~]+¯-TwM�ygc+©Ph�|^S
c+SR]�_aoaygiÅ_aS+QbS+h�_a]DzAS+©^_�6�_koaS�e2z^_ki�Qbi�]k��i�h�|^i��\i�|P©PS+´�´jSRQbS+h2_u|Pygh�]N´�S}P©^_À|Ò¿ e2^_kS+h�ijoÀ|^SR]DzAS+okl¢egoaQ�yKh�c+SR]
f2´je2�yK´�SR]Nc�e2okoaSRc�_kSR]R¯

<&
=< � �������I��� �I����� � �!�#"$� ?$� � "/���I��� �
�¼S�zPoaS+Qbi�S+o�f2oaygh�|¹P´jePcEl¢e2h�cÄ_aije2hPhPS+´�|Ò¿çÊ}�A�a¤ Ë�Ì 12£��³SR]{_¶´6¿ ygh�yK´�[^]{S�|^S�´6¿ ijQ�yKf2S�e2oki�fgi�h�yK´�S�|^S

Q�yKh�ijORokS¾±°S+h8S�·\_koqyKi�okS²´jS~]�zAegi�h2_q]�|^S¾lÍ©�iÅ_aSg¯d�4y°]keg´�©^_aije2h ª�©PS¾hPe2©�]�y~�ge2h�]¬oaS�_kSRh�©PS2Â�S�·^zP´�i«ª2©��
zPoa�Rc+�R|^SRQEQbSRh2_dSR]{_dc+egh�]{_kij_k©P�RS}|Ò¿ ©PhPS}SRh�]{SRQ¶P´jS�|^S�_koqyKij_kSRQbS+h2_q]D|^�~c�oaiÅ_q]Dc�i �=ygzPoaOR]R¯

QSR )TQSU



Ê��A�k¤ �

�����	�A� � »uSR]ac�oai�z^_ki�egh³|Ò¿ ©PhPS�cRyKQb�+oqy

��� ��� � ��� �*� �\Ùm�b�R� �¬Ù �\� � Ô>Ö	�ÇÔ � � % � � �!���	� �\ØgÖ	� � �
s4��ygh2_¸|Ò¿ S+h�_koaS+o¸|PyKh�]À´�SR]u|^�+_ayKi�´«]À|PS¶´�y�Qb��_kM�e^|^SgÂA�gegi«c�iIª�©PS+´«ª�©PSR]Àijh>|^i�cRy�_aije2h�]Àc+egh�c+S+oah�yKh�_d´�SR]

hPeg_ki�egh�]D|^S}zAS+oq]kzASRcÄ_aij�gS�S�_d´«yEQ�yKhPi�O+oaS�|Pegh2_dhPe2©�]NhPe2©�]NS+h0]{SRok�ge2h�]�z�yKoD´«yb]{©�iÅ_aSg¯

�4y�zPoaS+Qbi�O+oaSÀhPeK_ai�egh�i�QbzAegok_ayKh�_kSuSR]{_Nc�S+´�´�S¸|^Sb¦aÌKË��+�kÌ�¯^v,´�´jS¸oaS+zPoa�R]kS+h2_aSÀ´Ç¿ eg>]{SRok��yK_kSR©PoÃS�_Nc+egQ �
zAe2o{_aS�ª�©PSR´�ª�©PS~]Nz�yKoqyKQbO+_koaSR]uÁ

� ´�SR]�z�ygoaygQEO+_koaSR]¾£��2�Ç�Ä¥Í��'��	�+��£ '°ÁNc+S¹]{e2h2_�´jS~]�zP´j©>]��+�\i«|^S+h�_a]R¯�r ´�]R¿ ygfgij_�|^S¾´«y®zAe�]{ij_ki�egh¼ÂN|^S
´6¿ e2oki�S+h�_ayK_ki�egh�|^S}´«ybc+yKQb�Roay�Â

� ´�SR]Nz�ygoaygQbO�_koaSR]¸¥Í���6�Ä¥Í�H'
���+��£9'EÁPij´«]Dc+ygoay2cÄ_a�+oai�]kS+h2_N´�ybc+ygQb�+oqyP¯\r ´¼]R¿ ygfgij_NzPoaijh>c�i�z�yK´�S+QbS+h�_d|^S�´«y
l¢e^cRyK´�SgÂ^hPe2©�]D[�_koaeg©P�ge2h�]Nyg©�]k]kiÒ´�S�oqy�_aije�|^SR]DzPij·^S+´«]DS�_d´�SR]dc�e\e2oa|^e2hPhP�+S~]�|P©³zAegi�h2_dzPoaijh�c+ijz>yK´6¯
ÐÀeg©�]�y~�ge2h�]ÃokS+_kS+h\©�©�h¬oayK_ki�e¶|^S � §¢zPij·^S+´«]�c+ygokoa�R]q¨ÄÂ2´jSuzAegi�h2_�z�oki�h�c�i�z�yg´>SR]{_ �P·^�¸yK©¬c+S+h2_aokS¸|^S
´6¿ i�Q�yKf2Sg¯

�¼SR]NygzPzPoae~·^i�Q�y�_ki�egh>]ÃokS+_kSRh�©PS~]�hPS¸zASRokQbS�_k_kSRh2_Dz�y2]N|Ò¿ �+_ayg´je2hPhPS+oN´�yEcRyKQb�+oqy�yK©�]a]{i&zPoa�Rc�i«]k�+QbS+h�_
ª�©PS�|Pygh�]�´jS~]IyK´�fgegoaij_kMPQbSR]�c�´«yg]a]{i«ª�©PSR]�|^Sw�\i«]{i�egh�z�ygo�e2oa|^i�h�yK_kS+©�oR¯~�4yÀoaygi�]kegh}z�oki�h�c�i�z�yg´jSÃS~]`_-´�yuª�©�yg]ki��
i�QbzAe2]a]{i�Pi�´jij_k�E|^S�zPMPeg_kegf2oaygzPMPi�S+oÀ©PhPS�QbijoaS¶zAe2©Pou�+_ayK´�egh�hPS+ou´6¿ ygzPz�yKoaS+i�´�zPMPeK_aegfgoqyKz�MPi�ª�©PS¶|Pygh�]À´�SR]
]kiÅ_a©�y�_aije2h�]I´�SR]-zP´j©�]Úc+eg©PoqyKh�_kSR]RÂG|�yKh�]I´«yuoa©PS�z�ygoIS+·^S+QbzP´�Sg¯gY\iP|^SR©^·¶zPMPeK_aegf2oaygzPMPi�SR]�]kegh�_-zPoai«]{S~]IyG�gSRc
´6¿ ygzPz�ygokSRij´4|Pygh�]D´�SR]dQ�yKi�h�]RÂ�©PhPS¶yG�gSRc�´«ybQbi�okS�S�_u©PhPS¶]ayKh�]RÂP´�SR]dz�ygoaygQEO+_koaSR]Ni�h2_aoki�h�]kORª�©PS~]DhPS¶]kegh�_
z�y2]uQbe^|^i ���R]R¯Òs ´6¿ i�h��gSRoa]kSgÂA´�SR]¸z�ygoaygQEO+_koaSR]ÀS�·\_aoki�h�]kORª�©PSR]¸]kegh�_¸Qbe^|^i ���R]�±�cRyK©�]kSE|^SE´6¿ i�h�]{_aygPij´�ij_k�
|^S�hPeK_aokS¬zAe2]kij_ki�egh¼¯I�4S¬oa�R]k©P´Å_qy�_ ��h�yg´�|^© �I���^�E����� �²�Í¡�£�¤N¥¢¦+�6�^�k£�S~]`_E|P�`p{±C©�hPS�yKzPzPoae~·^i�Q�y�_aije2h
f2oke�]k]kijORokS¸|^S}´�yb]ac�ORhPSgÂP´Ç¿ ��_qyK´�eghPh�ygfgSu_koaOR]NzPoa�Rc+i�]D|PS�´«ybc+ygQE�Roay�h¼¿ SR]{_À|^egh�c�z�yg]Ip`©�]{_ki ���2¯

Y\©PoD´�y ��fg©PoaS��PÂ^´�S¸oaS+zAORokS¸fg´�eg�yg´AS~]`_
(O, ~x, ~y, ~z)

Â^´�S¸oaS+zAORokS�|^S�´«yEc+ygQE�Roay�SR]{_
(C, ~u,~v, ~w)

¯P�¼S
�gS~cÄ_kSR©Po −−→

OC
oaS+zPoa�R]kS+h�_kS�´�y�_koqyKh>]{´«y�_aije2h0|^S¶´«y�cRyKQb�+oqybS�_¸´�y�Q�y�_koai«c�S

(~u ~v ~w)
´�y�okeg_ayK_ki�egh0|PS¶´�y

)*) ß%+-,/.0.�1



� � �u�����jÌK����£������u����Ì�� ����¦q¡

�����	� � � T�ygQE�Roay ���Ú©PS�|^S�|^SR]a]{©>]

cRyKQb�+oqy�z�yKouoqyKzPzAe2o{_uyg©CokSRzAO+oaS�fg´�eg>yK´6¯>�¼S�zAegi�h2_
P
S~]`_¸´�S �P�K¥Í��� �A�Ä¥Í�&¦+¥ ��Ì ��|^S�´�y¬cRyKQb�+oqyPÂ>ij´IS~]`_

�P·^�uyK©¬c�SRh2_koaSu|^SÀ´6¿ �~c�oqyKh�c�e2QEQbSÀS�·^zP´�i«ª2©��dz�ok�Rc+�R|^SRQbQESRh2_~¯��4y¶|^i«]`_qyKh�c+S
f = ‖−−→CP‖ SR]{_w´«y 
��R¦qÌ ��£

|^S}´«ybc+yKQb�Roay�¯

Pdh�z>yKoqyKQbO�_aokS�]{©PzPz�´j�RQESRh2_qyKi�okS�zAS+©^_I6+_koaS�|P�R|^©Pij_À|^S}´�y�l¢e^c+yg´jS2Â\i�´4]+¿ yKf2iÅ_D|P©³cqM�yKQbz³|^S��\i«]{i�egh
§�����3�S+h²yKhPf2´�ygi�]dzAeg©Po��Ã¥m£%� )�� 
 3�¥m£	�d¨ÄÂAi�´I]R¿ ygfgij_À|PS�´6¿ yKhPf2´jS¶|Ò¿ eg©P�gSRo{_a©PoaS�|^S¶´«y�c+ygQE�Roay�¯>Y\©Pou´«y
��f2©PokS �^ÂRhPe2©�]4�ge�[ge2h�]¼´«yÀc+ygQE�RoayDSRh¶��©�Sw|^S�|^S~]k]k©�]RÂRS+_I´jS�cqM�yKQbz¶|PSÃ�\i«]kije2h}S~]`_

fov = 2arctan( 1

f
)
¯

»À����hPi�]a]kegh�]�c�Swª�©PS,h�eg©�]�yKzPzASR´j´�egh�]¼z�okeKp`SRc�_ki�egh}zAS+oq]kzASRcÄ_aij�gS2¯�
u©�ygh�|�©PhPSw]ac�ORhPSÃ±dºÀ|^ijQbSRh�]{i�egh>]
S~]`_Dy�Ñ�cqMP�+S�]{©PoN©Ph��Rc�oqyKh4Â2i�´Almyg©^_Noa�RyK´�i«]{SRow©PhPS¸zPoaeKp`SRcÄ_aije2h�]{©PoN©Ph�SR]kz�ygc+Su±b�¶|^i�QbS+h�]kije2h�]+¯PY\©PoN´«y
��f2©PokS��PÂAhPeg©�]uz>e2©P�gegh>]deg>]{SRok�gSRod´«y�zPokeKp`S~cÄ_ki�egh²|^©²zAegi�h2_�|^SEc�e\egoq|^e2hPhP�+S~]

(x, y, z)
]{©�ou´Ç¿ �Rc+oaygh¼¯

�4SR]Dc+e\egoq|^eghPh��+SR]N|^©�zAe2ijh�_dzPokeKp`S+_k�}]kegh�_RÂP|�yKh�]N´�S�oaS+zAORokS}|^S�´«ybc+ygQb�+oqy
(C, ~u,~v, ~w)

Á





xe

ye

ze



 =











x
−f

z

y
−f

z
−f












u©�yKh�|�©Ph SRh�]{SRQ¶P´�S²|^S²|Poke2iÅ_aSR]�z>yKoqyK´�´jOR´jS~]bi�h ��hPi�SR]�]{e2h2_¬zPoaeKp`S�_a�+SR]¬|^S¾c�S�_k_kS²Q�yKhPi�O+oaSC]k©Po
´6¿ �~c�oqyKh¼Â�c�SR]¶|^oaegij_kS~]�c�e2h��gS+oafgSRh2_�S+h�©Ph®z>e2ijh�_¶hPe2QbQE� ����¥Í��� )2£�
q�^¥«� £�,��¥Í¯IY^iÇÂI|Pygh�]}©�hPS�i�Q�yKfgS
|^e2hPhP�+S2ÂIc�S¬zAe2ijh�_E|^S�l¢©�iÅ_aS�zAS+©^_�6�_aokS�_aoke2©P�g�gÂ�ij´N|^eghPh�S�|^SR]¶i�h�|^i«c+yK_ki�egh�]�]k©Po�´jS~]�|^ijoaSRc�_ki�egh�]�|^SR]
|^oaegij_kS~]D|PyKh�]D´Ç¿ SR]kz�y2c�S}ºg»Õª�©Pi¼zAS+oaQbS�_k_kS+h�_À|^S�|^�+_kSRokQbi�hPS+oD´�SR]D�gS~cÄ_kSR©Poa]D|P©³okSRz>ORokS}|^S}´«ybc+ygQE�Roay�¯
Tu¿ SR]{_wc+S�_k_kSÀzPoaegzPoai���_k�Àª�©PSdh�eg©�],©P_ki�´ji«]kegh�]ÃzAeg©PoÃ�+_ayK´�egh�hPS+oÃ´�y¶c+yKQb�Roay�¯2Y\i>´�Sd�gS~cÄ_aS+©Po�|^ijoaSRc�_kS+©�ow|^SR]
|^oaegij_kS~],z�yKoqyK´�´jOR´jS~],]{SD_aoke2©P�gSÀ|PyKh�]Ã´jSÀzP´«yKh¬|^Sd´6¿ �Rc�oqyKh�yK´�egoq]ÚhPeg©�]Ãz�yKoa´�egh�],|^S �P�K¥Í���E)g£ 
q�^¥Í� £¸¥Í���Ã��¥ÍÂ
´�S¶]kS+©P´��+´��+QbS+h�_¸|^��_aSRcÄ_qyKP´�S�]{©PoÀ´6¿ ijQ�yKf2S}z�okeKp`S�_a�+S�SR]{_u©Ph0SRh�]kS+Q¶P´�S¶|^S�|^oaegij_kS~]Dz�ygoayg´j´�O+´�SR]DS�_uhPe2h
©PhCzAe2ijh�_R¯&Y^y2caM>yKh2_¸ª2©4¿ ©PhCzAe2ijh�_¸|^S�l¢©PiÅ_aSgÂ$��h�i�eg©Cijh �>hPiÇÂ&|^e2hPhPS¶©PhPS¶ijh>|^i�cRy�_aije2hCc�e2h�c�SRokh�ygh2_À©PhPS
|^i�oaSRcÄ_aije2h0|Pygh�]d´6¿ S~]{z�y2c�S2ÂP´«y�c�e2hPh�yKi«]a]kygh�c�S}|^S�_koaegi«]dz>e2i�h2_a]u|^S}l¢©�iÅ_aS¶zAS+oaQbS�_u|Pegh�c�|^S�|^��_aS+oaQEi�hPSRo
c+egQbzP´�O�_kSRQESRh2_}´�SR]�|^i�okS~cÄ_aije2h�]¸|^S~]¸�gSRc�_kSR©Poa]�|^©¾oaS+zAORokSE|^Sb´�y�c+ygQE�Roay�Â&±�c+egh�|^ij_ki�egh¹ª�©PSE´�SR]u_aoke2i�]

QSR )TQSU



Ê��A�k¤ ���

�����	�A� � n,oaeKp`SRcÄ_ai�egh�zAS+oq]{zAS~cÄ_aij�gS}|Ò¿ ©Ph³zAegi�h2_À]{©�oD´Ç¿ �Rc+oaygh

�����	� � � �4SR]�_aoke2i�]Dc�e2Q¶Pi�h�yKi«]{e2h�]N|^S}zAegi�h2_q]D|^S�l¢©Pij_kS���hPi«]DS�_dijh ��hPi«]

)*) ß%+-,/.0.�1



� � �u�����jÌK����£������u����Ì�� ����¦q¡

|^i�oaSRcÄ_aije2h�]�]kegi�S+h2_Negok_kMPe2fgegh>y�´�SR]R¯gnÃ´j©>]{i�S+©Poq]Nc�egQ¶Pi�h�ygi�]kegh�]�]{e2h2_NzAe2]a]{i�P´�SR]RÂ2Qbe2h2_koa�+S~]�]{©�o�´«y���fg©�okS
��Á

��� �P�K¥Í���,)g£ 
q�^¥Í� £ �,�>¥�� )g£+� � ����¥Í�>� ' )g£ 
q�^¥Í� £b¥Í���Ã��¥ '�Á&c+S�_k_kSb]{ij_k©�yK_ki�egh²SR]{_¸egP_kS+h\©PSE]ki-|^SR©^·
|^i�oaSRcÄ_aije2h�]Ã|^SÀ´6¿ S~]{z�y2c�SÀºg»8]kSD_aoke2©P�gS+h�_w|PyKh>],´�Sdz�´�ygh�|^SÀ´6¿ �~c�oqyKh¼Âgz�ygoÃS�·^S+QbzP´�SÀ]ki>©PhPSÀi�Q�yKfgS
S~]`_Úz�MPeK_aegfgoqyKz�MPij�RS��wPi�S+hb|Poke2iÅ_��&¯K�Ã¿ S+·^S+QbzP´�S�_ [\zPi«ª�©PSNS~]`_,´�y¸zPM�eK_ke2fgoqyKzPM�ijS�|¼¿ ©PhPSDoa©PSD|PyKh>]
´«yu´�egh�fg©PS+©�oRÂGeC:�´�SR]-MPegoai	�+egh�_ayg´jS~]I]{e2h2_ÚMPegoai	�+egh�_ayg´jS~]I|PyKh�]-´�SNzP´�yghE|^SD´Ç¿ �Rc+oaygh¼Â�|^SNQ76+QbSNzAe2©Po
´�SR]À�gSRo{_ai�cRyK´�SR]R¯ PdhPS�oaeK_qy�_ki�eghCyK©P_keg©�ou|^S�´�y�hPe2okQ�yg´jS¶yK©CzP´«yKh²|PS¶´6¿ �~c�oqyKh0hPSEcaM�yghPfgS¶z�yg]À´«y
c+egh ��f2©PoayK_ki�egh¼Â

�	� �P�K¥Í��� ' )g£ 
q�^¥Í� £ �,��¥ '
�I�^� �P��¥Í�>�E)g£ 
q�^¥Í� £�¥Í���,�>¥�Á\c�S�_k_kS¸]kiÅ_a©�y�_ai�egh�SR]{_we2^_kSRh�©PS¸]{iA©PhPS¸]{SR©P´�S
|^i�oaSRcÄ_aije2h¬|^S¸´Ç¿ SR]kz�ygc+Suº2» ]{SÀ_aoke2©P�gSu|Pygh�]w´jS¸zP´�ygh�|^Su´6¿ �~c�oqyKh¼Â�z�yKo�S�·^S+QbzP´�S¸]kiA´6¿ i�Q�yKfgS¸y��+_k�
zPM�eK_ke2fgoqyKzPMPi��+S�S+hC]kS�_kSRh�yKh�_u|^S+Ae2©^_RÂ�Pi�S+h0�gSRo{_ai�cRyK´¼Q�yKi«]d]kygh�]dyK´�i�fghPS+QbSRh2_ÀyG�gSRc�´�SR]d´ji�fghPS~]
MPe2oki	�+e2h2_qyK´�SR]N|^©³]keg´6Â

��� ����¥Í�>� '�)g£ 
q�^¥Í� £ �,�>¥ '�ÁAc+S�_{_aS�]{ij_k©�yK_ki�egh0SR]{_Àe2^_kSRh�©PS�]{iIyK©�c+©PhPS¶|^i�oaSRcÄ_aije2h0|PS�´6¿ S~]{z�y2c�S¶ºg»
hPS�]{S�_koaeg©P�gS�|PyKh�]¶´�S¬zP´«yKh°|^S¬´6¿ �~c�oqyKh¼ÂIcK¿ SR]`_#�=±��=|PijoaS�]kiw´�yCzPMPeg_ke2fgoqyKzPMPi�S�yC��_k��zPoki«]kS¬]ayKh�]
yg©�c�©Ph³yg´ji�fgh�S+QbS+h�_R¯

TwM�ygc�©�h¹|^Sbc�S~]�c+y2]¸|^e2iÅ_ 6�_koaS�_koqyKij_k�b]k�+z�ygok�RQESRh2_�´je2oa]¸|^Sb´Ç¿ ��_qyK´�eghPh>yKfgSE|^SE´«y�c+ygQE�Roay�c+ygo¸i�´�]
zAe�]k]kOR|^SRh2_,caM�y2c�©Phb|^S~]-zPoaegzPoaij�+_k�~]-|^i 8&�+oaS+h�_kSR]R¯2Y\©PoÚ´«y ��fg©PoaS ��ÂKcaM�y2ª2©�S�i�Q�yKfgSNSR]{_,c�e2h�]{i«|^�Rok�RS�yG�gSRc
´«y��gS+ok_ki«c+yg´jSNz�ygoayg´j´�O+´�SDyK©^·EAegoq|P]-f�yK©�cqMPSNS+_w|^oke2iÅ_Ã|^Sd´6¿ �~c�oaygh}É�©�hPSDoaeK_qy�_aije2hEyg©^_ke2©Po,|PSD´«y�hPegoaQ�yK´�S
yg©¬zP´«yKh�|^S¸´6¿ �~c�oqyKh¬hPS�cqM�yKhPf2Suoki�S+h�±¶´«y�c+egh ��f2©Poqy�_ki�egh¬|^S~]�zAegi�h2_q]N|^Sul¢©Pij_kS,ÉPc+S�_{_aS¸zPoaegz�oki���_a�u]kS+oqy
S+·\z�´je2iÅ_a�+Sb´je2oa]�|^S�´Ç¿ ��_qyK´�eghPh>yKfgSb|^Sb´«y³c+ygQE�Roay�¯&�4SR]�´�ijf2hPSR]�z�y2]k]ayKh�_�z�yKo}´�SR]�zAegi�h2_q]}|^Sbl¢©PiÅ_aS ��hPi«]
]kegh�_�ygzPzAS+´��+SR]��ç¥ �g�A£9' )2£ 
q�^¥Í�=£+ÂA_aeg©^_�c�e2QEQbSE´jS~]¸´ji�fgh�SR]¸z�yKoqyK´�´jOR´jS~]uyK©P·C|PijoaSRc�_ki�egh�]�|^SR]¸zAegi�h�_a]�|^S
l¢©Pij_kS�ijh ��hPi«]+¯

��� ��� � & � � �� �\� � � Ö % �0Ù�� �Ç� �� ��Ô$� ��$� � ��Ù �
�4y®zPoaS+Qbi�O+oaS²��_aygzAS¾|P©�_koqyKij_kSRQESRh2_³c+egh�c�SRokh�SC´�S¹caM>yKoafgS+QbSRh2_�|^S¾´6¿ i�Q�yKfgS²e2oki�fgi�h�yg´jS2¯NTwS�_{_aS

i�Q�yKfgS}zAS+©^_#�=6�_aoaS�©�hPS}i�´�´j©�]{_koqy�_ai�egh¼ÂP©PhPS�zPMPeK_aegf2oaygzPMPijS2Â\´�S�c+okij_kORokS}zPoki�h�c�i�z�yg´¼��_aygh2_À´�ybzPoa�R]kS+h�c+S}|^S
´�ijf2hPSR]�|^SEl¢©PiÅ_aSbzAS+oaQbS�_{_qyKh�_�´6¿ �+_ayK´�egh�h�yKf2S�|^Sb´�y�c+ygQE�Roay�¯An,´j©>]�´�y�oa�R]keg´�©^_ki�egh¾|^SE´6¿ ijQ�yKf2S�SR]{_��R´jS��
�g�RSgÂÒz�´j©�]}´�Sboa�R]k©P´j_ayK_ �>h�yK´,SR]{_}zPoa�Rc+i�]�Q�yKi«]�zP´�©�]}´�SE_aS+Qbz�]�|^S�c+yg´�c+©P´,yK©�fgQbS+h�_kSg¯�PdhPS�i�Q�yKf2SES+h
1024 × 768

|^eghPh�S�|^S�Ae2h�]�oa�R]k©P´j_ayK_a]RÂ\Qbygi�]N´�SR]�_kS�·\_a©PokS~] ��h>yK´�SR]N]kegh�_N©Ph�zASR©���eg©PS~]+¯HPdhPS}ijQ�yKf2S
SRh

2592 × 1944
§6�³Qb�+f2ygzPij·\SR´�]q¨¸zASRokQbS�_�|¼¿ e2^_kSRhPijo�|PSR]}_aS�·\_k©PoaSR]}_aokO~]}h�S�_{_aSR]R¯�nIe2©Po¶QbyghPi�zP©P´�S+o

|^S~]Ãi�Q�yKf2SR]w|^S¸c�S�_k_kSÀ_qyKi�´j´�SgÂ�i�´ASR]{_�zPok�+l¢�+oqyKP´�Suª2©4¿ SR´j´�SR]�]{e2ijSRh2_�c+egQbzPoaSR]a]{�RSR]Ãy~�gS~cd©Ph�c�e^|PygfgS��K¤����
z�ygo�S+·\SRQbzP´jS2¯��4S�_ayK©P·"|^S�c�egQbzPoaSR]a]{i�egh"hPS¬|^e2iÅ_�z�yg] 6�_aokS�_aoke2z"�+´�S+�g�¬|^S¬Q�yKhPi�O+oaS�±Cc�S¬ª�©PS�´�SR]
ygo{_aS�lmygc�_a]D|^S}c+egQbzPoaSR]a]{i�egh�h�©Pi«]kS+h2_d´�S}QEe2ijh>]NzAe2]a]{i�P´�S�±E´«yb|^�+_kSRc�_ki�egh0|^SR]D´ji�fgh�SR]D|^S�l¢©Pij_kSg¯

�¼S,z�okSRQEi�S+o¼_aoaygiÅ_aS+QbS+h�_�ygzPoaOR]¼´jSwcaM>yKoafgS+QbSRh2_¼S~]`_�´«ydc�e2h��gS+oq]kije2h¸S+h�hPi��gSRyg©^·�|^SÃfgoai«]ÒSRh}©^_aij´�i«]kygh2_
´«y�l¢egoaQ¶©P´�S}]{©�ij�KyKh2_aSbÁ

G = 0.299R + 0.587V + 0.114B

(R, V,B)
��_qyKh�_�´«yCc�e2©P´�S+©Po

(Rouge, V ert, Bleu)
egoaijf2ijh�yg´jS�S+_

G
´�S�h�ij�gS~yK©®|PS¬fgoai�]���h�yg´6¯ÚTwS+´«y

zAS+oaQbS�_d|Ò¿ egP_kS+h�ijoD©PhPS}ijQ�yKf2S�|^S�´�©PQbijh�ygh�c�S}ª�©PiÒS~]`_D©P_ki�´ji«]{�RS�zAeg©PoD´�yb|^�+_kSRc�_ki�egh³|^S~]Dc�egh�_keg©�oa]R¯PY\i
´6¿ i�Q�yKf2S¸e2oki�fgi�h�yK´�SuS~]`_À|^�`p{±bS+h³hPi��gSRyK©P·�|^S�f2oki«]RÂ\´«ybc�e2h��gS+oq]kije2h¬h¼¿ SR]{_Dz�y2]NhP�~c�SR]a]kygijoaSg¯

QSR )TQSU



Ê��A�k¤ � º

��� ��� � � �2Ö��\ØKÖ	�ÇÔ � % ���bØ2Ô � ÖRÔA� ���
nIeg©�od|P��_kS~cÄ_aS+od´�SR]DzAe2ijh�_a]d|^S�l¢©�iÅ_aS¶|^S}´6¿ i�Q�yKf2SgÂ^h�eg©�]D©^_aij´�i�]kegh>]D´�ybzPoa�R]kS+h�c�S�|^S}´�ijf2hPSR]d|^S�l¢©Pij_kS

|Pygh�],´Ç¿ i�QbygfgS2ÂKzAe2©PoÃc+S+´«y}|^S~]Ã|^oaegij_kSR],eg©�|^SR]Ã]kS+f2QbS+h2_q]Ã|^egi��gS+h2_/6+_koaSdS�·\_koqyKij_a],|PSd´6¿ i�Q�yKf2Sg¯Kr ´>S�·^i«]`_aS
©PhPS}fgoqyKh�|^S�ª�©�yKh2_aij_k�}|Ò¿ yK´�fge2okij_kMPQbS~]wzAS+oaQbS�_{_qyKh�_d|Ò¿ S+·\_koqyKi�okS�c�SR]NzPoaijQbij_ki��gSR]RÂ^´jS~]�z�oki�h�c�i�z�yK©P·¬]kegh�_
�y2]{�~]d]k©Pou|^©���´Å_aoaygfgS¶�K»�¯A�¼SR]E¦a���>�=�K�^�2'¶|^SR]de2\p`S+_a]u]{e2h2_uc+egh�]ki�|P�+oa�R]dc�e2QEQbS�´�SR]dSRh�|^oaegij_a]de;:C|^S
l¢e2o{_aSR]���ygoki«y�_aije2h�]4|^S�´�©PQbijh>yKh�c+Swe2h2_-´ji�S+©¼¯�ÐÀeg©�]I©^_ki�´�i�]kegh�]-yK©�cqMPegij·�|^SR©^·¶c+yK_k�Rfgegoai�SR]4|Ò¿ yK´�f2egoaiÅ_aMPQbSR]
|^e2hPh�yKh�_d|^S~]Noa�R]k©P´j_ay�_q]D|^i 8&�+oaS+h�_a]RÂP´Ç¿ ©PhPS}�y2]{�RS�]k©PoD´�SR]D´�ygzP´�y2c�i�S+h�]RÂ^´Ç¿ yK©^_aokS}]k©PoD´�SR]Dfgoqyg|^i�S+h2_q]+¯

ÓÕ��Ö��Ô % � %I� Ù � �-Ù ��Ø�� � � �

v,´j´�S�c�e2h�]{i«]{_kSb±�©^_aij´�i«]{SRo}©Ph �>´Å_aokS�ª�©PiÃ|^�+oai��gSb|^SR©^·²l¢egi«]�´jS~]}c�e2Qbz>e�]kygh2_aSR]�|^Sb´6¿ ijQ�yKf2S³§ ��fg©PoaS
� �¼Î`ÌqÏ�¨Ä¯�nIe2©Pouc�S+´«yb©Ph���´Å_aokS¶|^S¶c+egh\�geg´�©^_ki�eghC�K»ÕS~]`_À©^_ai�´ji«]{�,É>zP´�©�]{i�S+©�oa]dhPe�[2yK©^·�]kegh�_dzAe�]k]kij�´jS~]DS�_
hPe2©�]N©^_aij´�i«]{e2h�]N´�S�hPe�[2yK©³]{©�ij��ygh2_dcRyKoDij´4|^e2hPhPS}|PS�Ae2h�]Noa�R]{©�´Å_qy�_q]¸Á

1

8





−2 1 −2
1 4 1

−2 1 −2





TwS��>´Å_aokS�h¼¿ SR]{_Àz�yg]À]k�+z�ygoaygP´jS}|PijoaSRc�_kS+QbSRh2_u|^e2h�c}|PS+Q�yKh�|PS}©�hPS�fgoqyKh>|^S}ª�©�ygh2_kij_k�¶|PS¶c+yK´«c�©�´�]R¯
ÐÀeg©�]NzAe2©P�gegh>]�oaS+Q�yKoqª�©PS+oDª2©�S}c�S���´j_koaS�SR]{_D´«yb]kegQbQbS}|^S}|PS+©^·���´j_koaSR]À�K»Õ]{�Rz�yKoqyKP´�SR]¸Á

1

8





−2 1 −2
1 4 1

−2 1 −2



 =
1

8





−1 2 −1
−1 2 −1
−1 2 −1



 +
1

8





−1 −1 −1
2 2 2

−1 −1 −1





TwM�ygc�©�hµ|^SR]b|^S+©P·"_aS+oaQbSR]E|^S�´«y¾]{e2QEQbS�oaS+zPoa�R]kS+h�_kS¬´�S ��´Å_aoaygfgS�]k©Pi���yKh�_E©PhPS³|^i�okS~cÄ_aije2h §m´�y��
zP´«ygc+ijSRh�]�MPe2oki	�+e2h2_ayg©^·CS+_}�gSRo{_ai«c+yK©^·�¨�¯�TwSR]}|PS+©^· ��´j_koaSR]�]{e2h2_�]k�+z>yKoqyKP´�SR]¸S�_�©^_aij´�i«]{S+h�_�´�SR]}hPe�[2yK©^·
[−1 2 − 1]

S+_
1/8 [1 1 1]

¯��¼SR]N_kS+Qbz�]d|PS}cRyK´«c�©P´4]{e2h2_d|^e2h�c�|^i�Qbijh\©P�R]R¯

PdhPS¸l¢egi«]�´jS~]�´�ygzP´«ygc�i�S+h�]Nc+yK´«c�©P´��R]RÂ\hPeg©�]�egP_kS+h�egh�]�©PhPS¸i�Q�yKf2Sue;:�´jS~]�hPi��gSRyK©P·�oaS+zPoa�R]kS+h�_kSRh2_�´�SR]
c+eg©PoaP©PoaSR]�§mhPegQ¶�okS~]NzAe�]{ij_kijlm]DS�_dh��+f2yK_kijlm]a¨�¯�Pdh0z�yg]a]kygfgS¸z�yKo �+�+oaebokSRzPok�~]{SRh2_aS¸©�h0caM�yghPfgSRQbS+h2_À|^S
c+S�_{_aS¬c�eg©�okP©�okSgÂ4cK¿ SR]{_¶c+S�ª�©PS�h�eg©�]}�ge2©P´�egh�]�|^��_aSRcÄ_aS+o~¯ITwS+_{_aS��+_aygzASC§ ��f2©PoaS � �¼Î��`ÏG¨¸oaS+h��ge2ijS�©PhPS
i�Q�yKfgS�Pijh�ygi�okS�§ ��fg©�okS ��� Î �`ÏG¨Dc�e2h2_aS+h�yKh�_u|^SR] �A¥ �\£9� ' �%�jÌK�A¦9'�oaS+zPoa�R]kS+h�_ayKh�_d´jS~]dz�yg]a]ayKfgS~]Nz�yKo �+�+oae�¯
�Ã¿ �+_ayKzAS¬]{©�ij��ygh2_aS�c�e2h�]{i«]{_kS�±³Qb�+Qbe2oki«]{SRo}´�SR]�zPij·\SR´�]�´�SR]�zP´�©�]�i�QEzAe2o{_qyKh2_q]RÂ¼S+h�´Ç¿ e^cRc�©PoaokSRh�c�S�c+S+©^·
zAe2©Po�´jS~]kª�©PS+´«]w´«y¶hPegoaQbSu|^S~]wf2oay2|^ijSRh2_q]w|^S¸´Ç¿ i�QbygfgSuegoaijf2ijh�yg´�SdSR]{_N]k©PzA�+oai�S+©PoaSu±¶©Ph�]{SR©Pij´6¯�TwSR]Ãl¢e2o{_q]
f2oay2|^ijSRh2_q]ÀoaS+zPoa�R]kS+h�_kS+h�_¸´�SR]�caM>yKhPf2S+QbS+h2_q]ui�QbzAegok_ayKh�_a]¸|PSE´j©PQbi�h�yKh>c�Sb|PyKh�]¸´6¿ i�Q�yKf2S¶e2oki�f2ijh�yg´jS¶S+h
hPi��gSRyg©^·�|^S}fgoai«]+Â^S�_À|^egh�c�´jS~]Dc�e2h2_aeg©Poq]+¯

Y\S+´�egh°´jS¬_`[�zAS�|PS�]kS+©�ij´�´�ygfgS¬S98&SRc�_k©P�¹§ ��fg©�okS~] � �4Î )ÄÏ�Â � �4Î`£ Ï�Â � �4Î �ÄÏ�¨ÄÂI´jS~]¶f2oay2|^ijSRh2_q]¶]kegh�_E]kegij_
cRyK´«c�©P´��R]D]k©PoD´jS~] �R�+oke�]N|^©³´«yKzP´«ygc�i�S+h"§ ��f2©PoaS � �¼Î`¦`ÏG¨�ÂP]{e2iÅ_d]k©PoD´6¿ i�Q�yKf2S�c+egQbzP´�O�_kS�§ ��f2©PoaS � �¼Î 
+Ï�¨Ä¯

nIeg©�o,c+yg´�c+©P´�S+oÚ´jS~]-f2oay2|^i�S+h2_q]-|^SD´6¿ i�Q�yKf2SgÂ�hPe2©�]-©^_ai�´ji«]{e2h�]-©�h �>´Å_aokSd|^Sdc�e2h��geg´�©^_aije2hb�K» i«]keK_koaegzAS2Â
cg¿ S~]`_#�=±��=|^i�okS}ª�©Pi4hPS}lmyG�gegoai�]kS}yK©�c+©PhPS�|PijoaSRc�_ki�egh³z�ygo{_ai�c+©P´ji�O+oaS,ÉP´�y�|PijoaSRc�_ki�egh0|^S~]Df2oay2|^ijSRh2_q]Dc+yg´�c+©P´��R]

)*) ß%+-,/.0.�1



� � �u�����jÌK����£������u����Ì�� ����¦q¡

�����	� � � � n,oae^c��~|^©PoaSR]�zAe�]k]kij�´jS~]�zAeg©�oD´�yb|^�+_kSRc�_ki�egh0|^SR]dc�e2h2_ke2©Poq]

QSR )TQSU



Ê��A�k¤ � �

�����	� ��� � »u��_kS~cÄ_aije2h¾|^S~]¸c�e2h2_ke2©Poq]�§�Î`ÌqÏbi�Q�yKf2S¶S+h²hPi��gSRyg©^·C|^S�f2oki«]RÂwÎ�� Ïbz�yg]a]kygfgS~]Dz>yKo �R�+oae�|^SR]
´«yKzP´«ygc+ijSRh�]RÂ�Î`¦ Ï}]kS+©Pi�´�´�ygfgSu]kijQbzP´�S¸|PSR] �R�+oae2]w|^S~]w´«yKz�´�y2c�i�S+h�]RÂ�Î )qÏ}]kS+©�ij´�´�ygfgSu]ki�QEz�´jS�|^S¸´�y¶hPe2okQbS¸|^SR]
f2oay2|^ijSRh2_q]a¨

)*) ß%+-,/.0.�1



� � �u�����jÌK����£������u����Ì�� ����¦q¡

S~]`_�©Ph z�ygoaygQbO�_koaSCi�QEzAe2o{_qyKh�_�zAeg©Po³|^��_aS+oaQEi�hPSRo�´�SR]�|^i�okS~cÄ_ki�egh>]�|^SR]�´�ijf2hPSR]�|^S²l¢©Pij_kSg¯d�¼S ��´Å_aokS
|^S��PoaS+i �{TwMPS+h°yKzPz>yKok_ki�S+h2_E±²c+S�_{_aS�c+y�_a�+fge2oki�SgÂ�]kegh®hPeG[2yg©�zAeg©�o¶´«y²|^�+_kSRc�_ki�eghµ|^S¬´«y²c�e2QbzAe2]ayKh2_aS
MPe2oki	�+e2h2_qyK´�SuS~]`_d´jS�]{©�ij�KyKh2_�Á

1

2 +
√

2





1 0 −1√
2 0 −

√
2

1 0 −1





nIeg©�oD´«ybc�egQbzAe�]kygh2_kS¸�gSRo{_ai�cRyK´�SgÂ^hPeg©�]D©^_ki�´�i�]kegh�]}Á

1

2 +
√

2





−1 −
√

2 −1
0 0 0

1
√

2 1





TwS���´Å_aoaS}h¼¿ S~]`_Àz�yg]d]k�+z�ygoaygP´jS2Â^Qbygi�]dc+S}h¼¿ S~]`_Àz�yg]D�\oqyKi�QbS+h2_d©^_ki�´�S�|Pygh�]DhPeg_koaS}c+y2]Nz>yKoD´«ybzPoa�	�
]kS+h�c+S�|^S�hPe2Q¶PokSR©^·

0
S�_

1
¯&�¼S~]

0
h4¿ i�h2_aS+oa��i�S+h�hPS+h�_¸z�yg]¸|PyKh>]À´�SR]¸c+yK´«c�©�´�]RÂ>´�SR]

1
oaS+zPoa�R]kS+h�_kS+h�_¸|^S

]kijQbzP´�SR]�yg|P|^ij_ki�egh>]+ÂÒS�_�´�SR] −1
|^S�]{i�QbzP´jS~]}]keg©�]{_koqygc�_ki�egh�]R¯&�¼S�c+e\S�Ñ�c�i�S+h�_�|^SbhPe2okQ�yg´ji«]ay�_ki�egh²zAS+©P_

6+_koaSNQbi�],]keg©�]Il¢e2okQbSD|^Sdc+egh�]{_aygh2_kSD|Pygh�]-´�Sdc�e^|^Sd]{e2©Poac+S�zAeg©Po,hPSDz�yg]ÚyG�gegi�oÚ±¸´�SDokS~c+yK´«c�©P´�S+oÚijh\©^_ki�´jS��
QbS+h�_R¯KnÚyKo,c�e2h2_aokS2ÂG´«y¸zPok�~]{SRh�c�SD|^SR]-oqygc+ijh�SR]-c+ygokoa�+S~]�hPeg©>]Il¢egoqc�SN±�c�e2h��gS+ok_aijo-´6¿ i�Q�yKf2S�S+hEh�ij�gS~yK©^·�|^S
f2oki«]IS+hEhPe2Q¶PoaSR]��>eK_{_qyKh�_a]D§mzPoae^c��~|^©PokSNc+e��^_aS+©�]kSNS+h�_aS+Qbz�],|^SDcRyK´«c�©P´Í¨�S�_Ã±¸©^_ki�´ji«]kS+o,|^S~]-egzA�RoayK_ki�egh�]
]k©Pod´jS~]DhPe2Q¶PokS~] �>eK_{_qyKh�_a]DzAe2©Pod´jS¶c+yK´«c�©�´4|^© ��´j_aokS�§Çc�e��^_kS+©>]{S~]dyK©�]a]{iÍ¨�¯P�4S�_kSRQbz�]À|^S�cRyK´«c�©P´¼h¼¿ SR]{_
��h�yg´�S+QbS+h2_�z�y2]u_aoke2z¾�R´jSR�g�Ez>yKo�oqyKz�zAegok_�±�´«y�|^�+_kS~cÄ_ki�egh�|^SR]�´�i�fghPS~]�|PSEl¢©Pij_kS�z>yKo�S+·^S+QbzP´�SgÂ¼cg¿ S~]`_
zAe2©Podc�S+´«ybª�©PS�hPe2©�]NoaS�_kSRhPegh>]Nª�©�ygh�|�Q76+QbS�c�S�_k_kS}Qb��_aMPe^|^S2¯

Ðdeg©>]¬�geg©P´�egh�]�S%8AS~cÄ_a©PS+o�©Ph ]kS+©Pi�´j´«ygfgS²]{©Po�´«y®hPegoaQbS²|^SR]�fgoqyg|^i�S+h�_a]²§ �>fg©PoaSR] � �¼Î )ÄÏGÂ � �4Î`£ Ï�Â
� �¼Î �ÄÏ�¨Ä¯g�4y�hPe2okQbSDª�©PSDh�eg©�]ÚoaS�_aS+hPegh>]-SR]{_,´«y�hPegoaQbS

L2

cRyKoÚSR´j´�SDS~]`_ÃcRyK´«c�©P´��+Sd|^SD´«y�Q76+QbSDQ�yKh�ijORokS
zAe2©Po}_aeg©^_aSR]�´�SR]¶|PijoaSRcÄ_ai�egh�]RÂ4c+SRc�iwSR]{_¶ijQbzAegok_aygh2_¶zAeg©Po¶´«y³zPoai«]{S�S+h®c+egQbz^_kS¬|PSR]�´�ijf2hPSR]¶|^S�lÍ©�iÅ_aSg¯
�Ã¿ ©^_aij´�i«]kyK_ki�egh�|^© ��´j_aokS�i�]keK_aoke2zAS¸|^S���okSRi��{TwMPS+h�S~]`_-p`©�]{_ki ���+S�c+ygo�´�S}c+yg´�c+©P´Ò|^S}c+S�_k_kS�hPe2okQbS¸hPS}|^e2iÅ_
z�y2]&6�_aokS�fC6+hP��z�ygoN©�h �>´Å_aokS}|PS}c+egh��2eg´�©^_ki�egh�yghPi«]{eg_koaegzASg¯

�¼S�]{SR©Pi�´j´«yKf2Su]ki�QEz�´jSb§ ��fg©�okS � �¼Î )ÄÏG¨wc�e2h�]{i«]{_kS¸±�hPS�c+egh�]kS+oa�gS+o�ª�©PS¸´�SR] �+�Roke�]w|P©�´�ygzP´«ygc�i�S+h¬zAe2©Po
´�SR]aª�©PS+´«]À´«y�h�egoaQESE|^©²fgoqyg|PijSRh2_uSR]{_�]k©PzA�+oaijSR©PokS�±¬©Ph¾]kS+©Pi�´6¯¼Tu¿ S~]`_¸´«y¬QE�+_kMPeP|^S�´«y�zP´�©�]uoqyKz�i�|^S�S�_
|^e2hPhPS}|PS�Ae2h�]Noa�R]{©�´Å_qy�_q]�SRh�fg�RhP�+oqyK´6¯

�¼S�]kS+©Pi�´j´«yKf2S,z>yKo�M\[^]`_a�+oa�R]ki�]w§ ��fg©PoaS � �¼Î`£`ÏG¨¼©^_ki�´�i�]kS�|^SR©^·�]kS+©�ij´«]+Â~´�Sw�y2]�S�_I´�SwM�yg©^_RÂGS�_Il¢egh�c�_ki�eghPhPS
c+egQbQbS¶]{©Pij_�Á>]ki�´�y�hPe2okQbS¶|^©0f2oay2|^i�S+h2_ÀSR]{_u]k©PzA�+oai�S+©PoaS�yK©C]kS+©Pi�´4M>yK©^_~Â�´�S�z�iÅ·^S+´�S~]`_uokS+_kS+h\©�ÉA]ki4´«y
hPe2okQbSNSR]{_,ijhPlÍ�Roki�S+©�okSDyg©b]kS+©Pi�´P�yg]RÂ�´�SNz�iÅ·^S+´PS~]`_,oaS`p`S�_a�,Ég]{i�hPe2h¼ÂK]ki�yK©EQbegi�h�]Ú©Phb�gegi«]kijhb|^©bzPij·^S+´�y¸´«y
hPe2okQbSÀ|^S¸]{e2h�fgoqyg|PijSRh2_w]{©�zA�+oaijSR©PokSÀyg©�]kS+©Pi�´>M�yg©^_RÂ�´jSuzPiÅ·^SR´>SR]{_wokS+_kSRh�©¼¯\�¼SR]Ã�ge2i�]kijh>]Ãc�egh>]{i«|^�+oa�R],hPS
]kegh�_uª�©PS¶´�SR] �R�+oae2]À|^©C´«yKzP´«ygc+ijSRhC|PyKh�]À´�S����=�gegi«]kijh�ygfKS�|^©²zPiÅ·^SR´Ic�e2©Poaygh2_~¯&TwS�_k_kS�QE�+_kMPeP|^S¶okS{p`S�_k_kS
Qbegi�h�]�|^S�zPij·^S+´«]�ª�©PSb´�S�]kS+©Pi�´�´�ygfgS�]{i�QbzP´jS�z>e2©Po}´�SR]}f2oay2|^i�S+h2_q]¸lÍe2o{_q]RÂÒz�ygo�c�e2h2_aokSboaS`p`S+_{_kS�zP´�©�]�|^S
f2oay2|^ijSRh2_q]wlmyKi�P´�SR]RÂ^�~c+yKok_aygh2_D|Pegh�c¸z�´j©�]D´�S��ok©Pij_R¯

�¼S¾]{SR©Pij´�´«yKfgSCz�yKo�M�[^]`_a�+oa�R]ki�]�zAS+©P_�yK©>]k]kiu]kS²]kS+oa�\ijo�|^© ���=�gegi«]{i�h�yKfgSCc�egQbzP´�S�_¹§ ��fg©PoaS � �¼Î ��ÏG¨
§Çc�egQbQbS"|^�Rc+okij_0|PyKh�]KM � O¢¨¬Q�yKi«]�h��Rc�S~]k]kij_kS¾´�S"c+yg´�c+©P´�|PSR]�fgoqyg|^i�S+h�_a]�zAeg©Po�_aeg©^_aS¹´6¿ i�Q�yKfgS §mzP´j©>]
e2z^_ki�Qbi�]k�Cª2©�S³´�SCc+yg´�c+©P´À|^SR]�f2oay2|^i�S+h2_q]�|^SR]��"�gegi«]{i�h�]bzAe2©Po�cqM�ygª�©PS �+�+oae�|^©�´«yKzP´«ygc+ijSRh¼Â,cRyKo�hPS

QSR )TQSU



Ê��A�k¤ � �

cRyK´«c�©P´�SC´jS²fgoqyg|PijSRh2_¬ª�©¼¿ ©PhPS¾]kS+©P´�S0l¢e2i�]¬zAeg©Po�cqM�y2ª2©�SCzPiÅ·^SR´«¨�¯��¼SR]¬ok�~]{©�´Å_qy�_a]�e2^_kSRh�©�]¬z�ygo¬c+S�_k_kS
Qb��_aMPe^|^Su]{e2h2_w]kijQbi�´�ygijoaSR],yg©�]{SR©Pij´�´«yKf2SNz>yKoÃM�[^]`_a�+oa�R]ki�]Ãy~�gS~cN´�Sd�ge2i�]kijh>yKfgSDz�yKok_ki�S+´�S�_wh¼¿ SR]{_w|Pegh�cDz�y2]
�\oqyKi�QESRh2_-p`©�]{_ki ���+S�cRyKodc�e2h�]{e2QbQES�zP´�©�]d|^S¸_aS+Qbz�]d|^S�c+yg´�c+©P´6¯

ÓÕ��Ö��Ô % � % �\�  ��� % � � � ÖR���

v,´j´�S�SR]{_}S+h¾lmyKij_}©�h"]{e2©�]��6SRh�]{SRQ¶P´jSb|^Sb´«y�QE�+_kMPeP|^S�|^©¹´«yKzP´«ygc+ijSRh¼¯Ò»¸yKh>]�©Ph¹zPoaS+Qbi�S+o¸_aS+Qbz�]RÂ
´�SR]�f2oay2|^i�S+h2_q]�]{e2h2_�cRyK´«c�©P´��R]¬]k©Po¬´Ç¿ i�QbygfgS²c�egQbzP´�O�_aS°§ �>fg©PoaS � �¼Îm¡~Ï�¨bz�ygo�´�S���´j_koaS²|^S �PoaS+i �{TwMPS+h
ygAegoq|^��z�ok�~c��R|^SRQbQESRh2_~ÂÚz�©Pi�]�´«y¹hPegoaQES

L2

S~]`_¬c+yK´«c�©�´j�RS�zAe2©Po�cqM�y2ª2©�S�zPij·^S+´6¯,��y¾Qb�+_kMPe^|PS0|^©
]kS+©Pi�´�´�ygfgSÀ]ki�QEz�´jS¸c�e2h�]ki�]{_kSu±�h�SÀoaS�_aS+hPi�o�ª�©PSu´jS~]wzPiÅ·^SR´�]�|^egh�_�´�y¶hPegoaQbSu|^©¬fgoqyg|^i�S+h�_ÃS~]`_N]k©PzA�+oaijSR©PokS
±�©Ph²]kS+©Pi�´w§ ��fg©PoaS ��� Î )qÏG¨�¯>��ybQb�+_kMPe^|PS¶|^©²]kS+©Pi�´j´«yKf2S}z�ygodM\[^]`_a�+oa�R]{i«]Nl¢e2h�cÄ_aije2hPhPS�c�egQbQbS¶|^�~c�oaiÅ_aS
zPoa�Rc+�R|^SRQEQbSRh2_dS�_d´jS����=�gegi«]kijh�ygfKS�|^SR]DzPij·\SR´�]DSR]{_D©^_aij´�i«]{�2¯

Ó ��Ö��Ô % � ����Ö � � � ���

L4e2©^_kS~]�´�SR]NQb��_aMPe^|^S~]D|^�Rc�oaij_kSR]Negh�_D´jSR©Poa]Dy~�KyKh�_ayKf2SR]wS�_D´�S+©�oa]Nijh�c+egh\�g�+hPi�S+h�_a]NS�_d]kegh�_D|Pegh�c¸ijQ �
zP´��+QbS+h�_k�RSR]d|Pygh�]ÀÊ��A�a¤ Ë�Ì 12£��Ä¯ PÀhPS}Qb��_aMPe^|^S}SR]{_d©^_ki�´�i�]k�+S}z�ygod|^��lmyg©^_�Á�c+S+´�´jS�|^©³´«yKzP´«ygc+ijSRh�yG�gSRc
´�S�cRyK´«c�©P´w|^S~]}f2oay2|^i�S+h2_q]}]k©Po�´�SR] �+�Roke�]}|^©�´«yKzP´«y2c�i�S+h"S�_�]kS+©Pi�´j´«yKf2S�]kijQbzP´�S²§mcqMPS+Qbi�h(Î`Ì �q¦*)ÄÏ�]k©Po�´«y
��f2©PokS � �ES�_doa�R]k©P´Å_qy�_q]N]k©PoD´«y ��f2©PokS ��� ¨Ä¯

�4y�Qb��_aMPe^|^S�|^©¹´«yKz�´�y2c�i�S+h¾okSRh��gegi�Sb|^SR]}c�e2h2_aeg©Poq]¸|PS � zPij·\SR´,|^Sb´«yKoafgS+©Pob§ ��fg©�okS ��� Î`¦`ÏG¨Ä¯¼�¼S~]
|^i�oaSRcÄ_aije2h�]}|^S~]�c�egh�_ke2©Poa]}]kegh2_¶|^e2h�cbzP´j©>]}zPoa�Rc�i«]kSR]RÂ¼c�egh�_koqyKi�okSRQbS+h2_�±�´«y�Qb�+_kMPe^|PS�|^SR]}f2oay2|^ijSRh2_q]
zAe2©PoD´«ygª�©PSR´j´�S}´jS~]dc�e2h2_ke2©Poq]Dc�egQbzAe2o{_aS+h2_dzP´�©�]kijSR©Poa]DzPij·^S+´«]DS+h0´�ygokf2S+©Po}§ ��fg©�okS ��� Î )qÏG¨�¯�»uS}z�´j©�]RÂ�´jS
hPe2Q¶PoaS�|PS�zAe2ijh�_a]¶|PyKh�]�´�y0´ji«]`_aS �>h�yK´�S�SR]{_¶zP´�©�]}lmyKi�P´jS2Â�ygcRc��+´��+oqyKh�_�|^S�QbyghPi�O+oaS�]kijf2hPi �>c+yK_ki��gSb´«y
|^�+_kSRc�_ki�egh0|^SR]D´ji�fgh�SR]D|^S�l¢©Pij_kSg¯

�¼S�]kS+©Pi�´j´«yKf2Sb]{i�QbzP´jS�y��+_k��okS+_kS+h\©"c+yKo�c�S�ª�©Pi,SR]{_�c�e2h�]{i«|^�+oa�bc�e2QEQbS �+�Ä�^¥Í�¸|�yKh�]�´�S�]{SR©Pi�´j´«yKf2S
z�ygoÀM�[^]`_a�+oa�R]ki�]dS�_¸ª�©Pi�SR]{_ÀoaS`p`S+_k�¶zAS+©^_uSRh³lmygiÅ_�6+_koaS¶]{e2©P�gS+h�_À©PhCS+h�]kS+Q¶P´�S�|^S¶z>S+_kij_a]¸]{SRfgQbS+h�_a]À]kS
_aoke2©P��yKh�_}]k©Po}´�SR]}´ji�fgh�SR]}|^Sbl¢©Pij_kSg¯-TwS~]�zAS�_aiÅ_q]�]kS+fgQbSRh2_a]}ygQb�+´�ije2okSRh2_�SRh¹f2�+hP�Roayg´-´�y³|P��_kS~cÄ_aije2h"|^S
c+SR]N´�ijf2hPSR]D|PS¸l¢©Pij_kS2¯

��� ��� 
 � �2Ö��\ØKÖ	�ÇÔ � % ���bÙ �  � �\� % ��!=� �¢Ö �
TwegQbQbS�S�·^zP´�i�ª�©P�³|PyKh�]E´�y¾]kSRcÄ_ai�egh �^¯ � S�_�]k©PoE´«y ��fg©PoaS³�^ÂIhPe2©�]EyG�gegh�]E|^�Rc+i�|^�³|^S³|^��_aSRcÄ_aS+o

´�SR]dzAegi�h�_a]À|^S}l¢©�iÅ_aS¶z�yKod_koqyKh�]{l¢egoaQb�+SR]d|^S��de2©PfgMC]{©�cRc�S~]k]kij�gS~]}§Ç|^��_aSRc�_ki�eghC|PSR]d´�ijf2hPSR]À|^S}l¢©Pij_kS�z�yKo
_aoaygh�]`l¢e2okQb�+S�|^S��Àeg©Pf2M³zAe2´�ygijoaSgÂPzP©Pi«]u|^��_aSRcÄ_aije2hC|^SR]dzAe2ijh�_a]u|^S}l¢©Pij_kS¶z�ygodzPoaeKp`SRc�_ki�egh0]k©PoÀ´Ç¿ MP�RQEi �
]kzPMPO+oaS¶f2yg©�]a]{i�S+hPh�S~¨Ä¯A�4S¶�©^_�|^S�´«y�zPoaS+Qbi�O+oaS�_koqyKh�]{l¢egoaQb�+S�SR]{_�|^S¶_koaeg©P�gSRoÀ´�SR]u´�ijf2hPSR]u|PS¶l¢©PiÅ_aSgÂ&´«y
]kSRc�e2h�|^S�´�SR]NzAe2ijh�_a]d|^S¸l¢©�iÅ_aSg¯>Ðde2©�]NhPe2©�]Ni�h2_k�RokS~]k]kegh>]�zAeg©PoD´�S�Qbe2QESRh2_À±E´«yEzPokSRQbijORokS2¯

r ´¼S+·\i«]{_kS}zP´�©�]kijSR©Poq]N_ [\zASR]À|^S�_aoqyKh�]{l¢egoaQE�RSR]D|^S��Àeg©Pf2M0]{SR´je2h�´�S�_`[\zAS�|^S�zPoaijQbij_ki��gS�±bQ�yKhPi�zP© �
´�S+o4ÉÒ|�yKh�]¸hPeg_koaSbc+yg]RÂ&ij´,]R¿ ygfgij_�|^S~]�|^oaegij_kS~]E§mzAeg©Po}|P��_kS~cÄ_aS+o�´�SR]�´ji�fgh�SR]�|^SEl¢©PiÅ_aS~¨�¯¼��y¬_koqyKh�]{l¢egoaQb�+S

)*) ß%+-,/.0.�1



� � �u�����jÌK����£������u����Ì�� ����¦q¡

|^S �Àeg©Pf2M¾zASRokQbS�_�|PSbz�yg]a]kS+o}|Ò¿ ©�h¹S~]{z�y2c�S�_aS+´Ãª2©4¿ ©Ph�Sbi�QbygfgSb±�©Ph¹S~]{z>ygc�Sb|PSbz�yKoqyKQbO+_koaSR]R¯An-ygo
S+·\SRQbzP´jS2Â�]{i¼©�hPS�|^oaegij_kS}|�yKh�]D´6¿ S~]{z�y2c�S}ybz>e2©PoD�~ª�©�y�_aije2h

y = ax + b
yg´je2oa]N´�yE_koqyKh�]{l¢egoaQb�+S�|^e2hPhPS

´�S�zAe2ijh�_
(a, b)

¯

r ´ÒS+·^i�]{_kS}|PS+©^·�cRy�_k�Rfge2oki�SR]�|^S�_koqyKh>]`l¢e2okQb�+S�|^S��de2©PfgM¹Á
� ´«yu_aoaygh�]{lÍe2okQb�RS¸Ë �G£+�2' � ª2©�i�c�e2h�]{i«]{_kSD±u_aoqyKh�]{l¢egoaQESRo-©PhbSRh�]{SRQ¶P´jSd|PSd|^oke2iÅ_aSR]-SRhb©Phbh�©�ygfgS
|^S}zAegi�h2_q]}§mQb��_kM�e^|^S�yKAe2oa|^�RS�|PyKh�] M � O¢¨

� ´«y�_aoaygh�]`l¢e2okQb�RS � ��£��2'�ËÆª�©PiA_aoaygh�]{l¢egoaQESu©Ph�S+h>]{SRQ¶P´jS�|PS¸zAegi�h2_a]�SRh�c�eg©�okAS~]u§Ç|PyKh>]wh�eK_koaS
cRyg]q¨Ä¯

Ðdeg©>]�©P_ki�´ji«]{e2h�]N´�yb|^S+©P·\i�O+QbS�Qb��_aMPe^|^S}cRyKoN´«y�zPoaS+Qbi�O+oaS¸SR]{_DS�·\_ko*6+QbSRQESRh2_dc+egh�]kegQbQ�y�_aoki«c�S¸|^S
_aS+Qbz�]¸|PSEc+yK´«c�©P´�ÁASR´j´�SE|^egij_¸S�·^�~c�©^_kSRou©Ph¹c+yK´«c�©P´IzAeg©�oÀ_ke2©^_kS~]u´jS~]Àz>yKi�okS~]À|PS�zAegi�h2_a]¸|PSR]¸c�e2h2_ke2©Poq]
|^�+_kSRc�_k�~]Ã|PyKh�],´6¿ i�Q�yKfgS2¯g�4y}|PS+©^·^i�O+QbSdQE�+_kMPe^|PSÀ|^S+Q�yKh�|PSd|^S~]Ãc+yK´«c�©�´�]Úz�´j©�],i�h2_aS+h�]kijlm],zAe2©PoÃcaM>ygª�©PS
zAe2ijh�_ÀQ�yKi«]DhPS¶´jS}lmygiÅ_¸ª�©¼¿ ©�hPS}l¢egi«]dS�_¸±E_aS+Qbz�]uc�e2h�]`_qyKh�_R¯>s4�gS~c�ª2©�S+´«ª2©�SR]degz^_aijQbi«]kyK_ki�egh�]d|¼¿ i�QbzP´j���
QbS+h�_ayK_ki�egh¼ÂPhPeg©>]Neg^_aS+hPe2h�]N©PhPS}�\ij_kSR]a]kS�|¼¿ S+·\�~c�©^_aije2h³]kyK_ki«]{l¢ygi«]kygh2_kS2¯

TwegQbQbS+h � e2h�]Iz�yKoÚ|^�Rc+oki�okS�´�yuzPoaijQbij_ki��gSNª�©PS�h�eg©�]-yK´�´�egh�]�_koqyKij_kSRo�Á�´�y¸|^oaegij_kS2¯��4yuokSRzPok�~]{SRh2_ayK_ki�egh
cRyKok_k�R]ki�S+hPhPS¬§ÇcK¿ SR]{_�� ±�� |^ijoaS}´�S�c+eg©PzP´�S

(a, b)
_ki�ok��|^S�´Ç¿ �Rª�©�yK_ki�egh

y = ax + b
¨DhPS�zAS+okQbS+_¸|^S¶z�y2]À|PS

oaS+zPoa�R]kS+h�_kS+oÃyG�gSRcN´«y�Q76+QbSdz�ok�~c�i«]{i�eghb´jS~]Ã|^i 8A�RokSRh2_kS~],e2oki�S+h�_ay�_aije2h�]R¯�r ´>h¼¿ S~]`_�|Ò¿ ygij´�´�S+©Poq]Úz�y2]ÚzAe�]k]kij�´jS
|^S¶oaS+z�ok�~]{SRh2_kSRoÀc+egoaokS~cÄ_kSRQbS+h2_À©Ph�S�|^oaegij_kS�z>yKoqyK´�´jOR´jS¶±�´6¿ yK·^S

y
ÉAcg¿ S~]`_uzAe2©Pouc+S+´«y�ª�©PS¶hPeg©�]Àe2z^_ke2h�]

zAe2©Po,©Ph�SdoaS+zPoa�R]kS+h2_qy�_aije2hEzAeg´«yKi�oaSg¯;PdhPSu|^oaegij_kSDS~]`_wz�yKoqyKQb��_aok�RSNz�ygoÃ|^SR©^·E�KyK´�S+©Poq]DÁ
ρ
S+_

θ
Â2c+egQbQbS

|^�~c�oaiÅ_�]k©Pow´�y���f2©PokS � �ÒÎ`ÌÄÏG¯^TwS�_k_kSÀl¢egi«]RÂg_keg©P_kSR]w´jS~]ÃegoaijSRh2_qy�_ki�egh>],]kegh�_ÃzAe�]k]ki�P´jS~]ÃyG�gSRcD©Ph�SÀzPoa�Rc+i�]kije2h
c+egh�]{_aygh2_kS2ÂRS�_I´�yÀ|Pi�]{_aygh�c�SÃz�ygo4oqyKz�zAegok_4±d´6¿ e2oki�f2ijhPS,zASRokQbS�_-|^SÃz�´�y2c�S+o�´�yÀ|Poke2iÅ_aSÃ|�yKh�]4´6¿ S~]{z>ygc�S2¯RÐÀeg©�]
yg©Poki�egh>]-zP©�©^_aij´�i�]kS+ow|^S~],]kS+f2QbS+h2_q],yK©�´ji�S+©�|^S~],|^oaegij_aSR]RÂKQbygi�],´jSR©Pow|^��_kS~cÄ_aije2hbS~]`_ÃzP´�©�]Ãc+egQbzP´�i�ª�©P�RS,É
´�S+©PoN©�]kygfgSÀS~]`_NzP´�©^_ �g_Nok�~]{SRok�g�u±¶´«y¶okS~c�e2h�]`_aok©>cÄ_ki�egh¬ºg»�Â\i�´Ah4¿ S~]`_Nz�y2]4p`©�]{_ki ���¸zAeg©�o�´�y�|^�+_kS~cÄ_ki�egh�|^S
´�ijf2hPSR]¸|^S¶l¢©Pij_kSg¯&n-eg©�o¸|^�+_kS~cÄ_kSRo�|^SR]¸]kS+f2QESRh2_q]+ÂAhPeg©�]uzAeg©P�ge2h�]u|PyKh>]À©Ph²z�okSRQEi�S+ou_kS+Qbz�]�|^��_aSRcÄ_aS+o
|^S~]¸|^oaegij_kS~]+ÂAzP©Pi«]¸|^�+_kSRokQbi�hPS+o�ª�©PSR´�]¸]kegh�_¸´jS~]uzPij·^S+´«]¸|^SEc+SR]¸|^oaegij_kS~]uygzPz�yKok_kSRh�yKh�_¸yK©^·²c�egh�_keg©�oa]¼É
c+S�_{_aS�Q�yKhPi�zP©P´«y�_aije2h�SR]{_N©�h�zAS+©�zP´j©>]N´je2hPfg©PS¸SRh¬_aS+Qbz�]D|¼¿ S+·\�~c�©^_aije2h¼Â^Q�yKi«]�´�S¸zPoaeg�´jORQES¸z�oke��\ijSRh2_
]k©Pok_keg©P_¶|^S�´«y³zAe2]a]kijP´�S�zPok�~]{SRh�c�S�|^S�h�egQ¶PoaS+©^·"]{SRfgQbS+h�_a]}z�ygoay2]{ij_kS~]+Â¼±0c+yg©�]kS�|^S~]�l¢S+©�ij´�´�SR]¶|Ò¿ ©Ph
ygokPoaSEz�yKo}S+·\SRQbzP´jS2¯¼��y�lmyKi�P´�Sb´�eghPf2©PS+©Po�|^S�c�S+ok_qyKi�h�]�]kS+f2QbS+h2_q]�zAS+©^_¶ygzPzAegok_kSRo}yK©�]a]ki-AS~yK©�c+eg©Pz
|Ò¿ i�QEz�ok�~c�i«]{i�egh³]{©PoD´�S+©�oDegoai�S+h2_qy�_aije2h¼¯

�,¿ SR]kz�ygc�S�|PS�´�y�_koqyKh>]`l¢e2okQb�+S�|^S �de2©PfgM³ª2©�S�hPeg©�]DyK´�´�egh�]�©^_aij´�i«]{SRoDSR]{_DokSRzPok�~]{SRh2_k��]k©PoD´�y ��fg©�okS
� �ÒÎ�� Ï�¯~r ´\SR]{_-|^i«]ac�oa��_ki«]k�w|^S�Q�yKhPi�O+oaS�±�6�_aokSw©Ph¶_aygP´�SRyK©�±¸�À|^i�QbS+h�]ki�egh�]-y~�gS~c,©Ph�hPe2Q¶PokSwi�QbzAegok_ayKh�_
|^S�¦a£%�S�ç����£ 'Ä¯�Y\©Po�´6¿ y�·^S¸|^SR]NyK�]ac�i«]k]kSR]RÂ2hPeg©>]Ã_koaeg©P�ge2h�]Ã´�SR]�|Pi 8&�+oaS+h2_aSR]�egoai�S+h2_qy�_aije2h�]ÃzAe2]a]{i�P´�SR]�|Ò¿ ©�hPS
|^oaegij_kS¶§myg´j´«yKh�_w|^S

0
±

2π
oay2|^i�ygh�]q¨Ä¯2Y\©Pow´Ç¿ y�·^SÀ|^SR],e2oa|PeghPhP�RSR]RÂ�´«y�|^i«]`_qyKh�c+Sd|¼¿ ©Ph�SÀ|^oaegij_kSÀ±}´Ç¿ egoai�fgi�hPS

��ygoki�SC|PS −ρmax

±
+ρmax

¯DTwS+_{_aS¾|^i«]`_qyKh�c+SCQ�y�·^i�Q¶©PQ zAS+©P_ 6�_aokS¾c+yg´�c+©P´j�RS²yKi�h�]ki�§
largeur

S+_
hauteur

�+_ayKh�_D´�SR]d|^i�QbS+h�]kije2h�]D|^S}´6¿ i�Q�yKfgS�egoai�fgi�h�yK´�SuSRh�zPij·^S+´«]a¨¸Á

ρmax =
⌈

√

largeur2 + hauteur2

⌉

sÀ©²|^�+z>yKok_RÂ�_ke2©^_kS~]À´jS~]uc+yg]kSR]À]kegh�_Ài�hPij_ki«yK´�i«]{�+S~]À±
0
§m��yg´jSR©PoÀS+h�_ki�O+oaS~¨Ä¯&s�cqM�ygª�©PS¶zAegi�h2_¸|PS¶´Ç¿ i�QbygfgS

|^S¶c+egh2_aeg©Poq]d]{SRoay�yg]a]{ePc�i��+S�©PhPS¶c+eg©PoaAS�_koqygc+�+S�|PyKh>]dc+S�_ÀSR]kz�y2c�S,É�cqM�ygª�©PS¶c+yg]kS}oaSRc�e2©P�gS+ok_kS�z>yKod´«y
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|^oaegij_kS~]+ÂÚÎ )qÏ�zPoai�h�c�i�zAS}|^S�|^�+_kSRc�_ki�egh0|^SR]DzAegi�h2_q]DyK´�i�fghP�~]a¨
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c+eg©PoaAS�S~]`_}ijh>c�oa�+QbS+h2_a�+S�|^S
1
¯�TwSbzPoki�h�c+ijzAS�|^Sbc+egQbz^_qyKfgSb]+¿ yKzPzASR´j´�S0Ìg¦q¦+�^Ë����jÌK�Ç¥m�K��¯4�¼SR]}|^i�QESRh �

]kije2h�]b|^S�´«y¾fgoaij´�´�S�|Ò¿ ygc+c+©PQ¶©P´«y�_aije2h°hPS0|^egi��gS+h�_bz�y2]N6+_koaS�_koaegzµzAS�_kij_aSR]0§¢Q�ygh�ª�©PS³|^S³zPok�~c�i«]{i�eghA¨ÄÂ
hPi,_aoke2z"fgoqyKh�|^S~]�§my2c+c�©�Q¶©P´�yK_ki�egh"i�h�]{©PÑ�]ayKh�_kS¬|PyKh�]�´jS~]�c+S+´�´j©�´jS~]a¨�¯¼vÃ´j´�SR]�zASR©P�gS+h�_�6�_aokS ��·\�RSR]�z�yKo
´6¿ ©P_ki�´ji«]ay�_kSR©Po�e2©�]{zA�~c�i ���+SR]NyK©^_aegQ�y�_ai�ª�©PSRQESRh2_~¯\»¸yKh�]Nc�S�|^S+oahPi�S+oNc+y2]+Â�hPe2©�]�caM�egi«]{i«]a]{e2h�]Ã|PS �P·^SRo�´jS
hPe2Q¶PoaS�|Ò¿ egoai�S+h2_qy�_aije2h�]�zAe�]k]kij�´jS~]N|^S~]D|^oaegij_kS~]D±�´«yE´«yKoafgSR©PoN|^S}´6¿ i�Q�yKf2S¸SRh�zPij·^S+´«]+¯

Pdhµz>e2i�h2_b|PS�´6¿ i�Q�yKfgS�|^S�c+egh2_aeg©Poq]¶SR]{_bc+egh�]ki�|P�+oa�+S�c�egQbQbS�´6¿ i�h2_aS+oq]{S~cÄ_ki�eghµ|Ò¿ ©PhPS�ijh ��hPij_k�³|^S
|^oaegij_kS~]�§ �>fg©PoaS � �ÒÎ`¦`ÏG¨Ä¯�Y^y2caM�ygh2_¶ª�©PS�cqM�ygª�©PS�|^oke2iÅ_aSEl¢e2okQbSb©�h"zAegi�h2_�|PyKh�]}´6¿ S~]{z>ygc�S�|^S �de2©PfgM4Â
©PhPS}i�h ��hPij_k�¶|^S�|^oke2iÅ_aSR]�l¢egoaQbS�©PhPS�c�e2©PokAS}|Ò¿ �Rª�©�y�_aije2h¾Á

ρ = x cos(θ) + y sin(θ)

(x, y)
�+_ayKh�_d´jS~]Dc�e\e2oa|PeghPhP�RSR]wSRh�zPij·^S+´«]D|^©³zAegi�h2_À±�_aoaygh�]`l¢e2okQbS+o~¯

nIeg©�ouzAe2©P�gegi�o¸|^��_aSRcÄ_aS+o¸´�SR]¸|^oaegij_kS~]ÀzPoa�R]{SRh2_aSR]u|�yKh�]u´Ç¿ i�QbygfgS2Â>i�´�lmyK©P_�|^��_aSRc�_kS+o¸´�SR]uzPoai�h�c�i�z�yK©P·
yg´ji�fghPSRQbS+h2_q]u|PS�zAegi�h2_q]+¯&�4egoq]kª�©PS�|^SR]¸zAegi�h2_a]E§mi�h2_kSRoa]kSRc�_ki�egh�]¸|Ò¿ ©PhPSEijh ��hPij_k�b|^SE|Poke2iÅ_aSR]q¨d]kegh2_�yg´ji �
f2hP�R]RÂ\i�´ÒS+·\i«]{_kS�©PhPS}|Poke2iÅ_aS�c�e2QbQ¶©PhPS�§ �>fg©PoaS � �¼Î )qÏ�¨ÃzAe2©PoN´«ygª�©PS+´�´�S¸´«yEcRyg]kS�c�egoaoaSR]{zAegh>|PyKh2_aS¸|PyKh>]
´«y�_koqyKh>]`l¢e2okQb�+S�|PS �Àeg©Pf2M¾y¬��_a�Ey2c+c+©PQ¶©P´��+S�©Ph¾h�egQ¶PoaSE|^S�l¢egi«]¸]k©PzA�+oai�S+©Po~¯ PdhPS�l¢e2i�]u_ke2©^_kS~]u´�SR]
c+eg©PoaASR]�_aoay2c��RSR]�§m©PhPS³c�e2©PoaAS¬z�ygo�zAe2ijh�_b|PS�´6¿ ijQ�yKf2S�|PS�c�e2h2_aeg©Poq]a¨¬§ ��f2©PoaS � º2¨�ÂI´jS~]Ec+y2]{S~]�yG�gSRc
´�SR]N�KyK´�S+©Poq]�´jS~]NzP´�©�]N�R´jSR�g�+S~]N]kegh2_dc+S+´�´jS~]Dª�©PS�hPeg©>]NokS+_kS+h�egh�]NzAeg©PoD´�y�_aoaygh�]`l¢e2okQb�RSui�h��gS+oq]kSb§mc+S}ª�©Pi
c+egoaokSR]kzAegh�|�yK©^·¬z�´j©�]D´�eghPf�]Nc+egh�_keg©�oa]q¨Ä¯

�4y}|P��_kS~cÄ_aije2h�|^SR],zAegi�h2_q]ÃyG�gSRcN´«y��KyK´�S+©Po,Q�y�·^i�Q¶©PQ½SR]{_w|^�+´�i�cRy�_aSg¯2s�cRyK©�]kSd|^SÀ´�y�|^i«]kc+ok�+_ki«]kyK_ki�egh
|^S�´Ç¿ SR]kz�ygc+S�|^S�´�y�_aoaygh�]`l¢e2okQb�+S�|^S �deg©�fgM¼Â¼´6¿ i�h2_aS+oq]{S~cÄ_aije2h"|Ò¿ ©Ph"_koaOR]}fgoqyKh�|¾hPe2Q¶PokS�|^S¬c�eg©�okASR]
c+ok�+SÀ©PhPS �+e2hPSu|^SuzAegi�h2_a]�|^SÀl¢egok_kSÀ��yg´jSR©PoRÂ2S�_�hPegh¬©Ph�zAe2ijh�_wi«]{e2´��g¯��¼Su]kS+©�ij´&±�z�yKok_ki�ow|^©>ª2©�S+´Ai�´�lmyg©^_
oaS�_aS+hPi�oÀ´�SR]ÀzAegi�h2_q]u|^S¶´«yb_koqyKh>]`l¢e2okQb�+S�SR]{_uS+h²c�egh>]{�~ª2©�S+h�c+S�|PiÅÑ�c�i�´�S�±b_aoke2©P�gS+o~¯�v,hCS%8AS~cÄ_k©>yKh2_¸©Ph
]kS+©Pi�´�´�ygfgS�]kijQbzP´�SgÂ4e2h�y0|^S�zP´j©�]�AS~yK©�c+eg©Pz�|^S�z�yKoqyg]kiÅ_aSR]�zPoae��ge^ª�©P�R]�z�yKo¶|^SR]�f2oaygh�|P]b����Ì �2£9'�|^S
zAe2ijh�_a]�ª�©PiÒ]kegh2_�´6¿ ygc+c+©PQ¶©P´«y�_aije2h¬|Ò¿ ©Ph�hPegQ¶PoaSu�+´�S+�g�¸|^S¸c+eg©PoaASR]¸§ ��f2©PokS � �4Î�� Ï�¨&É�ij´«]woaS+zPoa�R]kS+h�_kSRh2_
|^S~]�z>e2i�h2_a]¶yg´ji�fghP�~]}z�yKo�M�y2]kygoa|¾Q�yKi«]�h¼¿ e2h2_¶z�y2]�|^S¬]kijf2hPi �>c+yK_ki�egh¹zAe2©Po�´«y³zAS+oq]kzASRcÄ_aij�gSC§mij´«]¶]kegh�_
]keg©P�gSRh2_d|^©�]d±E´«yEzPoa�R]kS+h�c+S�|^S�]k©Po{lmy2c�SR]�l¢egok_kSRQESRh2_D_kS+·\_k©Poa�+S~]D|PyKh�]D´�yEzPM�eK_ke2fgoqyKzPM�ijS¸egoaijf2ijh�yg´jSG¨Ä¯

Pdh�_aoaygiÅ_aS+QbS+h�_¬S�Ñ�c+y2c�SCc+egh�_koaSCc�S~]�zPoaeg�´jORQES~]�SR]{_¬´6¿ ©P_ki�´ji«]kyK_ki�egh�|Ò¿ ©Ph ��´j_koaSCz�yg]a]kS	�=M�yK©^_¬|^S
Q�yKh�ijORokS�±³QES+_{_aokS�S+h"�KyK´�S+©Po�´jS~]}zAe2ijh�_a]}z�ok�~c�i«]�S+_¶S98Òygc�SRo�yg©"Q�y�·^ijQ¶©�Q ´jS~]}h�©�ygfgS~]}|^S�zAegi�h2_q]+¯
n-eg©Po�©PhPS �ReghPS¬yG�gSRc�|^S~]¶zAegi�h2_a]¶zP´�©^_ �K_�z�ok�~c�i«]¬§ �ReghPSR]�|^S�ª�©PS+´«ª�©PSR]¶zPij·^S+´«]a¨�§ ��f2©PoaS � ��Î ÌÄÏG¨�Â4´�SR]
zAe2ijh�_a]�i�QbzAegok_ayKh�_a]¬]{e2h2_¬Pi�S+h Qbi«]�SRh ��yK´�S+©�o²§ ��f2©PokS � ��Î`¦ Ï�¨Ä¯Ãn-ygo�c�egh�_koaSgÂÃzAeg©Po¬©Ph h\©�yKf2SC|^S
zAe2ijh�_a]�ª�©Piwh¼¿ y0z�y2]¶|^S¬oa�+S+´�´�S¬]{i�fgh�i��>cRy�_aije2h § �>fg©PoaS � ��Î �`Ï�¨�S�_Eª�©Pi�c+egQbzAegok_kS�©Ph®fgoqyKh�|"hPegQ¶PoaS
|Ò¿ ygcRc�©PQ¶©P´«y�_aS+©Poq]À|PS�l¢egok_kS¶��yg´�S+©PoÀf2�+h�ygh2_u´jS�]kS+©�ij´�´«yKfgS¶|^S�´�y�_aoaygh�]`l¢e2okQb�RSgÂ�´jS¶_koqyKij_kS+QbSRh2_¸]R¿ y~�gORokS
_aokO~]�S+Ñ�cRygc+S²§ ��f2©PoaS � ��Î )qÏ�¨Ä¯IÐde2©�]¶eg�]kS+oa�gegh>]�ª2©�S¬´jS~]�ygc+c+©PQ¶©P´«y�_kSR©Poq]�egh2_~ÂIygzPokO~]���´Å_aoaygfgS2Â4©PhPS
lmygijP´�S¹��yg´jSR©PoR¯N�¼S¹z�y2]k]kS	�=M�yK©P_�©^_aij´�i«]{�¹S~]`_³©Ph ��´j_koaS"|^S"c�e2h��geg´�©^_aije2h8�K»�yG�gSRc²´�S¹hPeG[�yK©

3 × 3]k©Pi���yKh�_}Á




0 −1 0
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|^S

1620 × 1296
c+y2]{S~]+¯^n,´j©>]D´�SR]NzAe2ijh�_a]d]{e2h2_Nl¢e2h�c��~]+ÂPzP´j©>]N´�S+©�oD��yg´jSR©PoNS~]`_d�+´�S+�g�+S2¯
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�����	� � � � v�8&S�_a]�|P© ��´Å_aoaygfgS0z�yg]a]{S��6M�yg©^_�]k©Po¬´�y¹_aoqyKh�]{l¢egoaQE�RS0|^S �de2©PfgM(§+Î`ÌqÏ �+egh�SCyG�gSRc0|^SR]
zAe2ijh�_a]�±0f�yKoq|^S+o~ÂdÎ�� Ï�h�©�ygfgS¬|^S¬zAe2ijh�_a]�]ayKh�]�]{i�fghPi �>cRy�_ki�egh4ÂÀÎ ¦`Ï �+e2hPS¬yG�gSRc¬|^SR]¶zAegi�h2_q]�±0f�yKoq|^S+o
ygzPokO~] ��´j_koqyKf2SgÂ-Î )ÄÏ�h�©�ygfgS}|^S}z>e2i�h2_a]dyKzPoaOR]���´j_koqyKfgSG¨
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PdhPS�l¢egi«]Ec�S¬_koqyKij_kSRQESRh2_�_aS+oaQEi�hP�2ÂI´�SR]EygcRc�©PQ¶©P´«y�_aS+©Poq]�|^e2h2_E´«yC�KyK´�S+©PoE|^�Rz�yg]a]{S¬©�hµ]{SR©Pi�´N|^�	�
_aS+oaQEi�hP�bQ�yKh\©PS+´�´�S+QbS+h2_¶]kegh2_}´�i«]`_a�R]R¯¼�¼SR]�z�ygoaygQbO�_koaSR]uzAe2´�ygijoaSR]

(ρ, θ)
]kegh2_}oaS�_aS+h�©>]�z>e2©Po�caM�y2ª�©PS

|^oaegij_kS¸oa�R]k©P´j_ayKh�_kS�|Pygh�]�´6¿ SR]kz�ygc+S¸|Ò¿ egoai�fgi�hPSuS�_D�ge2h2_d]{SRok�\i�o�zAeg©PoN´«yE|^�+_kSRc�_ki�egh³|^SR]NzAegi�h�_a]D|^S¸lÍ©�iÅ_aSg¯
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i�okoa�+f2©P´�ijORokSD]{e2h2_Ãi�h��gS+oq]k�+SR]R¯g�4y�z�ok�~c�i«]{i�egh�|^Sd´«y}|^i�oaSRcÄ_aije2hbSR]{_wc�e2h�]`_qyKh�_kSDzASR©�ijQbzAe2o{_aSD´«y}|^i«]��
_qyKh�c+SNz>yKoÚoqyKz�zAegok_Úyg©bc�SRh2_aokSd|^Sd´Ç¿ ijQ�ygfgSgÂgyK´�egoq]-ª�©PSD´«y}]{©P&|Pij�\i«]{i�eghbijoaok�Rfg©P´�i�O+oaS�|PS

θ
zASRokQbS�_

©Ph�SÀy2|PyKz^_qy�_aije2h�|^Sd´«y}zPok�~c�i«]{i�egh4ÂKi�Qbz>e2o{_qyKh�_kSdzAeg©PoÃ´«y�|^i«]`_qyKh�c�SÀ|PSR],zAe2ijh�_a]w|^SDl¢©Pij_aS ��hPi«]Ãyg©
c+S+h2_aokS}|^S�´6¿ i�Q�yKfgS2¯�TwSRc+iÒSR]{_D´�yEQE�+_kMPeP|^S}ª2©�S¸h�eg©�]NokS+_kS+h�egh�]R¯^�¼S�oa�R]{©�´Å_qy�_D|^S�´«y�z�okeKp`SRc�_ki�egh
|^S~]¶ygcRc�©PQ¶©P´«y�_aS+©Poq]�|^S�´6¿ M��+Qbi�]kzPMPORokS¬]k©Po�´«y0zP´�ygh"i�Q�yKf2S�SR]{_¶ij´�´�©�]`_aok�¬]k©Po�´«y ��fg©PoaS � �ÒÎ�� Ï�Â
hPe2©�]D[¬eg�]kS+oa�gegh�]Nª�©PS}´�SR]dc�SR´j´�©P´�SR]DzPoae�p`S+_k�RSR]Ne2h2_d©PhPS¶yKi�okS�zP´�©�]D©PhPijl¢egoaQbS�ª2©�S}|�yKh�]D´jS�cRyg]
|^S}´«yb]{©P&|Pij�\i«]{i�egh�oa�+fg©P´�i�O+oaSg¯

s4�gSRcÀ´«y¶Qb��_kM�e^|^SuoaS�_aS+h�©PS2Â�´«y�z�ok�~c�i«]{i�egh�zPoaOR]�|^©�c+S+h2_aokS¸|^S¸´Ç¿ i�QbygfgSÀS~]`_N´j�RfgO+oaS+QbSRh2_wi�h^l¢�Roki�S+©PoaS
ª�©PS�|Pygh�]}´jS¬c+yg]�|^S�´«y0]{©P&|^i��\i«]{i�egh"ok�Rfg©P´�ijORokS2Â&Q�ygi�]�c�S�h4¿ S~]`_¶z�yg]}©Ph"e2�]{_aygc+´jS³Á�]ki,©Ph"zAe2ijh�_¶|^S
l¢©Pij_kSbSR]{_�|^�+_kSRc�_k�E´��+fgORokSRQbS+h2_�±�c��g_k�E|^SE´�y¬oa�Ryg´jij_k�EyK©²hPi��gSRyg©²|P©²z �2´jSE|^SE´Ç¿ MP�RQEi«]kzPMPO+oaSgÂ&´�y¬zPoae��
p`SRc�_ki�eghC]k©PoÀ´Ç¿ ijQ�ygfgS}egoai�fgi�h�yK´�S�hPS¶]kS+oqyb|^�~c+yK´��+S¶ª2©�S�|PS¶ª2©�S+´«ª2©�SR]dzPiÅ·^SR´�]R¯AY\©PoÀ´�S�okS~]`_aS�|^S�´6¿ i�Q�yKf2SgÂ

QSR )TQSU
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� ���	� � � � nÚyKoqyKQb��_aoaygfgS¸|^S}´6¿ MP�RQbi�]kzPMPORokS

´�SR]¸zPoae�p`S~cÄ_aije2h�]¸|^SR]�c+S+´�´j©P´�SR]�]kegh�_¸zP´�©�]¸©PhPijl¢egoaQbSR]�ª�©PSE|�yKh�]¸´jSbcRyg]¸|^SE´«y�]k©P&|^i���i«]kije2h²ok�Rfg©P´�ijORokS2Â
zAS+oaQbS�_k_aygh2_�|^S�QEi�hPi�Qbi�]kS+o¸´�SR]u�Rc+ygo{_q]dSRh2_koaS�´jS~]u|^i 8A�RokSRh2_q]uzAegi�h2_a]¸|^S¶l¢©Pij_kS ��hPi«]uzAe2]a]kijP´�SR]R¯ÒTwS�_{_aS
©PhPijl¢egoaQbi«]kyK_ki�egh¹|^S�´�y�oa�+z>yKok_kij_ki�egh¾zAS+oaQbS�_�|Ò¿ e2^_kS+h�ijo�©Ph¹�+_ayg´je2hPh�yKf2SE|^S�´«y³c+yKQb�Roay�c�e2QEzAe2o{_qyKh�_
Qbegi�h�]D|¼¿ SRokoaS+©Poq]�ijQbzAe2o{_qyKh2_aSR]R¯

ϕ
SR]{_d]k©P&|^i��\i�]k��oa�+f2©P´ji�O+oaS+QbS+h�_�Á

ϕi =
i

N
· 2π i ∈ {0, . . . , N − 1}

|^egh�cd]ki�´�SR]Ãy2c+c�©�Q¶©P´�yK_kSR©Poa]Ã|^Sd´6¿ M��+Qbi�]kzPMPORokSde2h2_w|PSR]ÃygijoaSR]Ú�Rf2yK´�SR]RÂgyK´�egoq]-´�SR]��aÌ�� )g£9'ÀS+h�_keg©�oaygh2_
´6¿ M��+Qbi�]kzPMPORokS�e2h2_ÀyK©�]a]kiÒ|^S~]DygijoaSR]N�+f2yg´jS~]+¯

r h2_koae^|^©Pi«]kegh�]¼©Ph�S,l¢egh>cÄ_ki�egh
Ψ(θi)

ª�©Pi2h4¿ S~]`_Iz�yg]4´ji�hP�~yKi�okS,S+_Iª�©Pi�zAe2]a]{O~|^S,´�ydzPoaegzPoai���_k�Ã]k©Pi���ygh2_kSÀÁ

S(θi) = K · Ψ(θi)

yG�gSRc
K
©PhPSuc�e2h�]{_ayKh�_kS2ÂgS�_

S(θi)
´�y�]k©Po{lmy2c�Sd|PSd´«y}cRyK´�eK_k_kSÀ]{zPM��+oai�ª�©PSdzAeg©Po

θ ∈ [0, θi]
¯2ÐÀeg©�]ÃyG�gegh>]

|^����hPi-ª�©PS�´�SR]u�yKh�|^S~]u]k©�c+c+SR]a]{i��gSR]uyK©^_aeg©Po¸|^S�´6¿ MP�RQbi�]kzPMPORokS�|Pegi��gS+h2_�yG�gegi�ou|^SR]¸yKi�oaSR]d�Rf2yg´jS~]+Â>z�yKo
c+egh�]k�Rª�©PS+h�_}´«y³]k©Po{lmy2c�S�|^S�´«y³cRyK´�eK_{_aS�]kzPMP�+oai«ª2©�SbSR]{_�zPoke2zAegok_ki�eghPh�S+´�´jSb±

Ψ(θi)
¯ITwM>ygª�©PSbi�h�|^i«c�S

ic+egoaokSR]kzAegh�|¬±�©Ph�S��yKh�|PSgÂ^Q�yKi«]�´«y�oaS+´«y�_aije2h¬´�i�ygh2_D´6¿ yghPfg´�S
θi

±E´�yb]{©Poklmygc+S�|^S�´�ybc+yK´�eg_{_kS}]{zPMP�Roki«ª�©PS
h¼¿ SR]{_uz>yg]À´ji�hP�RygijoaSgÂA|Ò¿ e;:C´«y�zPoa�R]kS+h>c�S�´«y�l¢egh�c�_ki�egh

Ψ(θi)
hPeghC´�ijhP�~yKi�okS2¯>��y ��f2©PoaS � ��i�´�´j©>]`_aokS�_ke2©^_

c+SRc�i6¯

)*) ß%+-,/.0.�1
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Ðdeg©>]d�ge2©P´�egh�]dQ�yKi�h2_aS+h�ygh2_¸|P��_kSRokQbi�hPS+ou´«ybl¢e2h�cÄ_aije2h
Ψ(θi)

¯AnIeg©�ouc+S+´«yPÂAc+yg´�c+©P´je2h�]d´6¿ ygijoaS¶|^S¶´«y
cRyK´�eK_{_aS}]{zPM��+oki«ª�©PSbÁ

S(θi) =

∫ θi

0

∫

2π

0

sin θ dϕdθ =

∫

2π

0

dϕ

∫ θi

0

sin θ dθ

= 2π[− cos θ]θi

0
= 2π(1 − cos θi)

= K · Ψ(θi)
Ðdeg©>]N�geg©�´je2h�]

Ψ(θi) ∈ [0, 1]
|PyKh>]N©Ph³P©^_À|PS}]kijQbzP´�i �>c+yK_ki�egh}É^hPe2©�]NSRh³|^�R|P©Pi�]kegh>]D|^egh>cEÁ

{

Ψ(θi) = 1 − cos θi θi ∈ [0, π/2]
K = 2π

ÐÀeg©�]¸zAeg©P�ge2h�]uokSRQbygoaª�©PSRouª�©PS
K
c�e2okoaSR]kzAegh�|C±¬´«y�]{©�o{lmy2c�SE|^SE´�y�c+yK´�eK_k_kSE]kzPMP�Roki«ª�©PS�zAeg©Po¸´6¿ MP�	�

Qbi«]{zPM�O+okS�c�egQbzP´�O�_aS�§mcg¿ S~]`_#�=±��=|PijoaS¸zAeg©Po
θ = π/2

S+_dzAeg©PoD©Ph³oqy~[ge2h�|^S
1
|^S}´Ç¿ MP�+Qbi«]kzPMPO+oaS~¨�¯

Ðdeg©>]u�geg©P´�e2h�]dlmygijoaS���yKoai�S+o
θ ∈ [0, π/2]

|^S�Q�yghPijORokS�hPe2h²©PhPijl¢egoaQESb|^S�_kS+´�´�S¶lmy � e2h²ª�©PS Ψ(θ)��ygoki�S¸©PhPijl¢egoaQb�+QbS+h�_�Á

Ψ(θi) =
i

M
i ∈ {0, . . . ,M − 1}

tCyKi�h2_aS+h�ygh2_�ª�©PSEhPeg©�]�|^i�]kzAe2]kegh�]u|¼¿ ©Ph¾MP�RQbi�]kzPMPO+oaS�§
(φj ,Ψ(θi)), j ∈ [0, N ], i ∈ [0,M − 1]

¨
c+egoaokSRc�_kSRQESRh2_,]k©P&|^i��\i�]k�+S2ÂKzPokeKp`S+_ke2h�]-´�SR],|Poke2iÅ_aSR],|^SD´6¿ i�Q�yKf2SD]k©PoÃc�S�_k_kSdMP�+Qbi«]{z�MPO+oaSg¯;PÀhbzP´«yKh�|¼¿ i�h �
_aS+oazPok�+_ayK_ki�eghbS~]`_�|^����hPi>z>yKoÃ´�Suc�S+h�_koaSde2z^_ki«ª�©PS

C
|^SÀ´«y�cRyKQb�+oqy�S�_wz�ygoÃ©PhPSu|^oaegij_kSu|^©�zP´«yKh�i�Q�yKf2Sg¯

�4S�c�S+h�_koaS�|^S�´�y²c+ygQb�+oqy³S~]`_bc�egh>]{i«|^�+oa�¬c�e2QbQES¬´6¿ egoaijf2ijhPS¬|P©®Qbegh�|PSgÂ-|^egh�c�´�S¬z�´�ygh°|Ò¿ i�h2_aS+oazPoa�	�
_qy�_ki�egh�z�y2]k]kSb_aeg©�p`e2©Poa]�z�ygo¶c+S�_�egoaijf2ijh�SgÂ4|Ò¿ e;:�´«yC|^i«]`_qyKh�c�S¬|P©�zP´«yKh�z>yKo¶oaygzPzAegok_¶±³´6¿ egoaijf2ijh�SbS~]`_
_aeg©�p`e2©Poa],h\©P´�´jS,É�´jSÀzP´«yKh¬|Ò¿ i�h2_aS+oazPoa��_ayK_ki�egh�h¼¿ SR]{_�|^egh>cDoaS+zPoa�R]kS+h2_a�dª�©PSÀz�ygow]ky}hPe2okQ�yg´jS2¯gÐÀeg©�]ÃhPeg©>]
�P·^e2h�]�©PhPS¬c�egh\�gS+h�_ki�egh Á¼´«y³c+egQbzAe2]ayKh�_kS

z
|^S�´«y�hPe2okQ�yg´jSbSR]{_}_keg©Kp`eg©Poq]�zAe2]kiÅ_ai��gSbeg©"h�©P´�´jS²§¢z�ygo

oqyKzPzAe2o{_Dyg©�okSRzAO+oaS¸fg´�eg�yg´«¨�ÂPc�SRc+iÒS~]`_D_ke2©�p`eg©Poq]NzAe2]a]{i�P´�Sg¯HPÀh³fgoqyKh�|�c+S+oqc�´�S¸S~]`_d´Ç¿ i�h2_kSRoa]kSRc�_ki�egh³|Ò¿ ©Ph
MP�RQEi«]kzPMPO+oaSÀS+_�|¼¿ ©Ph¬z�´�ygh¼Â2h�eg©�]�|^S+�ge2h�]w|^egh�cÀok�~]{e2©�|^oaSD´�Su]k[^]{_kO+QbSu|Ò¿ �Rª�©�yK_ki�egh�]w]k©Pi���yKh�_¸§m|�yKh�]w´jS
oaS+zPoaO+oaSuf2´je2�yK´Í¨ÀÁ







nx · x + ny · y + nz · z = 0
x2 + y2 + z2 = r2

z ≤ 0
�4y³zPoaS+Qbi�O+oaSb�~ª2©>y�_ki�egh"S~]`_�c�SR´j´�S�|P©�zP´�ygh�|Ò¿ ijh�_kSRokzPoa��_qy�_aije2h¼Â4yG�gSRc

(nx, ny, nz)
´�y³h�egoaQbyg´jS�±

c+S¶zP´«yKh4¯&�4y¬]kSRc+egh�|^S��Rª�©�y�_aije2hCSR]{_�c�S+´�´�S�|¼¿ ©Ph�SE]kzPMPO+oaS�|^S�oqyG[gegh
r
¯Av,h ��h4Â&´«y�_koaegi«]kijORQbSgÂAª�©PiIS~]`_

©PhPSui�hP�~ª2©>y�_ki�egh4Â2zAS+oaQbS�_N|^SÀ_koaeg©P�gSRoÃ´6¿ i�h2_aS+oq]{S~cÄ_ki�egh¬yG�gSRcd©PhPSuM��+Qbi�]kzPMPORokSÀS+_�hPegh¬©PhPS¸]kzPMPO+oaSg¯2vÃh
i�h�p`SRc�_ayKh�_d´«yEzPoaS+QbijORokS��Rª�©�yK_ki�egh³|PyKh�]D´�yb|^SR©^·^ijORQES2ÂPhPeg©>]Neg^_aS+hPe2h�]�Á

(n2

z + n2

x)x2 + (n2

z + n2

y)y2 + nxnyxy = r2n2

z

Ðdeg©>]N�geg©P´�egh>]�z�yg]a]kS+oD|^SR]dc�e\e2oa|PeghP�+S~]�c+ygo{_a�R]kijSRhPhPSR]Nyg©^·�c+e\egoq|^eghPh��+SR]�]kzPMP�Roki«ª�©PSR]R¯PÐdeg©>]N©^_ki �
´�i�]kegh>]�´�SR]D�Rª�©�yK_ki�egh�]D|^S�c�egh\�gS+oq]{i�egh�]{©Pi���ygh2_aSR]�Á







x = r sin θ cos ϕ
y = r sin θ sinϕ
z = −r cos θ

QSR )TQSU
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v,h³i�h�p`SRcÄ_qyKh�_Àc�S~]�_koaegi«]N�Rª�©�y�_aije2h�]D|PyKh�]D´�yEzPoa�Rc+�R|^SRh2_kS2Â^h�eg©�]Ne2^_kSRhPegh>]¸Á

sin2 θ =
n2

z

n2
z + (nx cos ϕ + ny sin ϕ)2

UuoNhPe2©�]DyG�gegh�]D|^�	��h�i
nz ≥ 0

S+_d]aygcqM�ygh2_dª2©�S
θ ∈ [0, π/2]

Â�yg´je2oa]
sin θ ≥ 0

Á

sin θ =
nz

√

n2
z + (nx cosϕ + ny sin ϕ)2

�,¿ �Rª�©�y�_aije2h���h>yK´�S}|^S}´�ybc+eg©PoaAS�]k©PoD´6¿ M��+Qbi�]kzPMPORokS�f�yK©�]a]kijSRhPhPS¸SR]{_RÂ�yG�gSRc
ϕ ∈ [0, 2π]

Á

θ = C(ϕ) = arcsin

(

nz
√

n2
z + (nx cosϕ + ny sinϕ)2

)

PdhPS�l¢egi«]Dc+S�_k_kS}�Rª�©�yK_ki�egh³|^i�]ac�oa��_ai�]k�+S2Â^hPeg©�]Deg^_aS+hPegh>]�Á

C(ϕi) = arcsin

(

nz
√

n2
z + (nx cos ϕi + ny sin ϕi)2

)

i ∈ {0, . . . , N − 1}

r ´4lmyK©^_�ygcRc�©PQ¶©P´�S+o¸c�S+_{_kSEc�e2©PokAS¶]k©Pou´Ç¿ MP�+Qbi«]{z�MPO+oaS�Q�ygi�]ÀhPeg©>]ÀyG�gegh>]Di�h2_aokeP|^©PiÅ_¸©PhPS�l¢e2h�cÄ_aije2h
Ψ(θi)

zAS+oaQbS�_k_ayKh�_�|Ò¿ yG�gegi�o�©PhPS�zPok�~c�i«]{i�egh¹c+egoaokSRc�_kSES+h¾l¢e2h�cÄ_aije2h"|^Sb´«y³|^i«]`_qyKh�c+SEz>yKo}oaygzPzAegok_�yg©
c+S+h2_aokSÃ|^SÃ´6¿ i�Q�yKfgS2¯+ÐÀeg©�]4zAeg©P�ge2h�]Ò©^_aij´�i«]{SRo�c�S+_{_kS,l¢egh>cÄ_ki�egh�S�_�´�yNl¢egoaQ¶©P´�S

cos(arcsin(x)) =
√

1 − x2zAe2©Po
x ∈ [0, 1]

É�hPeg©�]Deg^_aS+hPegh>]�Á

Ψ(C(ϕi)) = 1 − cos

(

arcsin
( nz

√

n2
z + (nx cosϕi + ny sinϕi)2

)

)

= 1 −
√

1 − n2
z

n2
z + (nx cos ϕi + ny sinϕi)2

= 1 − nx cos ϕi + ny sin ϕi
√

n2
z + (nx cos ϕi + ny sin ϕi)2

= 1 − t(nx, ny, ϕi)
√

n2
z + t(nx, ny, ϕi)2

»uygh�]�©Ph�P©^_�|^SC]kijQbzP´�i��Ac+y�_aije2h¼Â,hPeg©>]boaS�_aeg©PoahPegh>]E´�y�|^�	��h�iÅ_aije2h |^S
θi

ÂÃcK¿ SR]{_#�=±�� |^i�okS³ª�©¼¿ ©Ph
yghPfg´�SÀ|^S

0
c�e2okoaSR]kzAegh�|b±}´6¿ �~ª�©�y�_aS+©Po~ÂgS�_w©�h¬yKhPf2´jSÀ|^S

π/2
c�egoaoaSR]kzAeKh>|Eyg©�z �g´�Sg¯��,¿ �Rª�©�yK_ki�egh ��h�yg´jS

|^S}´«ybc�eg©�okAS}|PyKh�]D´Ç¿ SR]kz�ygc+S�|Ò¿ ygcRc�©PQ¶©�´�yK_ki�egh�SR]{_}Á

Ψ(C(ϕi)) =
t(nx, ny, ϕi)

√

n2
z + t(nx, ny, ϕi)2

yG�gSRc
t(nx, ny, ϕi) = nx cos ϕi + ny sin ϕi

¯

)*) ß%+-,/.0.�1
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�����	� � � � xD�R]k©P´j_ay�_�|^Sd´«y¸_aoaygh�]{lÍe2okQb�RSD|^S �Àeg©Pf2M�]k©PoÃMP�+Qbi«]{zPM�O+oaSDf�yK©�]a]{i�S+h�hPSNzAe2©Po�� � �g��|Poke2iÅ_aSR]
_aoaygh�]`l¢e2okQb�+S~]¸]k©Po}©PhPS�fgoaij´�´�Sb|^S

800
c+yg]kSR]�zAeg©Po

ϕ
S�_

600
cRyg]kSR]¸zAeg©�o

θ
¯ÒnÃ´j©�]�´jS~]�zAegi�h2_a]�]{e2h2_

l¢e2h�c��R]RÂ^z�´j©�]D´�S+©Pod��yK´�S+©�oNSR]{_d�+´�S+�g�+S2¯

QSR )TQSU
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Y\©PoE´«y��>fg©PoaS � ��Â�hPe2©�]�zAeg©P�ge2h�]¶e2�]{SRok�gSRo¶´jS�ok�~]{©P´j_ayK_E|PS�´Ç¿ ygcRc�©PQ¶©�´�yK_ki�egh¼¯-�¼S~]E|^ijQbSRh�]{i�egh>]
©^_aij´�i«]{�RSR]RÂ

N × M = 800 × 600
]{©�o�c�S�_k_kS ��f2©PokS2Â�]{e2h2_��P·^�RSR]�Q�yKh\©PS+´�´jSRQbS+h2_�z�ygo¶´Ç¿ ©^_ki�´�i�]ay�_aS+©Po~Â

Q�yKi«]bc�S+_{_aS��KyK´�S+©Pobz�yKo�|^�+lmyK©^_�|^e2hPhPS³|PS�Ae2h�]Eoa�R]k©P´Å_qy�_q]E|Pygh�]E´�S³cRyg]Efg�RhP�+oqyK´6¯#PdhPS³oaS+Q�ygoaª�©PS
c+egh�c�SRokh�SN´�y}|^�+_kS~cÄ_ki�egh�|^SR],QbyK·^ijQ�y}|PyKh�],c+S�_k_kSD_koqyKh�]{l¢egoaQb�+S�ÁK´«y}|^�+_kSRc�_ki�egh�|PSR],c+S+´�´j©�´jS~],|^Sd��yK´�S+©Po
Q�y�·^i�Q¶©PQ oaS+h\�gegi�S�|PSR]¸oa�R]k©P´Å_qy�_q]uS+oaoke2hP�R]RÂ>i�QEz�ok�~c�i«]¼É&c+SRc+i-SR]{_}| �¹±¬´«y�_qyKi�´�´jSb|^SR] �+eghPS~]¸|^S�l¢e2o{_aS
y2c+c�©PQ¶©�´�yK_ki�egh¼¯��4y®Qb��_aMPe^|^S¾|^© ��´j_koaS²z�yg]a]kS	�=M�yK©^_¬©^_aij´�i«]{�RS²zAeg©Po�´«y�z�okSRQEi�O+oaS0_aoaygh�]`l¢e2okQb�RSC|^S
�Àeg©Pf2M®hPS�l¢egh>cÄ_ki�egh�hPS�z�y2]�i�c+iDc+yKoE´jS~]Ec+eg©PoaASR]¶h�S�]kegh�_Ez�yg]�h�S�_{_aSR]RÂ-S+´�´jS~]E]kegh�_EPoa©PiÅ_a�+SR]R¯-ÐÀeg©�]
©^_aij´�i«]{e2h�]w±¶´Ç¿ i�h��gS+oq]kSd©�h ��´Å_aokSuz�y2]k]kS	�=�yg]Ãª�©PiAoa�R|P©PiÅ_Nc+SÀPoa©Pij_R¯^�¼S ��´Å_aokS¸|^S¸c+egh��ge2´�©^_ki�egh��K»8©^_aij´�i�]k�
S~]`_d´jS�]{©Pi���ygh2_�§mi�c+i¼©Ph³hPe�[2yK©

5 × 5
Q�yKi«]N´�y�_qyKi�´j´�S�zASR©^_I6�_aokS�z>yKoqyKQb��_aok�RSuQ�yKh\©PS+´�´�S+QbS+h2_Ä¨¸Á

1

25













1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1













PdhPS¶l¢e2i�]u´jS ��´j_koaS�yKz�zP´ji«ª�©P�gÂAi�´�h�S�lmyg©^_¸z�yg]¸caMPSRoacqMPS+ou´�SR]¸º¬c�S+´�´�©P´jS~]u|^S�zP´�©�]Àl¢egok_kS���yK´�S+©Po~ÂAc+yKo
´�SR]¸oa�R]k©P´j_ay�_q]¸]kegh�_¸_keg©Kp`eg©Poq]uSRokoaeghP�~]u±�c+yg©�]{Sb|^SE´«y¬_aygij´�´jSb|PSR]��ReghPSR]�|^SEl¢egok_kSbygc+c+©PQ¶©P´«y�_aije2h¼¯Ò�4y
_aSRcqMPhPi«ª2©�S}ª�©PS}hPeg©�]D©^_ki�´�i�]kegh�]DSR]{_D´«yb]{©�ij�KyKh2_aSbÁ

���������
	
������
�
������� ����������������� ��� ��� � ����������������� � �� ��!�!���"�� � � � ������$#
%'& �'��! & �'� � �(!�� ��� � � ��)���*�� � �+���,"-�'.-�/"��+"0#
1��'�+"2� � ��3)������ � �� � ����4�� ��5 ��267! & �'��! & ���(!�� ��� ��

���8�
!��+� � �-��������� � ��� � ���9� � )��
�'�-� � ��) 5'� ��! ��5 #
:����- � � � �����-+�����;" 5 �3�����<��� ��� � 5 �=60����!+��"�"��+�-!+��� � �

� ����4���! � �;���>)��(!+�� )������ � ��?"-���� �+�@����- � ����A��+� � #
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n,ok�~c�i«]{e2h�]Àª�©PS¶´jS~]ÀzAegi�h2_a]u|PS�l¢©Pij_kS ��hPi«]ÀS+_uijh ��hPi«]u]kegh2_¸|^�+_kS+oaQbi�hP�R]u|^S¶´«y�Q76RQES¶lmy � e2h¼¯>n,´j©>]
zPoa�Rc+i�]k�+QbS+SRh2_~Â4| ��±0|^S~]}zPoaegP´�O+QbSR]�|^S�z�ok�~c�i«]{i�egh"|^S¬c+yK´«c�©�´ÇÂ¼©Ph�zAegi�h2_�|^Sbl¢©Pij_aS�ijh �>hPiÃSR]{_¶yg©�]k]ki
©Ph0zAe2ijh�_u|Ò¿ i�h2_aS+oq]{S~cÄ_aije2h0|Ò¿ ©Ph0S+h�]kS+Q¶�´jS¶|^S¶|^oaegij_kS~]d]{©PoÀ´Ç¿ i�QbygfgS2¯��4y�|^i 8&�+oaS+h�c+S}S~]`_uª�©PS¶c�S�zAegi�h2_
|Ò¿ i�h2_kSRoa]kSRc�_ki�egh�]kSD_aoke2©P�gSD_koaOR]Ã´je2ijh¬|^©�zAegi�h2_wzPoai�h�c�i�z�yK´6Â�|^egh�cdz�yg]w]{©�oÃ´6¿ i�Q�yKf2Sg¯\Uuh�]k©PzPzAe�]{SÀª�©¼¿ ©Ph
zAe2ijh�_d|^S�l¢©Pij_kS�ijh �>hPi4c+egoaokS~]{zAegh�|�±E©PhPS}��yK´�S+©�oD|^S

θ = π
2
− ε
Â
ε
��_qyKh2_d©PhPS}zAS+_kij_kS}��yg´jSR©Po~¯

TwS�_{_aSNQE�+_kMPe^|PSN]kS�ok�R�gO+´�SwoaS+´«y�_ki��gSRQESRh2_-S�Ñ�cRygc�S,É�|^SNzP´�©�]-´jS~]-|^oaegij_kSR]-]kegh2_Úc+´�y2]k]k�+S~]�S+h¶l¢e2h�cÄ_aije2h
|^S¶´�S+©Poq]d��yg´jSR©Poa]Àygc+c+©PQ¶©P´��+SR]RÂ>c+S¶ª�©Pi�zAS+oaQbS�_¸|Ò¿ �+´�ijQbi�hPS+ou´�SR]À|Poke2iÅ_aSR]dz�yKoqyg]kij_kSR]R¯ATwSRc+i4S~]`_ui�´j´�©�]{_koa�
]k©PoD´«y �>fg©PoaS}�g�P¯PÐde2©�]NzAeg©��gegh�]N�gegi�oDª�©PS�´�S�z�okSRQEi�S+oDzAegi�h2_À|^S�l¢©Pij_kS��>hPi¼SR]{_DoaS+zPoa�R]kS+h�_k�¸z>yKoD©PhPS
c+oke2iÅ·�oaeg©Pf2SgÂ�´�SR]�´�ijf2hPSR]N|^Sul¢©Pij_kS}ª�©PiÒegh�_Dc�egh�_koaij�©P�¸±�´«y�|^�+_kS~cÄ_ki�egh�|PS�c�S¸zAe2ijh�_D]{e2h2_NoaS+zPoa�R]kS+h�_k�+S~]
SRh�oaeg©Pf2SDl¢egh�c+�g¯\�¼e2oa]w|^Su´«y�zPoaS+QbijORokSÀAeg©>c�´�Su|^Su´6¿ yg´jf2egoaiÅ_aMPQbSdzPoa�Rc��~|^S+h�_RÂ�´�SR]�|^oaegij_kSR]Ãoaeg©Pf2SR]Ã]kegh�_
oaS+zPoaeKp`S�_a�+SR]D]k©PoD´6¿ MP�+Qbi�]kzPMPORokS}f2yg©�]a]{i�S+hPh�S¸Q�yKi«]Dc+S�_k_kS�l¢e2i�]DSRh³]keg©>]`_aoayG[2yKh2_
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yK©^·�y2c+c�©�Q¶©P´�yK_kSR©Poa]

|^SÀ´Ç¿ MP�RQEi«]kzPMPO+oaSg¯�PdhPSdl¢egi«]Ãc�S~c�i>ok�Ryg´�i�]k�gÂK´«y�|^S+©^·^i�O+QbSdAe2©�c�´�SdzAS+oaQbS�_w|^Sd_koaeg©P�gSRo,´jSÀzAegi�h2_�|^SDl¢©Pij_kS
i�h ��hPiA|^egh�_,´«y}|^i�okS~cÄ_aije2hES~]`_ÃokSRzPok�~]{SRh2_a�+SNz�ygo,´�y�´�ijf2hPSD�gSRo{_Ãc+´�ygijo~¯K�4SR]Ú´�i�fghPS~]Ú�gS+ok_Úl¢egh�c+�Degh�_,zASRokQbi«]
|^S}|^��_aSRc�_kS+odc�S+_{_kS}|^i�oaSRcÄ_aije2h¬S+_d]{e2h2_NoaS+zPoaeKp`S�_k�RSR]�]k©PoN´6¿ MP�RQbi�]kzPMPORokS2¯^�¼e2oa]�|PS¸´«y¶_koaegi«]{i�O+QbS¸>e2©�c�´�SgÂ
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´�SÀ|^S+©^·^i�O+QbSdzAegi�h2_�|^SDl¢©Pij_kSÀi�h ��hPi>SR]{_w|^�+_kSRc�_k�2Â2]ay}|^i�oaSRcÄ_aije2hbSR]{_ÃokSRzPoa�R]kS+h2_a�+SDS+h�P´�S+©¼Â2S�_w´jS~],´ji�fghPS~]
yG[2yKh�_dc+egh2_aoki�P©P��±b´«y�|^��_aSRcÄ_aije2h0|^S¶c�S+_{_kS¶|^i�oaSRcÄ_aije2h³]kegh�_dokSRzPoa�R]{SRh2_a�+SR]DS+h³P´�S+©³l¢egh�c+�g¯>�¼SR]d´ji�fghPS~]
z�ygoay2]{ij_kS~]I]{e2h2_ÚokSRzPok�~]{SRh2_a�+SR]IS+hEP´«yKh�cgÂGQ�yKi«]Ú|PyKh�]-´jSDcRyg]-|^SDc�S+_{_aSNi�QbygfgSgÂKyK©�c�©�hPS�h4¿ S~]`_,c�e2h�]ki�|^�Rok�RS
c+egQbQbS¸_kS+´�´�Sg¯

nIeg©�o-©PhEzAe2ijh�_,|^S�l¢©PiÅ_aS���hPiÇÂK´�SNc+okij_kORokSNª�©PSNhPeg©�]-okS+_kSRhPegh�]IzAe2©PoÚª�©¼¿ ©PhPSD|^oaegij_kSN]kegij_Úc�e2h�]ki�|^�Rok�RS
c+egQbQbS¶c�e2h2_aoki�P©�ygh2_u±�´�y¬|^��_aSRcÄ_aije2h²|^©CzAegi�h2_¸|^S�l¢©Pij_kS�S~]`_¸]ay�|^i�]{_aygh�c�S¶z�yKoÀoqyKz�zAegok_À±�c�S¶zAegi�h2_~¯
PÀhPSb|^i«]`_qyKh�c+SE|^Sbª2©�S+´«ª2©�SR]uzPij·^S+´«]uS~]`_�©Ph¹c�oaiÅ_aO+oaS¶S+Ñ�cRygc+S¶Q�ygi�]uS~]`_}|^�RzAS+h�|Pygh2_}|^SE´«y¬ok�~]{e2´j©P_ki�egh
|^S�´6¿ i�Q�yKfgS¸egoai�fgi�h�yK´�SÀS�_d|^S�´«yEª�©�yK´�iÅ_a��|^S}|^��_aSRcÄ_ai�egh�|PSR]�´�i�fghPS~]N|^Sul¢©�iÅ_aSg¯PnIeg©�oDc�SR´�y�Â\©PhPS}|^i«]`_qyKh�c+S
oaS+´«y�_aij�gS0±"´«y¹_aygij´�´jS²|^S0´6¿ i�Q�yKf2S³zAS+©P_ 6�_koaS0©^_aij´�i�]k�+S°§¢©�hPSC��yK´�S+©�o�S+h2_aoaS

0
S+_

1
l¢e2i�]�´�y¹_aygi�´j´�SC|^S

´6¿ i�Q�yKf2S~¨Ä¯gn-eg©PoÃ©Ph�zAegi�h2_�|^SDl¢©Pij_kSÀi�h ��h�iÇÂ2´6¿ yKhPf2´jSDSRh2_aokSd´«y}|PijoaSRc�_ki�egh�|^©�zAegi�h2_�|^SDl¢©Pij_kSuS�_Ã´«y�|^oaegij_kS
S~]`_d©Ph�Ae2h³c�oaiÅ_aO+oaSg¯>TwS}c+okij_kORokS���yg©^_dª�©PS+´«ª�©PSR]D|PS+fgoa�R]D|PyKh�]D´jS�c+yg]Nf2�+hP�Roayg´Ç¯
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PdhPS,l¢e2i�]4´6¿ ygh�yK´�[^]{SÃ|^SÃ´6¿ i�Q�yKfgSÚ_aS+oaQbijhP�RSgÂR©Ph�SRh�]kS+Q¶P´�Sw|^S,_koaegi«]¼zAegi�h2_q]�|^S,l¢©Pij_kSgÂ �>hPi�]�eg©}i�h ��hPi«]RÂ
S~]`_�e2^_kSRh�©}É\´jSR©Poq]wc+e\egoq|^egh�hP�+SR]w]{S¸]kiÅ_a©PS+h�_D|PyKh>]w´jS¸zP´�ygh¬ijQ�yKf2Sg¯\s8z�yKok_ki�o�|^S�c�S~]�|^eghPh��+SR]RÂ�i�´>lmyg©^_
oaS�_aoke2©P�gS+o,´jS~]Ã|PeghPhP�RSR]wºg»8|^SÀQ�yKhPi�O+oaSÀ±}zAeg©P�ge2i�oÃ|^��_aS+oaQbijhPSRoÃ´�SR]wc�e\e2oa|PeghPhP�RSR],|^SR]wª�©�yg|^oai�´�yK_kO+oaSR]
hP�~c�SR]a]ayKi�okS~]AzAeg©�o¼´jSE�I���^�I�Ä�>�=�À�¢¡P£Ú¤N¥¢¦+�6�^�k£�¯R»¸yKh>]Ò©Ph}zPoaS+Qbi�S+oÒ_kSRQEz>]+Â+´�SR]¼z�yKoqyKQbO+_koaSR]&ijh�_koaijh�]kORª�©PS~]
S+_Ú´«y¸Q�yK_koai�c+SN|PSNoaeK_qy�_aije2hE|^SD´�y}c+yKQb�Roay¸ª�©Pi�y�]kS+oa�\i^±�zPokSRh�|^oaSN´�y¸z�MPeK_aegfgoqyKz�MPijS�egoai�fgi�h�yK´�S�|Pegi��gS+h2_
6+_koaSN|^��_aS+oaQEi�hP�R]RÂ�zP©Pi«]I´�SR]Úc�e\e2oa|PeghPhP�RSR]�|PSR]-ª�©�y2|^oaij´«y�_aO+oaSR]RÂRSRh ��hE´jS~]�_kS+·\_k©PoaSR]-ª�©PiP]kS+oaegh�_IzP´«ygª�©P�RSR]
]k©PoD´�SR]Dª�©�y2|^oaij´«y�_aO+oaSR]+¯

��� � � � � Ö �PÙÇÔ � � � $� % �CÙ �¹Ø�P�®�!���
�4y�z�okSRQEi�O+oaSE�+_ayKzAS�|PSb´�y�oaSRc+egh�]{_koa©�cÄ_aije2h¾ºg» SR]{_}´«y�|P��_kSRokQbi�h�y�_aije2h¹|^S~]�z�ygoaygQEO+_koaSR]ui�h2_aoaijh �

]kORª�©PSR]IS+_ÚS�·\_koai�h�]{O~ª2©�SR]-|^S�´«y¸cRyKQb�+oqyPÂGc+egQbQbSN|^�Rc+okij_Ú|�yKh�]I´«y¸]kSRcÄ_aije2hb�^¯à�^¯ � ¯GÐÀeg©�] �P·^egh�]I´�SDc�S+h�_koaS
e2z^_ki«ª�©PSb|^Sb´«y�c+ygQE�Roay�±�´6¿ egoaijf2ijhPSE|P©¾Qbegh>|^SgÂ¼]kegij_

(0, 0, 0)
É4cK¿ SR]`_}´«y�]kc+O+hPSbª�©PiÚS~]`_�|^�+z�´�y2c��+SES+_

hPe2h�´�ybcRyKQb�+oqyP¯^��y�l¢e^c+yg´jS�SR]{_d|Ò¿ yKAe2oa|�|P��_kSRokQbi�hP�+S}zAeg©PoDSRh³|^�~|^©Pi�okS�SRh�]k©PiÅ_aS}´Ç¿ egoaijSRh2_qy�_ki�egh�|PS�´«y
cRyKQb�+oqyP¯&�¼SR]u_aoke2i�]¸c+egQ¶Pi�h�yKi«]kegh�]uzAe2]a]{i�P´�SR]¸|^SbzAegi�h2_a]�|PS�l¢©Pij_kS ��hPi«]¸S+_�i�h ��hPi«]¸i�h2_aokeP|^©Pi«]{S+h�_}|^SR]
oqyKi«]{e2hPhPS+QbSRh2_a]}|^i 8&�+oaS+h�_a]R¯4Ðdeg_kegh>]�ª�©PS�´jS�oaS+zAO+oaS

(u, v, w)
SR]{_}´�SboaS+zAORokSb|P©¹Qbegh>|^SgÂ¼e;:

u
S+_

vc+egoaokSR]kzAegh�|^SRh2_woaSR]kzASRc�_ki��gS+QbS+h�_NyK©P·�yK·\S~]wMPegoai	�+egh�_ayK´AS�_N�gSRo{_ai�cRyK´6¯\�¼S¸okSRzAO+oaS
(x, y, z)

S~]`_Dc�SR´j©�iÒ|^S
´«ybc+ygQE�Roay�¯

� � �ÃÔ$� � Ö % � !=� �¢Ö��	� � ��
 % �\� � �,Ô � � ÖR� % � !=� �¢Ö ��� � � � �Ç���

TwS�_{_aS�]{ij_k©>y�_ki�egh¹S~]`_�okSRzPoa�R]kS+h2_a�+Sb]k©Po}´«y ��f2©PokS�� � ¯
F (fx, fy,−f)

SR]{_�´jS�zAegi�h2_¶|^Sbl¢©PiÅ_aS �>hPiÇÂ
~I1 = (I1x, I1y, 0)

S�_ ~I2 = (I2x, I2y, 0)
]{e2h2_¶´jS~]�|^i�oaSRcÄ_aije2h�]�|^S~]}zAe2ijh�_a]¶|^S�l¢©Pij_kS¬i�h ��hPi«]¶|Pygh�]�´jS

zP´«yKh²i�Q�yKf2Sg¯¼TwSR]u�gS~cÄ_kSR©Poq]ÀzASR©P�gS+h2_ 6+_koaS�hPegoaQ�yK´�i�]k�R]ÀQ�yKi«]¸c�S�h¼¿ SR]{_�z�yg]u©PhPSEe2P´ji�f2yK_ki�eghCzAeg©Po¸´«y
]k©Pij_kSÀ|^SR]Ãc+yg´�c+©P´�]R¯;Pdh�zPoaeg�´jORQESd]kSDzAe2]kSdc�egh>c�S+oah�yKh�_Ú´«y¸l¢e^c+yg´�S�Á2|Pygh�]ÚzP´�©�]kijSR©Poa]Ã|^e^c�©PQbSRh2_a]RÂgij´�S~]`_
|^ij_Nª�©PSu´«y}l¢e^c+yg´jSu|Pegij_E6+_koaSu]kzA�Rc�i ���RSÀQ�yKh\©PS+´�´jSRQbS+h2_Dc+yKow´6¿ i�Q�yKf2SÀh¼¿ ygzPzAegok_kSÀz�y2]wyg]a]kS �À|¼¿ i�h^l¢egoaQ�y��
_aije2h�]uzAeg©Po¸´6¿ �+_ayK´�egh�h�yKf2SgÂAc�SRc+iISR]{_�c+egh ��oaQb�¶z�ygoNMà�(O6¯Ò»¸yKh�]uh�eK_koaS�cRyg]RÂAc+S+´«y��Ky 6�_aokS�zAe�]k]kij�´jS�z�yKo
´«y�zPoa�R]kS+h�c+S�|^SR]u�gSRc�_kSR©Poa]¸|^ijoaSRc�_kSR©Poa]u|^S~]¸|^S+©^·CzAegi�h2_a]¸|^S¶l¢©�iÅ_aS�i�h ��h�i�]R¯&�4S�cRyK´«c�©P´-|^S�´«y�Q�y�_aoki«c�S
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�����	�A� � � v,_ayK´�egh�h�yKf2S¸|^S¸´«yEc+yKQb�Roay�yG�gSRcÀ©Ph�zAegi�h2_d|^Sul¢©�iÅ_aS ��hPiÒS+_D|^SR©^·¬zAegi�h2_q]N|^S¸l¢©PiÅ_aS�i�h ��hPi«]

�����	�&�g� � »À�+_kSRokQbi�h�y�_aije2h³|^SR]D�gSRc�_kS+©�oa]Dc�e2QbzAe2]ayKh2_D´�yEQ�y�_aoki«c�S}|^S}oaeK_ayK_ki�egh�|^S}´�y�c+yKQb�+oqy

|^S}oaeK_qy�_aije2h
(~u ~v ~w)

S~]`_À|Ò¿ yKAe2oa|�ok�~yK´�i�]k�¸zAe2©PoDSRh³|^�~|^©Pi�okS���h�yg´jSRQbS+h2_À´�yEl¢e^c+yg´jS
f
¯��4yEQ�yK_koai�c+S

|^S�oaeK_qy�_aije2h®SR]{_b©PhPS�Q�y�_aoki«c�S³|^S�z�yg]a]ayKfgS�|^S�´6¿ S~]{z>ygc�S�|PS�´�y¹c+yKQb�RoayC�gSRoa]�´6¿ SR]kz�ygc�S�f2´�eg�yK´6Â-]{S~]
c+eg´�eghPhPS~]N]kegh�_D´jS~]N�gSRc�_kSR©Poa]D|^S}´«yE�yg]kS}|^S�´«ybc+ygQb�+oqy�|�yKh�]N´�S}okSRz>ORokS�fg´�eg�yg´Ç¯

Pdh¹zPoaS+QbijSRo��gSRcÄ_aS+©Po}hPegh¾hPe2okQ�yg´ji«]{�E|^Sb´«y�Q�y�_koai«c�Sb|^Sbokeg_ay�_ai�egh²zAS+©^_ 6+_koaSb|^�R|P©PiÅ_¶|^©¹zAegi�h2_
|^S�l¢©Pij_kS���hPiÃ§Ç|PyKh�]D´jS}oaS+zAO+oaS¸fg´�e2�yK´Í¨ÀÁ

~w′ = (w′

x, w′

y, w′

z) = −−−→
OF = (−fx,−fy, f)

T�yK´«c�©P´�egh�]dQbygijh�_kSRh�yKh�_ ~v′
¯&TwS��2SRcÄ_aS+©PoÀSR]{_Ài�h�|^i«ª�©P�¶]k©PoÀ´«y ��f2©PoaS¶�g�¼Î`ÌqÏ�ÂPi�´I]{S}_aoke2©P�gS�|Pygh�]d´jS

zP´«yKh�|^�	��hPi�z�yKoÚ´�SR]ÚzAegi�h2_q]
O
Â
P
S�_,´«y�|^i�oaSRcÄ_aije2h ~I1

¯g�¼SD�gSRc�_kSR©Po ~v′
S~]`_,S+hElmyKij_,´jSD�gSRc�_kS+©�o ~I1

yK©�ª�©PSR´

QSR )TQSU
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©PhPS�c+egQbzAe2]ayKh�_kSb]k©Pi���ygh2_}´6¿ yK·^S
~z
SR]`_¶y�p`eg©P_k�+S2Â¼|Pegh�c ~v′ = (I1x, I1y, v′

z)
¯4Ðde2©�]��ge2©P´�egh�]}ª�©PSb´�SR]

�gS~cÄ_kSR©Poq] ~v′
S+_ ~w′

yKzPz�ygo{_ai�S+hPhPSRh2_Ã±�©Phb_koai�OR|^oaSDegok_kMPe2fgegh�yK´P|PyKh>]Ú´jSdP©^_�|^SNl¢e2okQbSRoÚ©PhPSd�y2]{S2ÂKhPeg©>]
�ge2©P´je2h�]N|Pegh�c ~v′ · ~w′ = 0

¯ATwSR´�ybc+egh�|^©�iÅ_À|^e2h�c�±�Á

I1xw′

x + I1yw′

y + v′

zw
′

z = 0

v′

z = −
I1xw′

x + I1yw′

y

w′

z

v′

z =
I1xfx + I1yfy

f
�¼S�_aoke2i�]kijORQbS��gSRc�_kSR©PoÀ|^S}´«yb�y2]{S2Â ~u′

Â>c+egQbQbS}ijh�|Pi�ª�©P�¶]k©Pod´�y ��f2©PoaS��g�¼Î�� Ï�ÂPSR]{_À|^�+_kS+oaQbijh��}S+h
]aygcqM�yKh�_Ãª�©PSÀhPeg©�]Ã�geg©P´�egh�],eg^_aS+hPi�oÃ©Ph�_koai�OR|^oaSd|^i�oaSRcÄ_wS�_�ª�©PS ~u′

|Pegij_/6�_aokSÀ|�yKh�],´�SÀzP´�yghbl¢egoaQb�dz�yKo
´�SR]Dz>e2i�h2_a]

O
Â
P
S+_d´�yb|^i�oaSRcÄ_ai�egh ~I2

Á

~u′ = ~v′ ∧ ~w′ =







I1x

I1y

I1xfx + I1yfy

f






∧





−fx

−fy

f



 =











I1yf +
I1xfx + I1yfy

f
fy

−I1xfx + I1yfy

f
fx − I1xf

−I1xfy + I1yfx











~n
S~]`_D´«yEhPegoaQ�yK´�S�yK©�zP´«yKh�l¢egoaQb�¸z>yKoD´jS~]NzAegi�h2_q]

O
Â
P
S�_d´«yb|^ijoaSRc�_ki�egh ~I2

Â
~n = (I2y,−I2x, 0)

¯
ÐÀeg©�]��geg©P´�egh>] ~u′ · ~n = 0

Â^hPeg©�]�eg^_aS+hPe2h�]�|^e2h�cKÂ^]aygcqM�yKh�_Nª2©�SuhPe2©�]w�ge2©P´�egh�]w©PhPSul¢ePc+yK´�SuzAe2]kiÅ_aij�2S�Á

f =

√

∣

∣

∣

∣

(I1xfx + I1yfy)(I2xfx + I2yfy)

I1xI2x + I1yI2y

∣

∣

∣

∣

TweghPh�ygi�]a]ayKh2_À´�y�l¢e^c+yg´jS
f
Â>hPe2©�]ÀzAeg©P�ge2h�]dQ�yKi�h2_kSRh�yKh�_ueg^_aS+hPi�ou´jS~]À�gSRcÄ_aS+©Poq] ~u′

Â ~v′
S�_ ~w′

¯A�¼S~]
�gS~cÄ_kSR©Poq]

~u
Â
~v
S�_

~w
]kegh�_D´�SR]N�gSRoa]ki�egh�]�hPe2okQ�yK´�i«]{�RSR]N|^SR]D�gSRcÄ_aS+©Poq]NzPoa�Rc��~|^S+h�_a]�Á

~u =
~u′

‖~u′‖
~v =

~v′

‖~v′‖
~w =

~w′

‖ ~w′‖
�¼egoq]�|PS¬´Ç¿ S�·^zA�+oai�QESRh2_qy�_ki�egh4Â4hPeg©>]�hPe2©�]¶ygzAS+oqc�S+�ge2h�]�ª�©PS�´�SR]¶oa�R]k©P´Å_qy�_q]�Qbygh�ª�©PS+h�_E|^S¬zPoa�Rc�i �

]kije2h¼ÂI´jS�c+yg´�c+©P´N|^S�´«y0l¢e^cRyK´�S¬okSRh��ge2ijS¬z�yKo�S+·^S+QbzP´�S���¯ �2º®§Ç]{e2iÅ_E©PhµcqM�ygQEzµ|^S��\i«]{i�egh°|^S³�2�^¯ ��5�¨Ä¯
�4egoq],|PSÀ´Ç¿ �R|PiÅ_aije2h¬|^SR]wzAeg´�[�f��ghPS~]+ÂghPeg©>],e2^_kSRhPegh�]w|^S~]Ãoa�R]{©�´Å_qy�_q]ÃyKASRokoqyKh�_a]Úz>yKoÃoqyKz�zAegok_Ã±�´Ç¿ i�QbygfgS
e2oki�fgi�h�yK´�Sg¯>Y\i4hPe2©�] �P·^egh�]d´�ybl¢e^c+yg´jS¶±��^¯à���C§m]kegij_À©PhCcqM�yKQbzC|^S��\i«]{i�egh0|^S�����52ª2©�i¼SR]{_À©PhPS¶��yK´�S+©Po
c+eg©PoqyKh2_aS~¨�ÂI´�SR]bok�~]{©�´Å_qy�_q]E]kegh�_bPijSRhµQbSRij´�´�S+©Poq]+¯ÃTwS³zPoaegP´�O+QbS³|^S�z�ok�~c�i«]{i�egh°z�oke��\ijSRh2_�|^S�´6¿ yKhPf2´jS
SRh2_koaS ~I1

S�_ ~I2

Á2c�S+_wyKhPf2´jSDSR]{_,z�okS~]kª�©PSDegok_kMPe2fgegh>yK´\S+_,zAe2©Po,egP_kS+h�ijo
~u
Â
~v
S+_

~w
egok_kMPe2fgegh>yK©^·ÒÂG´«y¸l¢e��

cRyK´�Sw|^egij_ 6�_koaSÃQbe^|^i ���RSw|^SwQ�yKh�ijORokSwc�e2h�]k�Rª�©PS+h�_kSw|^O~]4´«ydQbe2ijh�|PokSÃ�KyKoai�yK_ki�egh}|¼¿ yghPfg´�SÃS+h�_koaS ~I1

S�_ ~I2

¯

nIeg©�o�z�yg´j´�ijSRoIc�SwzPoke2P´�O+QbSgÂRhPe2©�] �P·^e2h�]4Q�yKh�©�S+´�´jSRQESRh2_I´�S�caM�ygQbz¶|^Sw�\i�]kije2h�§mS�_-|Pegh�c,´«yDl¢e^cRyK´�S~¨�¯
»�¿ ©�hPS�ijQ�ygfgS}±b´6¿ yK©^_aokSgÂ�´jS�cqM�ygQEz0|PS}�\i«]{i�egh0caM�yghPfgS}Qbygi�]DoaSR]{_kS�_ke2©�p`eg©Poq]dyK©^_aeg©PoÀ|Ò¿ ©PhPS���yg´jSR©Po}Á
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�����	�A�Kº � v,_ayK´�egh�h�yKf2S¸|^S¸´«yEc+yKQb�Roay�yG�gSRcu|^SR©^·¬zAegi�h2_q]N|^S¸l¢©PiÅ_aS ��hPi«]NS�_D©Ph�zAe2ijh�_D|^S¸l¢©Pij_kS�i�h ��hPi

����5P¯��Ã¿ SRokoaS+©Pod|^S}l¢e^c+yg´jS�ª2©�i¼SRh0|^�Rc+eg©P´�S}h¼¿ SR]{_dz�y2]N_koaOR]Di�QEzAe2o{_qyKh�_kS}S�_ÀSR]{_À±bzAS+i�hPS}zASRoac+S+z^_aij�´jS,É
]ki-|^S~]uQbSR]k©PoaSR]¸|^S+�KyKi�S+h2_ 6�_koaS�oa�RyK´�i«]{�RSR]u]{©Po¸´6¿ ijQ�yKf2SgÂ&|^SR]¸S+oaoaS+©Poq]À|^SEzPoaegzAe2o{_aije2h�]dS+h�_koaS�´6¿ yG��yKh�_��
zP´«yKh¾S�_�´6¿ yKoaoki�O+oaS	�6zP´«yKh²]{SEokS~]k]kS+h�_ki�oaygijSRh2_RÂAQ�yKi«]u´6¿ ©�]kygfgS�zPoki�h�c+ijz�yg´-|^©(�I�K�^�}�Ä�>�=���Í¡�£¶¤�¥m¦+�6�^�{£bS~]`_
´«y�zPoaegQbS+h�y2|^SÀS+h�ºg»8S+h�_kSRQbz�]wok�RS+´6Â2S+_N|PyKh�]�c�S¸c+y2]Ã´jS~]w|^�+l¢egoaQbyK_ki�egh>]Ã|^S~],_aS�·\_k©�okS~]w]kegh2_N±�zAS+i�hPS
zAS+oqc�SRz^_ki�P´�SR]R¯

sd©�hPi��gSRyK©�|^S~],cRyK´«c�©P´«]RÂKzAS+©�|^SdcqMPe�]{S~]ÚcqM�yKhPf2S+h�_R¯g��y¸l¢e^c+yg´jS
f
SR]{_Ãc�e2hPh�©�SgÂ2|^egh�c ~w′

SR]{_Ãc+eghPh\©
|^O~]u´�Sb|^�+�©^_R¯¼�¼SE�gSRc�_kSR©Po ~v′

]kSE|P�R|^©Pij_�yK©�]a]{i�_aokO~]Àlmy2c�i�´jSRQESRh2_~¯Ò�¼SE�gSRc�_kSR©Po ~u′
SR]{_�cRyK´«c�©P´���z�ygo¸´jS

zPoae^|^©Pij_I�gS~cÄ_aegoaijSR´ ~u′ = ~v′∧ ~w′
ÂGij´�lmygiÅ_-z�ygo{_ai�Sw|¼¿ ©Ph¶_aoki�OR|PokS�|^i�okS~cÄ_-Qbygi�]IhPSN]{SÃ_aoke2©P�gSwz�yg]4l¢e2oac+�+QbS+h�_

|Pygh�]¸´�SEzP´«yKh¾l¢egoaQE�Ez�ygo
O
Â
P
S�_ ~I2

¯�TwSRc�iÚSR]{_}| �¹±�´«y��P·Py�_aije2h²Q�ygh�©PS+´�´�Sb|^Sb´�y¬l¢ePc+yK´�SES�_}hPeg©>]
yG�gegh�]dzPoai���i�´��+f2ij��´«y�z�ok�~c�i«]{i�egh0zAeg©Pou´�SR]À�gSRo{_ai�cRyK´�SR]dzP´�©^_ �g_¸ª�©PS¶zAe2©PoÀ´�SR]uMPegoai��Regh2_qyK´�SR]À|^S¶´6¿ i�Q�yKf2SgÂ
cRyKoES+´�´jS~]b]{e2h2_bS+hµfg�RhP�+oqyK´�zP´�©�]EhPe2Q¶PokSR©�]kSR]�S�_�QEi�S+©P·°|^����hPi�SR]³§Ç|PyKh�]E´�SR]Ei�Q�yKf2SR]Ec�e2QEzAe2o{_qyKh�_
ASRyg©�c�e2©Pz�|^S� ��_ai�QESRh2_a]DS+h�z�yKok_ki«c�©�´ji�S+o~Â\S�_dyg©�]k]kiÒ|Pygh�]�´�SR]Ni�QbygfgS~]�|^S¸l¢e2o�6+_Nz�ygoNS�·^S+QbzP´�S~¨�¯^v,h ��h
´�SR]N_koaegi«]��gS~cÄ_kSR©Poq]�zASR©P�gS+h�_I6�_koaS�hPe2okQ�yg´ji«]{�~]�zAeg©PoNl¢egoaQbS+oD´�yEQ�yK_koai�c+S�|^S}oaeK_qy�_ki�egh4¯

� �\� � �ÃÔ$� � ÖR� % � !=� �¢Ö��	� � �Ç� 
I� � �,Ô � � Ö % ��!=� �¢Ö ��� � � � �u�

TwS�_{_aSu]{ij_a©�y�_aije2h�SR]`_woaS+zPoa�R]kS+h�_k�+SÀ]{©�oÃ´�y���fg©PoaSu�KºP¯CPÀhPSÀQb��_aMPe^|^Su|^Suc+yK´«c�©�´�SR]{_wzPoke2zAe2]k�+Sd|PyKh>]
M � � OÚQbygi�]uhPeg©>]ÀS+h²©^_aij´�i«]{e2h�]u©PhPSEyK©P_koaS�ª2©�i-|^S+Q�yKh>|^S�QEe2ijh>]u|^SEcRyK´«c�©P´«]+Â&|^egh�c�c�e2QbzAegok_kS¶QEe2ijh>]
|^SuzASRo{_aSu|^SuzPoa�Rc+i�]ki�egh�´�egoq]Ã|PSÀ´6¿ S�·^�Rc+©^_ki�egh¼¯\»¸yKh�]�M � � O=Â�©Ph�SuQE�+_kMPeP|^SuSR]{_wz�oke2z>e�]{�RSgÂ2]ki�QEi�´«yKi�okSu±�´«y
hPeg_koaSgÂ^Q�yKi«]�l¢egoaQ¶©P´��+S}yg©^_koaS+QbS+h�_R¯

»ÀSR©^·¶zAegi�h2_q]-|^Swl¢©�iÅ_aS���hPi«]N§
F1

S�_
F2

¨�]ki�fghPi ��S+h�_Úª�©PSN|^SR©^·¶�gSRcÄ_aS+©Poq]I|PS�´«yÀQ�yK_koai�c+S�|^SNokeg_ayK_ki�egh
]k©Po�_koaegi«]}hPS¬]kegh�_�z>yg]¶|PyKh�]�´�S�zP´«yKh�ijQ�ygfgSgÂ4ij´�]+¿ yKf2iÅ_�|^S

~v1

S�_�|PS
~v2

¯ PÀh�zAegi�h2_E|^S�l¢©Pij_kS¬i�h ��hPi
]kijf2hPi ��Sdª2©�SD´�SN_aoke2i�]kijORQbSN�gSRc�_kSR©PoÃ|^Sd´�y�Q�y�_aoki«c�Sd|^Sdokeg_ayK_ki�eghESR]{_Ã|�yKh�]Ú´�SDz�´�yghbijQ�ygfgSg¯�TwSRc+i�y�zAe2©Po
c+egh�]k�Rª�©PS+h>c�S�ª�©PS�´jS¶zP´�yghC|^�	��hPi�z�ygod´�S}_koai«yKhPf2´jS

OF1F2

SR]{_Àegok_kM�egfge2h�yK´¼yK©0zP´«yKh0ijQ�ygfgS}S+_u|^egh>c

QSR )TQSU
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��h�yg´�S+QbS+h2_¶ª�©PSb´�y³|^oaegij_kS
(F1F2)

|Pegij_}z�yg]a]{SRo¸z>yKo�´�SbzAegi�h2_
P
¯�Uuo}c+SEh4¿ S~]`_�z�yg]�´jS�cRyg]RÂÒc+egQbQbS

i�h�|^i«ª�©P�C]k©Po�´�y ��f2©PoaSC�Kº�¯wTwSR´�y�]{i�fgh�i���SCª�©PS0´�S³_aoke2i�]kijORQbS³�gSRc�_kS+©�o�|PS0´«y¹Q�yK_koai�c+S0|^SCokeg_ayK_ki�egh
h¼¿ SR]{_}z�y2]}|PyKh�]�´�SbzP´«yKh¹i�Q�yKfgSbS�_�|Pegh�cbª�©¼¿ ij´,[²y�©Ph¹_koaegi«]{i�O+QbSEzAe2ijh�_�|^SEl¢©�iÅ_aS ��hPi,Q�yKi«]}ª2©�i,]kS
_aoke2©P�gS�´je2i�h�|^©®zAegi�h2_¶zPoai�h�c�i�z�yK´2É4c+S¬ª2©�iÃS�·^zP´�i«ª2©�S�zAe2©Poqª2©�egi,ij´�y0��_k��|^��_aSRcÄ_a�¬c+egQbQbS�©�h�zAegi�h2_
|^S�l¢©PiÅ_aS�i�h ��hPiw|�yKh�]}´6¿ �+_ayKzAS¬|^S�|^�+_kSRc�_ki�egh�|PSR]�_aoke2i�]}zAegi�h2_a]¶|^Sbl¢©Pij_aSg¯�ÐÀeg©�]}h�eg©�]�]kS+oa�gegh�]}|^egh>c
©PhPi«ª�©PS+QbSRh2_,|PS

F1

S+_Ú|PS
F2

zAe2©Po-´jS~]-c+yg´�c+©P´«]+ÂG©Ph�S�z>yKok_ki�S�|P©�oa�R]k©P´j_ay�_-S~]`_,c+yg´�c+©P´j�RS�z�yKoÚ|^�R|P©�cÄ_aije2h¼¯

Ðdeg©>]}©^_aij´�i«]{e2h�]}©PhPS�M\[\zAeK_kM�OR]kSbl¢egok_kS�ª�©PiÃS~]`_�ª�©PS�´�SR]}_koaegi«]}zAegi�h2_q]�|^S�l¢©Pij_kS�|^�+_kSRc�_k�~]�okSRzPok���
]kS+h�_kS+h�_N|^S~]w|PijoaSRc�_ki�egh�]Ãe2o{_aMPegf2egh�yK´�SR],|Pygh�]Ã´6¿ SR]kz�ygc+Sg¯��4SR]Ã�gS~cÄ_aS+©Poq]

~v1

S+_
~v2

]kegh2_N|^egh>cÀc+egh�]ki�|^�Rok�~]
c+egQbQbS�egok_kMPe2fgegh�yK©P·�S+_Dh�eg©�]NzAe2©P�gegh>]�S+h0|^�R|P©PijoaS�´«y�l¢e^c+yg´jS2¯�Y\egij_

{

F1(f1x, f1y,−f)
F2(f2x, f2y,−f)

ÐÀeg©�]NSRh³|^�~|^©Pi«]{e2h�]�Á
{

~v1 =
−−→
OF1 = (f1x, f1y,−f)

~v2 =
−−→
OF2 = (f2x, f2y,−f)

ÐÀeg©�]N�ge2©P´�egh�]
~v1 · ~v2 = 0

Â�|^e2h�c
f1xf2x + f1yf2y + f2 = 0

¯

f2 = −(f1xf2x + f1yf2y)

f = ±
√

−(f1xf2x + f1yf2y)

ÐÀeg©�]N�ge2©P´�egh�]Neg^_aS+hPi�oD©PhPS�l¢e^cRyK´�S
f
zAe2]kij_ki��gS}|^egh�c¸´6¿ S�·^zPoaSR]a]{i�egh���h�yg´jS}|PS�´«y�l¢e^c+yg´jS�SR]{_�Á

f =
√

|f1xf2x + f1yf2y|
PdhPS�l¢egi«]�´�y³l¢e^cRyK´�Sb_koaeg©��g�+SgÂ4hPeg©�]�zAe2©P�gegh�]�|P��_kSRokQbi�hPS+o¶´«y0QbyK_koai�c+S�|^S�oaeK_qy�_aije2h

(~u ~v ~w)
¯

TwS+_{_kS}Q�y�_aoki«c�S�S~]`_deg^_aS+h�©�S}]kijQbzP´�S+QbSRh2_�Á

~u = −
−−→
OF1

‖−−→OF1‖
~w = −

−−→
OF2

‖−−→OF2‖
~v = ~w ∧ ~u
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�,¿ ��_ayg´je2hPh�ygfgSN|Ò¿ ©PhPSÀcRyKQb�+oqy¸±�z�ygo{_aijoÃ|^Sdº�zAe2ijh�_a],|PSNl¢©Pij_kS �>hPi�],SR]{_,©�hbzPoaegP´�O+QbSdc�e2QEzAe2o{_qyKh�_
_aoke2z¹|^S�|^e2hPhP�+S~]+¯¼�¼S~]}º�zAe2ijh�_a]�hPSboaS+zPoa�R]kS+h�_kSRh2_�z>yg]¸lÍe2oac+�+QbS+h�_�º�|^i�oaSRcÄ_aije2h�]¸z�ygo{lmygiÅ_aS+QbS+h�_}ego#�
_aMPegf2egh�yg´jS~]+Â\Q�yKi«]NhPeg©�]NlmyKi«]{e2h�]N´Ç¿ M�[\zAeK_aMPOR]kS}ª�©¼¿ S+´�´jS~]N´�S}]kegh2_dzPokS~]kª�©PS�§¢Qbe2h2_koa�}]k©PoD´«y ��fg©PoaS�����¨�¯
��y¶_kS~caMPh�i�ª�©PS}c+´�y2]k]ki«ª2©�SuSR]{_D´«y�Qbijh�ijQbi«]kyK_ki�egh³|Ò¿ ©�hPS¸l¢e2h�cÄ_aije2h�z�ygoD|^SR]NQb�+_kMPe^|^S~]DyKh�yg´j[�_ai�ª�©PS~]+Â\S+h
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|^S¸´6¿ ©^_ai�´ji«]kyK_kSR©PoN]kS+oqyKij_Ã_aeg©�p`e2©Poa]whP�~c�S~]k]ayKi�okS2Â�yK´�egoq] �P·^S+o�´�SR]���yK´�S+©Poq]Ãi�hPij_ki«yK´�SR]N±�|^SR]Nc�e2h�]`_qyKh�_kSR]wS~]`_
©Ph³f2ygijh³|^S�_kS+Qbz�]RÂ�yg©�]k]kiÒPijSRh³yg©�hPi��gSRyK©³|^©0|^�R�gS+´�egzPzASRQESRh2_Àª�©PS}|^S}´6¿ S+·\�~c�©^_aije2h¼¯
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PdhPS�l¢e2i�]¸´jS~]���z�ygoaygQEO+_koaSR]u|^��_aS+oaQbijhP�~]+Â&´�SR]¸c+e\egoq|^e2hPhP�+S~]À|^SR]�]kegQbQbS�_a]�|^SR]}�¬ª�©�yg|^oai�´�yK_kO+oaSR]
]kegh�_-c+yK´«c�©�´j�RSR]I|PyKh�]�´�SwoaS+zAORokSw|P©¶Qbegh>|^S�c�e2QbQES�]k©Pij_D§m]aygcqM�yKh2_-ª�©PS

Left
Â
Right

Â
Floor

Â
CeilingS+_

Back
]{e2h2_d|^S~]Nh�egQ¶PoaSR]NzAe2]kiÅ_aiÅlm]q¨¸Á

−→
OA = − Left · ~u − Floor · ~v − Back · ~w−−→
OB = Right · ~u − Floor · ~v − Back · ~w−−→
OC = Right · ~u + Ceiling · ~v − Back · ~w−−→
OD = − Left · ~u + Ceiling · ~v − Back · ~w−−→
OE = − Left · ~u − Floor · ~v−−→
OF = Right · ~u − Floor · ~v−−→
OG = Right · ~u + Ceiling · ~v−−→
OH = − Left · ~u + Ceiling · ~v

��� � � � & �PÙmØ2��Ù�% �\�EÖ�� �ÒÖR� ���\�
�¼SR]}ª�©�yg|Poki�´�yK_kORokS~]ucRyK´«c�©P´��R]¸z�ok�~c��R|^SRQbQESRh2_}oaS+zPoa�R]kS+h�_kSRh2_�´«y¬_aegzAeg´�egf2ijSEygzPzPoae~·^i�Q�y�_ki��gSE|^Sb´«y

]ac�O+h�Sg¯>v,hCz�´�y2ª2©>yKh2_¸|^SR]d_kS+·\_k©PoaSR]u]{©Po¸c�S~]Àª�©�yg|Poki�´«y�_kORokS~]+ÂPhPe2©�]dzAe2©P�gegh�]de2^_kSRhPijou©PhCQbegh�|PS¶ygz �
zPoaeG·\i�Q�y�_aiÅl&Q�yKi«],ª�©Pi�zASR©^_/6+_koaSdc+egh��KyKi�h�c+ygh2_R¯;PÀhPSD_aS�·\_k©PoaSdz�yKoÃª�©�y2|^oki�´«y�_aO+oaS�S~]`_w|^e2h�cNh��Rc�S~]k]ayKi�oaSgÂ
Q�yKi«]�|�yKh�]�©Ph ]keg©�c+i�]�|^S²c�egh>]{e2QEQ�yK_ki�eghµQb�+Qbegi�oaSgÂ,]kS+©P´�SR]�´�SR]b_kS+·�_a©PoaSR]�©^_ki�´jS~]�]kegh�_�cRyK´«c�©P´��+SR]RÂ
´�SR]0ª�©�y2|^oaij´«y�_aO+oaSR]�h¼¿ yKzPz>yKoqyKi«]k]ay�h�_�z>yg]0|PyKh>]³´Ç¿ ijQ�ygfgS¹e2oki�fgi�h�yg´jS¾h�S�]kegh2_0z>yg]³zPoai�]³S+h(c�egQbz^_aSg¯
�4SR]�_aS�·\_k©PoaSR]¶e2^_kSRh�©PS~]¶zAeg©�o�´Ç¿ ijQ�ygfgS�|^S¬´«y���fg©�okS��K�4Î ÌÄÏ�]kegh�_�oaS+zPoa�R]kS+h�_k�+S~]¶]{©�o�´jS~]���fg©�okS~]��K�
Î��`ÏGÂ6Î`¦ Ï�Â6Î )qÏ�ÂÇÎ`£`Ï�S+_�Î 
+Ï�¯

nIeg©�o�|^�+_kSRokQbi�hPS+o�´�y¶ok�~]{e2´j©P_ki�egh�|PSR]�|^i 8A�RokSRh2_kS~]Ã_kS+·\_k©PoaSR]RÂ�|PS+©^·�z�yKoqyKQbO�_aokS~]Ã|^egi��gS+h�_E6+_koaSÀz�oki«]
SRh³c�e2QEzP_kS�Á

� ´«y¶_qyKi�´j´�S ��h�yK´�S}|^© �>cqMPi�S+oDS�·^zAe2o{_a�u�gSRoa]dÊ��A�k¤ �&Ì �~¥ �2ÌK�=�K��Á^zP´�©�]N´«y�oa�R]keg´�©^_ki�e2h�|^SR]�_aS�·\_a©PokS~]
S~]`_��+´�S+�2�+SgÂ�zP´�©�]w´«y¶ª�©�yg´jij_k� ��h�yg´jSuSR]{_�AeghPh�SgÂ�Q�yKi«]Ãz�´j©�]�´jS �>cqMPi�S+o�S�·^zAegok_a�dS~]`_��ge2´j©PQbi�hPS+©P·&¯
s ´Ç¿ i�h��gS+oq]kSgÂ\]ki&´«y¶oa�R]keg´�©^_ki�egh�|^SR]w_aS�·\_a©PokS~]wS~]`_Nl¢ygi�P´jS2Â\´�S �>cqMPijSRoNS�·^zAegok_k�uS~]`_NzP´�©�]NzAS�_kij_RÂPz�yKo
S+·\SRQbzP´jS¸zAeg©Po�´6¿ ©^_aij´�i«]kyK_ki�egh�]k©Po�©Ph�nÃ»ds�Â^Q�yKi«]w´«y�ª2©>yK´�iÅ_a�uSR]{_�i�h^l¢�+oaijSR©PoaSg¯^Y\SR©P´&´Ç¿ ©^_aij´�i�]ay�_aS+©Po
zASR©^_Ã]{zA�~c�i ��S+o,±�ª�©PS+´�´jSDzP´«y�_kS+l¢egoaQbS�SR]{_Ã|^SR]{_ki�hP�+SD´jS��>cqMPijSRoÚS�·^zAe2o{_a�gÂGi�´�y�|^egh>cN±�caMPe2i�]ki�oÚ|PyKh>]
Ê��A�k¤ Ë�Ì 12£+�}´«y¶ok�~]{e2´j©^_aije2h�Q�yK·\i�Q¶©PQÆ|^S~]Ã_kS+·�_a©PoaSR]R¯\�,¿ S98&S�_D|^©�caMPe2iÅ·�|PSu´«y�oa�R]keg´�©^_aije2h�S~]`_
i�´j´�©�]{_koa�}]k©PoD´�y �>fg©PoaS}���P¯

� ´«y}_aygij´�´�Su|^Su´«y�zPoaeKp`SRcÄ_aije2h�|PSR]�ª�©�yg|^oai�´�yK_kO+oaSÀ]{©Pow´6¿ ijQ�ygfgSÀegoaijf2ijh>yK´�S}Á\]ki>©�hPSueg©�zP´�©�]kijSR©Poq]w|^SR]
zPoaeKp`SRc�_ki�egh�],egh�_Ã©�hPSuyKi�okSDlmyKi�P´�SÀ]k©PoÃ´6¿ i�Q�yKf2SDe2oki�fgi�h�yg´jS2Â�zASR©�|^Su|^e2hPhP�RSR]Ã]kegh�_,l¢eg©PoahPi�SR],zAe2©Po
cRyK´«c�©P´�S+oD´jS~]�_aS�·\_k©PoaSR]RÂ^i�´¼SR]{_d|^e2h�c¸i�h�©^_aij´�S�|Ò¿ ©^_aij´�i«]{SRoD©PhPS}oa�R]keg´�©^_ki�egh¬_aoke2z��R´jSR�g�+S2¯

Ðdeg©>]¸©^_ki�´ji«]kegh�]�|^e2h�c�©PhPSbQE�+_kMPe^|PSb]kS+Qbi�� yK©^_aegQ�y�_ai«ª2©�S�ª�©PiÚzPokSRh�|²S+h¹c+egQbz^_kSbc+SR]�|^SR©^·¾c�oki �
_aO+oaSR]¶ÁAok�~]{e2´j©P_ki�egh0Q�y�·^i�Q¶©PQ�S�_�yKi�okS�|^S�´�y�zPoaeKp`SRc�_ki�egh°§¢i�´j´�©�]{_koa��]k©Pou´«y���fg©�okSE�K�¼Î��`Ï�ª�©PiIS~]`_¸©PhPS
_aS�·\_k©PoaS}z�´j©�]ÀzAS�_kij_kS�ª�©PS}´�SR]Àyg©^_koaSR]dc+ygod´Ç¿ yKi�okS}oaSRc�e2©P�gS+ok_kS}]k©Pod´6¿ ijQ�ygfgS}egoaijf2ijh>yK´�S¸S~]`_ÀzP´�©�]DlmyKi�P´�S~¨�¯
n-eg©Po,e2z^_ki�Qbi�]kS+o,´�y¸_qyKi�´j´�Sd|^© �AcaMPi�S+o,S+·^zAegok_k�gÂK´jS~]ÚijQ�ygfgSR]-zASR©P�gS+h�_$6+_koaSdc�egQbzPoaSR]a]{�RSR]Úy~�gS~c�©Ph�yg´jf2e��
oaiÅ_aMPQbS¸|^SR]{_koa©�c�_kijl�c�egQbQbS ��¤ ���N¯PTwS+_{_aS¸c�e2QbzPokS~]k]ki�egh�SR]{_�okSR´�yK_ki��gS+QbS+h�_wS+Ñ�cRygc+Suc+ygow´jS~],_aS�·\_a©PokS~]
cRyK´«c�©P´��+SR]Ãc�e2h2_aijSRhPhPS+h�_ÃAS~yK©�c+eg©Pz�|^Sdf2oaygh�|^SR] �ReghPSR],©PhPijl¢egoaQbSR],hPe2ijoaSR]Ãª2©�i�oaS+zPoa�R]kS+h�_kS+h�_,´�SR] �+egh�SR]
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�����	�w�K� � L�S�·\_a©PokS~]�cRyK´«c�©P´��+S~]¶zAeg©PoE´�y¾]kc+O+hPS�|^©µc+eg©P´�egi�o�§�Î`ÌqÏ³i�QbygfgS¬e2oki�fgi�h�yg´jS¬yG�gSRc¬yKÑ�cqM�yKf2S
|^S~]NAegoq|^©PoaSR]N|^SR]Dª�©�y2|^oki�´«y�_aO+okS~]+ÂIÎ��`Ï�_aS�·\_k©PoaS}|^©�l¢e2h�|¹§

512 × 512
¨ÄÂ,Î`¦ Ï}_kS+·�_a©PoaS�|P©�Q¶©PoDf�yK©�cqMPS

§
1024×1024

¨�Â�Î )ÄÏd_aS�·\_k©�okSÀ|P©�Q¶©Po�|^oke2iÅ_u§
1024×1024

¨�Â�Î`£`Ïd_aS�·\_a©PokSÀ|P©�zP´«y�l¢e2h�|0§
1024×1024

¨ÄÂ
Î 
+Ï}_aS�·\_k©�okS�|^©³]keg´,§

1024 × 1024
¨{¨

)*) ß%+-,/.0.�1



�2� �u�����jÌK����£������u����Ì�� ����¦q¡

�����	�-�%� � r h ��©�S+h�c+S�|^S�´�y�_qyKi�´j´�S�|^SR]�_kS�·\_a©PokS~]}]{©�o�´«y³ª�©�yK´�iÅ_a� ��h�yg´jS0§+Î ÌÄÏ�ijQ�ygfgSEe2oki�fgi�h�yK´�SEyG�gSRc
i�h�|^i«c+yK_ki�egh�|^S�´«y �+e2hPS�eg�]kS+oa�g�+S2ÂDÎ�� Ï¬�\©PS�oaygzPzPokePcaMP�RSgÂ&_aygij´�´�S�Q�y�·^i�Q¶©PQ�|^S~]�_aS�·\_k©PoaSR]�ÁI�g�g�PÂÒ´«y
_aS�·\_k©PoaS�SR]{_ ��e2©PSgÂÚÎ`¦`Ï�_qyKi�´j´�S�Q�y�·^i�Q¶©PQ%|PSR]�_aS�·\_k©PoaSR]�Á>� � �^Â\´�ybª�©�yK´�ij_k��SR]{_d]ay�_ai�]{lmyKi«]kygh2_aSuQ�ygi�]D|^©
Qbegi�oa�¸SR]{_DS+h>c�egoaS¸zPoa�R]kS+h�_RÂÚÎ )qÏ}_qyKi�´j´�S�Q�y�·^i�Q¶©PQ%|PSR]�_aS�·\_k©PoaSR]�Á � �����>Â�´«yEª�©�yg´jij_k��S~]`_dAeghPhPS�zAe2©Po
©Ph³QbeghPij_kSR©PoDnNTN¨

QSR )TQSU



Ê��A�k¤ ���

�����	��ºg� � n,oaeKp`SRc�_ki�egh�|Ò¿ ©Ph}_kS�·^SR´2|^Swc�e\e2oa|^e2hPhP�+S~]
(u, v)

]k©Po4´Ç¿ i�Q�yKfgS,egoaijf2ijh>yK´�S-zAeg©Po4S+h¶|^��_kSRokQbi�hPS+o
´«ydc�e2©P´�S+©Po~¯

(x, y, z)
S~]`_�´�yÀc�e\e2oa|PeghPhP�RSR]¼|PyKh�]4´Ç¿ SR]kz�y2c�SÃ|^©}_kS+·^S+´6Â

(xe, ye)
]ayDzPoaeKp`SRcÄ_aije2h�]{©Po�´Ç¿ i�QbygfgS

i�h�c�e2hPh�©PS~]D|^S}´6¿ i�Q�yKf2S¸egoai�fgi�h�yK´�SE§ ��fg©PoaS��K�¹Î`¦ Ï�Â6Î )ÄÏGÂ6Î`£`ÏGÂ6Î 
+ÏG¨�¯

�¼S¶c+yg´«c�©P´�|Ò¿ ©PhPS�_kS+·\_k©PoaS¶]R¿ S%8AS~cÄ_k©�S¶ygijh�]kiÃÁ>´jS�ª2©>yg|^oaij´«y�_aO+oaS}c�e2okoaSR]kzAegh�|PyKh�_d|�yKh�]d´6¿ S~]{z>ygc�S¶ºg»
S~]`_u|^i«]kc+ok�+_ki«]{�}SRh³©�hPS�fgoaij´�´�S��g»�|^S�� £ �\£%� 'ÄÂ�cqM�ygc+©Ph³S~]`_ÀzPoaeKp`S�_a��]k©Pod´�S�zP´«yKh0|PS�´Ç¿ ijQ�ygfgS}egoai�fgi�h�yK´�Sg¯
�4SR]-c+e\egoq|^egh�hP�+S~]4egP_kS+h\©PSR]Ú]{e2h2_,|^SR]-hPe2Q¶PokS~]Iok�RS+´«]¼ÉGzAeg©PoI_aoke2©P�gS+o-´�y�c�eg©P´�S+©�o-ok�R]k©P´j_aygh2_aS�S�·\_koqyKij_kS
|^S¸´6¿ i�Q�yKfgSuegoai�fgi�h�yK´�SgÂ2©PhPS¸ijh�_kSRokzAe2´�yK_ki�egh�Pi�´�ijhP�~yKi�okSuSR]{_�©P_ki�´ji«]{�RSg¯^�Ã¿ i�´j´�©�]{_koqy�_aije2h¬|^S�c�S�_k_kS¸Qb��_aMPe^|^S
S~]`_À|^eghPhP�RS}]k©PoD´«y ��fg©PoaS}ºg�P¯

��� � � 
 � � �,Ô$�GÖ �^Ö�mÔ � % �\� %IÔ � � � ��� � �

PdhPS�l¢egi«]¶_ke2©�]�´�SR]¶_koqyKij_aS+QbS+h2_q]E]k©PoE´Ç¿ ijQ�ygfgS�_aS+oaQEi�hP�~]+ÂI´�SR]b|^eghPhP�RSR]E|^e2ij�gSRh2_�6+_koaS¬S+·^z>e2o{_a�+S~]
|^S�Q�yKhPi�O+oaS�±46+_koaS¬©P_ki�´ji«]ayKP´�SR]EyG�gSRc¬©Ph°h>y~�\i�f2y�_aS+©Po~¯ÚÊ��>�a¤Æ�&Ì �~¥ �2ÌK�=�K�CSR]{_E´«y²�gS+oq]{i�egh®n�T ]keg©�]
� i�h�|^e�
d]b|^©µh�yG�\ijf�y�_kSR©Po~Â�ij´DzAS+oaQES+_�|^S�zPoae��P_aS+ob|^S�´«y²M�yg©^_kS�oa�R]keg´�©^_aije2h°|^SR]EQbe2hPiÅ_aS+©Poq]�zAe2©Po
e;8AoaijoN©PhPS�QbS+i�´j´�S+©PoaS�ª�©�yK´�ij_k��|Ò¿ i�QbygfgSg¯^�4S¸h�yG�\ijf�y�_kSR©Po�zAS+©^_dyg©�]k]ki 6�_koaS¸ijQbzP´��+QbSRh2_k��]{©�o�©�h�nÃ»ds¶Â
eC:¹´�y³ok�R]keg´�©^_aije2h¹|^egij_ 6�_koaSbi�h^l¢�+oai�S+©PoaSg¯ITwSR]�c�egh�_koqyKi�h2_aSR]}]{e2h2_}z�oki«]{S~]�S+h�c�egQbz^_aS�|�yKh�]�´�Sbl¢egoaQ�y�_
|^© �>cqMPi�S+oN±�S+·\zAe2o{_aS+o~¯\TwS �>cqMPijSRo�c+egh�_ki�S+h2_�_keg©>]Ã´�SR]woaS+h�]kS+i�fghPSRQbS+h2_q]ÃhP�Rc+SR]a]kygijoaSR]Ã±�´«y�h�yG�\ijf�y�_aije2h¼Â
´�SR]�c�e\e2oa|PeghPhP�RSR]+Â>´�SR]u_aS�·\_k©PoaSR]�c�e2QEz�okS~]k]k�+SR]RÂ>S�_qcK¯�¯+¯+¯ �¼S�l¢e2okQ�yK_�|^© �>cqMPijSRo�SR]`_�S+·\_kS+h>]{i�P´�S�Á&i�´-S~]`_
c+egh�]{_kij_k©P��|PS¸P´�e^c+]NyG�gSRcÀ©Ph�i�|PS+h2_ai��Ac+y�_aS+©PoD©PhPi�ª�©PS2¯P»ÀS�hPeg©��gSRyK©P·�P´�e^c+]�zAS+©P�2S+h2_ 6�_aokS�c�oa�+�~]Ã_ke2©^_
SRh¬f2yKoq|Pygh2_w´�y�c�e2Qbz�y�_aijPi�´�iÅ_a�¸y~�gS~cd´�SR]�ygh�c�i�S+hPhPS~]w�gS+oq]{i�egh�]w|^©��>caM�ijSRoNc+yKo�´jS~]wP´�e^c+]wijh>c�egh�h�©�]�]kegh�_
i�fghPe2ok�~]Ã±�´�y¶´jS~cÄ_k©�okSuS�_�oaS+QbzP´�y2c��~],z�ygow´jS~]Ã�KyK´�S+©Poq],z�ygo�|^��lmyK©P_R¯\�4SR]�]{zA�Rc+i��Ac+y�_aije2h�]w|^© �>cqMPijSRo�]kegh�_
´�SR]d]{©Pi���ygh2_kS~]�Á
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