
HAL Id: inria-00074669
https://inria.hal.science/inria-00074669

Submitted on 24 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.

Image surface extremal points, new feature points for
image registration

Jean-Philippe Thirion, Serge Benayoun

To cite this version:
Jean-Philippe Thirion, Serge Benayoun. Image surface extremal points, new feature points for image
registration. [Research Report] RR-2003, INRIA. 1993. �inria-00074669�

https://inria.hal.science/inria-00074669
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE


appor t  


de  r ech er ch e 


1 9 9 3 


PROGRAMME 4





Robotique,

image


et vision



 Image Surface Extremal Points, new feature
points for Image Registration

Jean-Philippe THIRION, , Serge BENAYOUN

N˚ 2003
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< t~j�hkfgl�}6y���hzce��l³u�w;l�¤vl�w;ce}��rdT}et¥set~dT�;}�cel{¤Àh«set¥|gl�}�}idT�gs�tv�g|zhkc�t¸hz�Tsil�} ��hkc�sicihz�;}�¨¶dgc�°
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��dgj�j�l��gs�l�©)sicih"tvcelVl{s�wYset¹¤¥tv}il�c0��l�}0��dkt~�Tsi}��rdTw;cW¤~l5cel6�Mh«¤ÀhkfTlVhzw)sidgj�h«set~u�w;l²l{s��;c;8l��{t~}
�;l�}*tvj-hkfTl6}*jB8l��Ytv�Mh"¤vl�}6´9bWhzce��l�u�w
< t¹¤v}�}idT�Ts*t~�Tsic�tv�;}�Cl�u�w;l�}DCh-¤Àh·}iw;c�¨®hk��l��;l�¤E< dgqY�el{s6y
��l6}���dztv�Tsi}4}±dg�TsF8l6f�h«¤~l�j�l��gs�tv�;}il��;}etvqY¤vl6}�Ch*w;���Á��hz�xfgl�j�l��gs��
< tv�gsil��;}�t¹s 8l��;l²¤E< t~j�hkfglz´

7 dTw;}9j�dg�TsicedT�;}ªj�h"tv�Tsil���hz�Ts�u�w;l�¤E<àdT����l�wYsª�:8l{§��Ytvcªw;�;l�hkwYsicel��{¤Àhk}i}il��;l�bªdkt~�Tsi}
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l�©;�)¤¹tvu�w;dg�x}V��dgj�j�l��Ts��Mh"¤v��wY¤vl6c5las�l�©Ysicih«tvcel*�6l�}%�;dgw)|glMhzw�©Kbªdkt~�Tsi}��W©)sic;8l�j�hzw�©×y�las
�;c;8l�}il��Tsidg�;}W�;l�}�l�©x�:8l�c�t~l��;��l�}��;l�cel��«h«¤¸hzfTlzyzh«§��+�;l���dgj���hkcel�cª¤vl6}W�rl�c�¨¶dTcej�hz�;��l�}��xl6}
bªdkt~�Tsi}��ª©Ysic;8l�j�hkw)©��;l�¤¸h(}iw;c�¨®hk��l�dgqY�el{s�l{s��;l�¤Àh(}±w;c�¨®hz��l�tvj�hzfTlz´ 7 dksicel���dg�;�{¤vw;}etvdg�
l�}es�u)wxl��Á��hzu�w;l�j?8l{si�;dY�;l(h�}il�}��;cedT�;cel�}²h�|zhz�Ts�hkfgl�}6yzlas���dT�;�;wYtv}il��Ts4sidTwYsil�}��;l�w)©GCh
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I¿Ô;�M�{Òi¡�J�0Ð�¢ sicih«t¹sil�j�l��gs��K<õtvj�hzfTl�}��g¼oyrcel6�Mh«¤ÀhkfTlTy�f98l�dTj?8l{sic�tvl��)t¹ØL8l�cel6�Tsetvl{¤¹¤vlzy=tv�Y°
|zhzc�t¸hk�gs�f98l�dTj?8lasic�tvu�w;lz´
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sid ��dg�x}et~�xl6c(hk}�si�xl�fTcedgwx�;�KsicewYsi�K¨¶dTc�si�xl�celMh«¤ªsicihz�x}e¨¶dgcej³´�
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sicih"setvdT�
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j�lasi�xdY�;}�j�hzÃTtv�;f�w;}il�dz¨²j�h«si�;l�j�h"setv�Mh"¤�jSdTce�;�;dk¤vdgfkt~�Mh«¤0dT�rl�cih«sidgce}�y=§;¤¥sil�c�t~�xf�y×dgc
si�;l�}ilMhkce���·dz¨���dT�;�;l��{sil��³��hkc�si}6´



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

»���si�;lo�;cel�}il��Ts(��hz��l�cay�º²l�tv�T|gl�}esetvf)h«sil*si�;l+�Yt¥Ø×l�cel��TsetÀh«¤��;cedT�rl�c�setvl�}�dk¨�si�xlom�¼
�T¯x��l�c�°C}iwxc�¨®hz��l³��dTcecel�}i�rdT�;�Ytv�;fKsid�si�xl³tvj�hzfTl�tv�gsil��;}�t¹sD¯ ¨¶w;�;�{set~dT�×y�hk�;�Qº²l�}i�;dMº
�;dMºÂsid��;l{§��;l*hk�;��l�©)sicihz�{s��ª©)sicel�j-h«¤9bªdkt~�Tsi}�¨¶cedTjÅsi�Yt~}5�g¯Y��l�c�°C}iw;c�¨®hk��lz´�µV�xl6�Sº²l
}i�;dMº si��h«sVsi�;dT}il(�;l{º�¨¶lMh«siw;cel*��dztv�Tsi}²sidYd��Mhz� q�l*w;}il��-sidS��l�c�¨¶dgcej si�xlohz����w;cih«sil
cel�fztv}esicih«set~dT�Kdz¨�si�;l��g¼�tvj-hkfTl6}�´�µV�Ytv}(¤~lMhk�;}(w;}(sid³l�©)sil��;�Ksi�;l��;l{§��Yt¥set~dT�Gdk¨5�ª©)°
sicel�j-h«¤�bªdkt~�Tsi}�sid�}i��hk��l�dz¨²hk�g¯G�)t~j�l��;}etvdg����y3hk�;�Gsid��Ytv}eset~�xfgwYtv}i�Gq�l{sCº²l�l��Gsi�xl
�ª©Ysicel�j�h«¤ª�rdkt~�Tsi}�dz¨3si�;l�dTqY�el6�{sV}±w;c�¨®hz��l�hk�;�³dk¨ªsi�;l�t~j�hkfgl*}iwxc�¨®hz��lz´
£ l�}i�xdMº¿si�;l��Gl�©x�rl�c�tvj�l6�Tsi}�dT��celMh"¤��{¤¹tv�Ytv�«h«¤0��h"s�hYy�sid·�6dTj���hkcelosi�;l���l�c�¨¶dgc�°

j�hz�;��l�}Vdk¨ªsi�;l�cel6fktv}esicih"setvdT� ºVt¥si�·si�;l��Yt¥Ø×l�cel��Ts�ÃTtv�;�;}�dz¨��g¼��ª©)sicel�j-h«¤0b3dztv�Tsi}6´

� ��� � ���*� �"#ª�����+�5�M� ! ��
��	� �«� ������#


���
 �������������������! "�$#&%(')�+*-,/.0�$#1�2%3����.0�+#4�2�5�
£ l(jowx}es��Ytv}esetv�;fTwYt~}±�³q�lasDº²l�l��I}il{|Tl6cih«¤9�Mhz}il�}�dk¨�cel�fztv}esicih«set~dT�×yx�;l���l6�x�Yt~�xfSdT� si�xl
ÃTt~�;�x}�dk¨ªtvj-hkfTl6}4sid�cel6fktv}esil�ca´
6 � dT�;dk°Cj�dY��h«¤W¬À|gl�ce}iwx}�j+wY¤¹set¥°Cj�dY��h«¤¶­�u�w�h"¤¥t¥§�l�}VdT�rl�cih«set~dT�;}²��l�c�¨¶dgcej�l�� º%t¹si�
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si��h«s�º²l³hkwYsidgj�h«set~�Mh«¤¹¤¥¯Gl�©)sicihz�{soº%t¹si�QdTw;c�j�l{si�;dY�;}�hkcel h«¤~}idKhk��h"sidTj�t~�Mh«¤�¤Àhk�;�Y°
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¤¹tv�;l�}6´¥´¹´
�5s0¤¸hz}�s6y«º²lVhzcel%h"¤v}id�sid*�Ytv}eset~�xfgwYtv}i��qrl{sDº²l�l6��j�dTce�;�;dk¤~dTfztv�Mh"¤Yj�dY��h«¤¹t¥setvl6}�y"}±w;���

hz} � hzfT�;l{set~�*p%l�}idg��hz�;��lo¬ � p(­�}i�Mhz�x}Vhz�x�:9(°Ccih�¯ }±�«hk�;}�¬Ç�Mh«se°C}i�Mhk�r­iy�hz�x�³�;�T¯Y}etvdz°
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I=200

I=150

I=100

Successive crest line positions

Iso-surfaces f(x,y,z)= I

Crest surface e1(x,y,z)= 0

Second crest surface e2(x,y,z)= 0

Extremal points line

Extremal point for I=200
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hzcel�|gl�c�¯��;l��rl��;�xl6�Ts*dT�Isi�xlShk��u)w)t~}et¥setvdg�Kj�dY��h«¤¹t¥sC¯ >=l{|Tl6�Ksi�xl�j+wY¤¹setv�Y¤¥t~�Mh«set~dT��dk¨
si�;l+t~�Tsil��;}et¥sC¯Kº%t¹si�Gh���dT�;}es�hk�Ts�|zh«¤vw;l��Á��hk�;fgl�}�si�;l�fgl�dTj�lasic�tv�o�Á��hkcihz�{sil�c�t~}�set~��}*dk¨
si�;l*tvj�hzfTl*}iw;c�¨®hk��lT´

�!��� � �?� ���!� ����* ,���� %0� ��� # %0' � � �+* ,/.0� #
	 � ' ,����$#
�9l{s4}±l6l%�;dMºÂ�;d6ºÂsid��;l{§��;l(hk�;���6dTj��;wYsil%si�;l��T¼ �W©)sicel�j�h"¤=bªdkt~�Tsi}�dk¨rsi�xlVtvj�hzfTl
}iw;c�¨®hk��l�dk¨�h��g¼ tvj�hzfTlzy�º��Yt~�Á� tv}Vh�m)¼Î�T¯Y��l6c�°D}iw;c�¨®hk��l�¬Àsi�xl*l6u�w�h«setvdg�;}5¨¶dgc�dTqY�el��{s
}iw;c�¨®hk��l5�ª©)sicel�j�h"¤�b3dztv�Tsi}ª¨¶dTc��g¼Qtvj�hzfTl�}ª�Mhz��qrl�¨¶dTw;�;��t~� � �
$
	¶­i´ 
o´ � dg�;f�hVhk�;�	;�´
&�l���h�¯Tdgw;����ha|gl�}i�;dMº���tv��� �«��	��;dMº sid+�;l{§��;l�hk�;����dTjS�xwYsil²si�;l%§�ce}es²hk�;��}il���dg�;�
¨¶w;�;��hkj�l��gs�h«¤9¨¶dTcejS}�� � hk�;��� ! ¨¶dgc%m)¼��T¯Y��l6c�°D}iw;c�¨®hk��l6}�yx¨¶cedgj½si�xl��Yt¥Ø×l�cel��TsetÀh«¤�dk¨
si�;lo�T¼ t~j�hkfglzyxw;�·sid�dgce�xl6c��x´ £ l*cel6�Mh«¤¹¤=si�;dT}il(¨¶dTcejowY¤¸hkl��;l�cel�>
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£ �;l�cel`Ë tv}�si�xlItvj�hzfTl³}±w;c�¨®hz��l·¨¶w;�;�{setvdg�×y �� Ë�� ¬�Ë 
 ÈaË��TÈ{Ë�
a­+t~}�si�xl³tvj�hzfTlfgcihk�Ytvl��gs6y�hk�;� � si�;l ��l�}i}et¸hz� dz¨�Ë9´%µV�;lÍl{©x�;cel�}i}�t~dT��� dk¨�si�;l £ l{t~�;f�hkc�sil6�
l��;�;dTjSdTce�;�Ytv}ij tv}Vsi�xl6� >

� � � ! � � �� ¬Çmx­
µ%�;l�}il²¨¶dTcejowY¤¸hklV�Mhz��q�l�h«¤~}id*l�©)sil��;�;l���sidohk�T¯��Ytvj�l6�x}et~dT�"�S¬Ç}il�l � � +"	¶­i´T»���dgw;c

�Mhz}ilzy�si�xl6cel�hkcel�� �;c�tv�;�{t~��h"¤��Ytvcel6�{setvdg�x} ��(� È ��"! È ���� hk�;�G� ��dTcecel�}i�rdT�;�Ytv�;f·�;c�t~�x�atv��h«¤
��w;c�|zh"siwxcel6}
� � È(� ! È(� � y�q�latv�;f�cel�}i��l��aset¥|gl{¤¥¯³si�;l+l{t~fTl��g|Tl��asidTce}(hz�;�·si�;l+latvfTl6�T|zh«¤~wxl6}
dz¨�si�Ytv}4l��;�xdgj�dTce�;�Ytv}ij�� ´gµV�;l%�6dTj��;wYs�h«set~dT��dz¨�si�;dT}il²|zh«¤~wxl6}�¨¶cedTj¿si�;l%�Yt¥Ø×l�cel��Y°
setÀh«¤v}Vdk¨4Ë9y;wx�³sid�dTce�;l�c��YyYtv}V�xlas�h«t¥¤~l��·t~�-si�;lohk�;�;l�©=´ £ l*��h�|Tl*l�}es�hzq)¤¹tv}i�;l��×y�h«¨¸sil6c
l�©Ysil��;}�t¹|Tl �Mh"¤v��wY¤Àh«setvdg�×yrsi�;l �xla|Tl{¤~dT�rl��`¨¶dgcej+wY¤Àhkl�º��)t~�Á�¾fkt¹|Tl�si�;l ��l�©Ysicel�j�h«¤¹t¥sC¯
|zh"¤vw;l�} � � È � ! È � � ¨¶cedgjÅsi�;l*�)t¹Ø=l�cel6�Tset¸h"¤9dk¨9si�;l*�g¼ tvj�hzfTlzyYwx��sid�dgce�;l�c²��¬Àº²l*��h�|Tl
�;cedTfgcihkj�jSl��-si�;dg}±l(¨¶w;�;�{set~dT�;}6yxsidYd+¤vl6�xfzsi�T¯³sid�q�l*º�c�t¥sesil��I�xl6cel"­!>

� � � ���� ��� ����
� ! � ���� !�� ��"!
� � � ���� ��� ����

¬ �)­

µ%�;lV�;c�tv�;�{tv��h"¤;�)t~cel��{set~dT�;}��Mhz��qrl5�;l�}i��c�t~q�l���º%t¹si��m�¼ |gl��{sidTce}�tv��si�;lVm�¼ }i��hk��l
��dgcecel�}i��dg�x�Yt~�xfosid�si�;l(tvj�hzfTl*�T¯x��l�c�°C}iwxc�¨®hz��lzyxq;wYs²si�;l�latvfTl6�T|Tl6�{sidTce}Vdk¨ªsi�;l £ latv�Y°
f)hkc�sil��Il��;�xdgj�dTce�;�Ytv}ij ���� È ��"! È ���� hkcelodT�Y¤¥¯
�T¼�|gl��{sidTce}6´�»��K¨®hz�{s6yxsi�;l{¯K�6dTcecel�}i��dg�;�
sid�si�;lo��dYdTce�Ytv��h"sil�}�dz¨Wsi�;lo�xc�t~�;�{tv��h«¤��Ytvcel6�{setvdg�x}6y�fzt¥|gl���tv�Isi�xlo��hkcihzj�l{sic�tv�o}i��hk��l
dz¨�si�;lV�T¯Y��l6c�°D}iw;c�¨®hk��lTy"º��Ytv����hkcel²}etvjS�)¤¹¯�si�;l��T¼Â��dT�T|gl��Tset~dT��h«¤�}i��hk��l��6dYdTce�Ytv��h«sil6}
¬ÇÆ3È±É�ÈÁÊ)­i´ �� t~}(h"¤v}id+si�;l�fTcihz�)t~l��Ts�dT�rl�cih«sidgc4t~�·si�;lo�T¼���dg�T|Tl6�Tsetvdg��h"¤9}i��hk��lz´

�!��� ���!� � ,��8� �+%(� %0' ���?� � * ,/.0� #
	 ��' ,��5� ���!� � �$* ,�� � %0�+��� #
µV�;l h«¤vfgdTc�t¹si�xj sidKl{©)sicihk�{s�si�;dT}il���dztv�Tsi}�tv}�}�t~j�t¥¤Àhkc�sid�si�;l �Mhk}il�dk¨²si�;l dTqY�el��asi}
}iw;c�¨®hk��l >«¨¶dgcWsi�;l5t~j�hkfgl�}iwxc�¨®hz��lzy«t¹s�tv}0q�hz}il���dg�+si�;l5t~�Tsil�ce}il��{set~dT��dz¨�si�;cel�l²tvjS�)¤¹tv�{t¹s
}iw;c�¨®hk��l6}�� � � �xy � ! � �Yy9hk�;��� � �Å�xy=hk}(t¥¤¹¤vw;}esicih«sil���t~�K§�fgw;cel��
¬Àº��;l�celMhz}(t¥s(t~}
Ë � �;y � � � �Shk�;� � ! ����¨¶dTc�si�;l�dgqY�el��{sV}iw;c�¨®hk��l*�Mhz}il"­i´
µ%�;l�cela¨¶dTcelzy�si�;l�}il+�rdkt~�Tsi}(�Mhz��q�lol�©)sicihz�{sil��Klat¥si�;l�c�ºVt¥si��hz�Kl�©)sil6�x}et¹|Tl�}±l«hkce���

si�;cedTw;fg�+lMhz�Á��|gd�©;l{¤v}6ykdTcªºVt¥si�+si�;l²cihk�;�;dTj�tv¦�l���tvjS�)¤~l�j�l��gs�h«setvdg��dz¨xsi�;l � hkce���Ytv�;f
�=tv�;l�}�h«¤~fTdgc�t¥si�;j.¬Ç}il�l �õ�g��	Ç­iy;º��Ytv�����Mhz�·qrl*w;}±l6�·sid�cel��;w;��l*si�;l���dTj��Y¤~l�©)t¥sC¯g´
£ lª�ew;}es��;l�}i��c�t~q�l²�;l�cel�si�;l%l�©Ysil��;}�t¹|TlV��dgj��;w)s�h"setvdg��h«¤~fTdgc�t¥si�;j >ksi�xl�¨¶dz¤¥¤vdMºVtv�;f

¨¶w;�;�{setvdg��tv}�hk�;�Y¤¥tvl6��sid lMhk���K��l{¤¹¤�dk¨�si�xl�cel�fTwY¤Àhkc�fgc�tv��º��Ytv������dT�;}eset¥siwYsil�}�si�xl��T¼
t~j�hkfgl >
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e1(x,y,z)= 0

e2(x,y,z)= 0

e3(x,y,z)= 0
Image surfaceExtremal Point

79tvfTw;celo�4>�¼(l{§��)t¹setvdg��dk¨ªsi�;l*tvj�hzfTl*}iw;c�¨®hk��l��W©)sicel�j�h"¤�b3dztv�Tsi}

6 º²l���dgj��;w)silo¨¶dTc�si�;l�latvfT�gs*|Tl�c�set~��l�}�dk¨0si�Ytv}���l{¤¹¤Wsi�;l�|zh"¤vw;l�}*dk¨4si�xl-�T���Yt¥¨¸°
¨¶l�cel��TsetÀh«¤~}+dz¨�si�xl�tvj�hzfTl Ë9yªwx�Gsid�dgce�;l�co�YyrºVt¥si�Gsi�;l���dT�g|Tdz¤vwYsetvdg�x}�dz¨�si�xl
tvj�hzfTl(ºVt¥si�³si�xl��;l�c�t¹|zh«set¥|gl�}(dz¨ªsi�xl�Ù*hkw;}i}et¸hz�S¨¶w;�;�{set~dT�×´

6 º²l+�6dTj��;wYsil+si�;l���si�;l���l�©)sicel�j�h"¤¥t¹sD¯�¨¶w;�;�{set~dT�;}�� � È � ! È � � ¨¶dTcVsi�xdg}il $�|gl�c�°
setv��l6}�yxºVt¥si�³si�;l�l{©)sicel�j�h"¤¥t¥sC¯·¨¶dgcej+wY¤Àhkl*dk¨�l�u)w�h"setvdg�x}��Y´

6 »D¨�si�;l�}et~fT�;}²dk¨ªsi�;l $�l�©)sicel�j-h«¤¥t¹setvl�}�� � hzcel(si�xl�}�hkjSlzy)dgc5t¹¨3si�Yt~}5t~}%si�;l*�Mhk}il
¨¶dTc � ! dTc � � yxsi�xl6��º²l���dT�;}etv�;l�c²si��h«s�si�;l�cel*t~}��;d�l�©)sicel�j-h«¤���dztv�Ts6y=hk�;�³si�xl
�;cedY��l�}i}etv�;f�dz¨Wsi�Ytv}V��l{¤¹¤9tv}VdM|Tl�ca´

6 �W¤v}il�º²lS��dTj��;wYsilzy=º%t¹si�
¤¹tv�;lMhzc(tv�Tsil�ce�rdk¤Àh«setvdg�;}�y�si�;l���dg}�t¹setvdg��dk¨�si�;l³¬Ç�rdT}e°
}etvqY¤vl"­9tv�Tsil6ce}±l6�{setvdg����dztv�Tsi}0dk¨�si�xlV¦�l�ced*�6cedT}i}etv�;fT}�dk¨�si�;l��(l�©Ysicel�j�h«¤¹t¥sC¯+¨¶w;�;�{°
setvdg�x}+¬Àt¥¤¹¤vw;}esicih«sil��³tv�·§�fgwxcel��xy�h«¤~}±d��;l{s�h«t¹¤vl��³tv� � �T�
	¶­i´

6 �5s³¤¸hz}es6y4º²l��Mhk� ��dgj��;w)silTy5º%t¹si� sic�t¹°Ç¤¹tv�;lMhkc tv�gsil�ce��dz¤¸h«set~dT�;} tv�Âsi�xlG��w;qYtv�
��l{¤¹¤®y)si�;l(|zh«¤~w;l�}²dk¨ªsi�;l��T���)t¹Ø=l�cel6�Tset¸h"¤v}Vdk¨0Ë·¨¶dTc�si�;dg}±l�tv�Tsil�ce}il��asetvdT�³��dztv�Tsi}6y
hk�;� cel{°C��dgj��;w)sil³}iw;�Á� u)w�hz�Tset¥set~l�} hk}��;c�tv�;�{tv��h"¤%�6wxc�|zh"siw;cel�}�� � È(� ! È(� � hk�;�
�;c�tv�;�{tv��h"¤ª�)t~cel��{set~dT�;} ��(� È �� ! È ���� ¨¶dgc�si�xdg}il���hzc�setv��wY¤¸hzc²��dkt~�Tsi}6´

µ%�;lVcel�}iwY¤¥s�t~}�h*}il{s�dz¨9�g¼ �rdktv�gsi}�yksi�;l��ª©)sicel�j�h"¤=bªdkt~�Tsi}�dz¨�si�;l%t~j�hkfgl²}±w;c�¨®hz��lzy
ºVt¥si�³h+}il{s²dz¨�hk}i}idY�{t¸h"sil���h"sesic�tvq;wYsil�}6y)si�;l��+�;c�tv�;�{t~��h"¤=��w;c�|zh"siwxcel6}�hz�x�³hz}±}idY�{tÀh«sil��
�;c�tv�;�{t~��h«¤²�Ytvcel��asetvdT�;}6´WµV�xdg}il h«sesic�tvq;wYsil�}�hzcel�tv�T|zhzc�t¸hk�gs�¨¶dTc�si�;l ��w;c�|zh«siw;cel�}6y�hk�;�
cel{¤Àh«set¹|Tl{¤¹¯Ktv�g|zhkc�t¸hz�Ts*¨¶dTc(si�;l��)t~cel��{set~dT�;}6yrºVt¥si�Gcel�}i��l��as(sid·c�t~fkt~�
sicihz�;}�¨¶dgcej�}6y=hk�;�
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Q2

P2

P1

P

e1=0

e2(Q1)

e2(Q3)

e2(Q2)

e1=0, e2=0

e3(P1)

e3(P2)

e1

e1

e1

e1

e1

e1

e1

e1

Q1

Q3

Image surface Extremal Point e1=0, e2=0, e3=0

79tvfgw;cel+� >��ª©�hzj��Y¤vl�dk¨ªt~j�hkfgl*}±w;c�¨®hz��l��ª©)sicel�j-h«¤0b3dztv�Tsi}�l�©)sicihz�{setvdg�

�Mhz��q�l(w;}il���l 	-�{tvl��gse¤¥¯�sid+§��;� ��dTcecel6}±�rdT�;�Ytv�;fo��dkt~�Tsi}�¨¶dTc�t~j�hkfgl(cel�fztv}esicih«set~dT�×yzt~�
si�;l�}�hkj�l(ºVh�¯�si��hk�³¨¶dTc²si�xl�dgqY�el��{s²}iw;c�¨®hk��l��ª©Ysicel�j�h«¤0bªdkt~�Tsi}6´

���Y¨¶dTc�siw;��h«sil{¤¹¯gy�si�xdg}il·�rdktv�gsi} hk�;�Qsi�;l{tvc h"sesic�tvq;wYsil�} hkcel³�;dks�t~�T|zhkc�tÀhk�Ts�sid&h
����hk�;fTlVdk¨=si�;l(�Y¯Y��hzj�tv�(dz¨�si�;l�t~j�hkfgl�}V¬Çl{|gl�� sid�h��Yt¥Ø=l6cel��Ts²}i�Mh«¤¹tv�;f�dk¨=si�;l�t~�Tsil��Y°
}et¥sC¯�­iy�hk�;�³si�xl6cel{¨¶dTcel*�Mhz�
< s�q�l�w;}±l6�-¨¶dgc5jowY¤¥set¹°Dj�dY��h"¤ªcel�fkt~}�sicih"setvdg�=´
�5s�¤Àhk}es6yrsi�;l�}il�t~j�hkfgl�}iwxc�¨®hz��l��ª©Ysicel�j�h«¤%b3dztv�Tsi}�hkcel�}et~fT�Yt¥§��Mhz�Ts�dT�Y¤¥¯
tv�Gsi�xl

|�t~�{tv�Yt¹sD¯&dk¨VcelMh«¤5��dT�Tsidgw;ce}�´9»�� w;�Yt¥¨¶dgcej ¦�dT�;l�}6y3}iw;�Á� hk}�si�;lSt~j�hkfgl�q�hk��Ã�fTcedgw;�x�×y
j�hz�T¯ w;�;}es�hkqY¤vl³l�©)sicel6j�h«¤���dkt~�Tsi}�j�h�¯ hk�;��lMhzcay��xw;lIdT�Y¤¥¯&sid
si�;lK�;dztv}ilz´�µ%�;l�}il
�Mhz�·qrl�l{¤¥t~j�tv��h«sil6��º%t¹si��h+sil�}es�dT�·si�;l�fTcihz�Ytvl��Ts��;dTcej³y�º��Ytv���K�Mhk�³q�l�w;}il��Kh"¤v}id
sidG}i��l�l6� wx� si�;lI��dTj��;wYs�h«set~dT�&>�l�©)sicel6j�h«¤¹t¥setvl6}·hzcel·�6dTj��;wYsil�� dT�Y¤¹¯Qº��xl6� si�xl
fgcihk�Ytvl��gs%�;dgcej t~}�}etvfg�Yt¥§��Mhk�gs6´

� ��� , �*�²�"� ��!-�4��� ��� � , ���²�"#�� !`#

� ��
 � �?� ����.0�+#4� ��, � � %0� * �5� � % ��	 # � � �+� % 	 � � �! "�5� �+* �$��� # �
µV�;l·�;cel�}il��Ts ��hz��l�c���dT�;��l��gsicih«sil�}�dg�Q¨¶lMh«siw;celI��dkt~�Tsi}�l�©Ysicihk�{set~dT�×y�si�;l�cela¨¶dTcel·º²l
�ew;}esV�xl6}±�6c�tvq�l�q;c�tvl �x¯ si�;l�cel�fkt~}esicih«setvdg�·jSl{si�;dY�·si��h«sVº²l�wx}il(t~��dTw;c²l�©x�rl�c�tvjSl��Tsi}
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>�j�hk�g¯ dksi�;l�cScel�fkt~}�sicih"setvdg� j�l{si�;dY�;}��Mhk� q�l�w;}il��×y�tv�;�{¤vw;�Ytv�;f¾��dzsil��Tset¸h"¤�q�hz}±l6�
j�lasi�xdY�;}6´


(wxc�cel6}±wY¤¹si}5�;dMº²l{|gl�c�¬Àsi�;l(j�hM©Ytvjowxj½�)wxjoq�l6c5dz¨9��dztv�Tsi}²j�h"si�Á�;l��³h"sVh�fzt¥|gl��
�Ytv}es�hz�x�6l"­iyxtv}�hk�IdTqY�el��{set¹|Tl�u�w�hz�Tset¥sC¯·º��Ytv���K�;dYl�}i�K<õsV�xl6��l��;�Kdg�-si�;locel�fkt~}�sicih"setvdg�
j�lasi�xdY�×y9q�l��Mhzw;}±losi�;l�fk¤vdgq�h«¤0j�tv�Ytvjow;j �Mhk�
<õs�q�l�j�t~}es�hkÃzl��`ºVt¥si�¾h ¤vdY�Mh"¤�j�t~�Yt¥°
jow;j/º��xl6�Qsi�;l��;cedTq�hkqYt¹¤¥t¥sC¯Qsi��h«sSsDº²d¾��dkt~�Tsi}�¨®h"¤¥¤²tv� si�;l³}Áhzj�l³qxw;��Ãklas�tv}�¤~l�}i}
si��hk�G���Y�M�g� ��� hk�;� si�;dTw;}�hk�;�;}5dz¨���dkt~�Tsi}�hkcel*j�h"si�Á�;l��`¬Àsi�Ytv}%t~}5si�;l�}esicel��;fksi�³dk¨0h
�rdktv�gs�sid���dztv�Ts�cel�fkt~}esicih«setvdg��j�lasi�xdY�r­i´ £ l�w;}il�h�}�t~j��Y¤vlo�;cel��Ytv�{set~dT�Y°Ç|gl�c�t¹§��«h«setvdg�
}i���xl6j�lzy)º��Ytv�����Mhz��q�l*}iw;j�j�hzc�tv¦�l6�Khk}²¨¶dk¤¹¤vdMº >

6 £ lo�{¤Àhk}i}et¥¨¸¯ si�;l��ª©Ysicel�j�h«¤4bªdktv�gsi}(tv�Tsid q;w;�ÁÃzl{si}6y×hz����dgce�)t~�;f�sidSsi�;l{t~c�tv�g|zh«°
c�t¸hz�Ts(h"sesic�tvq;wYsil�}6y�sid�hk}i}idY�{t¸h"sil(��dztv�Tsi}²ºVt¥si��}et~j�t¥¤Àhkc�h«sesic�tvq;wYsil�}6´

6 £ l4��dT�;}eset¥siwYsil�si�;l�����dgwx�Y¤~l�}ªdk¨;hz}±}idY�{tÀh«sil�����h"tvce}ªdk¨x��dkt~�Tsi}ªq�l{sCº²l�l���si�;l�sDº²d
j�dY�;l{¤v}6y=s�hkÃTt~�xf³tv�Tsid
hk���6dTw;�Ts��;l{º tv�T|zhzc�t¸hk�gsi}�¬À¨¶dgc*l�©�hkjS�)¤~l�si�;l��Ytv}es�hk�;��l
q�l{sCº²l�l���si�;l��rdktv�gsi}�dk¨9h���h«t~caygdgc�si�;l�cel{¤Àh«set¥|gl(dgc�tvl��Ts�h"setvdg��dk¨=si�;l��;c�t~�x�atv��h«¤
�Ytvcel��{set~dT�;}6´¥´¹´ ­

6 £ lI��dT�;}eset¥siwYsil³¨¶cedTj/si�;dg}±lI��dTw;�Y¤vl6}�dk¨�hz}i}±dY�at¸h«sil6�Q��h«t~ce}�y�hk}i}idY�{tÀh«sil��¾sic�t¥°
hk�;fk¤~l�} ¬Çdg�;lSsic�tÀhk�;fk¤~l�¨¶cedTj lMhk���Qj�dY�;l{¤Ç­iyWlMhk���Q�6dTw;�Y¤vl³dk¨�hk}i}idY�{t¸h"sil��Gsic�t¥°
hk�;fk¤~l�}V�xla§��;l�}�h�w;�Ytvu�w;l��T¼Îsicihk�;}e¨¶dTcej�´

6 £ l���dgj��;wYsil�si�;loc�tvfkt~��sicihk�;}e¨¶dTcej ºVt¥si��h�¤vl«hk}es�}iu�w�hzcel+j�lasi�xdY�Iq�hk}il��Kdg�
si�;l�u)w�h"sil�ce�Ytvdg�x}�¬Ç}il�l � ��	¶­i´ £ l�|gl�c�t¥¨¸¯
hk�;� tvj��;cedM|gl�l«hk���Ssicihz�;}�¨¶dgcej ¨¶dTw;�;�
qT¯³si�xl�t¥sil6cih«set¥|gl�hk�;�Y¤¥tv�«h«setvdg��dz¨3si�Yt~}�¤vlMhz}es%}iu�w�hzcel�jSl{si�;dY� >�h«s�lMhk����}esil��×y
j�dTcel��rdkt~�Tsi}³hkcel�j�h"si�Á�;l��×y%hz�x� w;}il�� sid ��dTjS�xwYsilKsi�;l��;l{º sicihk�;}e¨¶dTcej³´
µ%�;l(�;cedY��l6}±}�t~}���h«¤¥sil6�·hz}�}idYdT��hz}�si�xl���w;j+qrl�c²dk¨9�rdktv�gsi}5j-h«si���xl6�-�;dYl�}i�
< s
tv�;��celMhz}ilz´

µ%�;locel�}iwY¤¥s(t~}*h�c�tvfztv�Ksicihk�;}e¨¶dTcej�y�hk�;��h�¤¥t~}�s�dk¨4��dTcecel�}i�rdT�;�Ytv�;f���dztv�Tsi}�º��Ytv���
��hkc�set~�{tv��h"sil�sid�si�;l-�6dTj��;wYs�h«set~dT�¾dk¨�si�Ytv}o§���h"¤�sicihk�;}e¨¶dTcej³´ª��¤¥si�;dTw;fg�`si�Ytv}�h«¤~fTdz°
c�t¹si�xj tv}(|gl�c�¯K}et~j��Y¤vlzy�t¥s(t~}(|Tl6c�¯KcedTq;w;}es�hk�;�K¨®hz}�s�¬Çq�l��«hkw;}il+dz¨�si�;l��Ytvfg�Ku�w�h«¤¹t¥sC¯
dz¨�si�;l�l�©Ysicihk�{sil���¨¶l«h«siw;cel%�rdkt~�Tsi}a­i´z»Cs�s�hkÃzl�}�dT�Y¤¹¯�h*��dTw;�Y¤vlVdk¨×}il���dT�;�;}�sid���dgj��;w)sil
si�;l�c�tvfztv� sicihk�;}e¨¶dTcej³´
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£ l*��ha|gl*tvj��Y¤~l�j�l��Tsil6��m��Yt¥Ø×l�cel��TsVºVh�¯Y}%sid�l{©)sicihk�{s��ª©)sicel6j�h«¤���dztv�Tsi} >
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6�� � ������� � >Thkcel�si�;l%dgqY�el��{s�}iw;c�¨®hk��lV�ª©)sicel6j�h«¤rbªdktv�gsi}�dk¨×h(fkt¹|Tl6�+tv}idz°Çt~�Tsil��;}et¥sD¯
}iwxc�¨®hz��l<>3Ë � �;È � � ¬�Ë×­ � �xÈ � ! ¬�Ë=­ � �Y´9��hk���Kl�©Ysicihk�{set~dT��tv}(����hkcihz�{sil�c�tv¦6l��
qT¯³si�xl*t~}±dz°Ç|zh"¤vw;l(��dg�;}�s�hz�Ts��;´

6 
 �&����� ����>xsi�;l(tvj-hkfTl(t~}5§�ce}esVsicihk�;}e¨¶dTcej�l�� tv�gsid h �ªhk�Y¤¸hz�{t¸hz��tvj�hzfTl���Ë �
Ë 
�
 � Ë���� � Ë�
�
«yrhz�;�Ksi�xl6�Ksi�xlS�ª©)sicel�j-h«¤4b3dztv�Tsi}�hzcel���dgj��;w)sil6�Kº%t¹si�Ksi�xltv}idk°®|zh«¤~w;l � >�� � �xÈ � � ¬���­ � �YÈ � ! ¬��-­ � �G¬Ç}il�l�§�fTw;cel��M�Ihk�;� �g�"­i´3µ�d
cel�j�dM|glSsi�;l ¦�l�cedz°D�6cedT}i}etv�;fT}*dz¨5si�;l(�ªhk�Y¤Àhk�{tÀhk�G�;wxl�sid�si�;l �;dkt~}±lTyrº²l Ãkl6l��
dT�Y¤¥¯ si�;l���dztv�Tsi}²º��;l�cel*si�;l�fTcihz�)t~l��Ts��;dTcej½tv}V}iw 	-�{tvl��gse¤¥¯I�)t~fT�×´

6 
 �&� � � ����� ��� >3si�;l l�©)sicel�j�h"¤¥t¹sD¯ �6dYl 	��{t~l��Tsi} � � hk�;� � ! �Mhk�¾q�l ��dgj��;wYsil��
h«¤~j�dT}es�l{|gl�c�¯�º��;l�cel�¨¶cedTjÄsi�;l�t~j�hkfgl+¨¶w;�;�{setvdg� Ë9y=si�;l�tv�Tsil�ce}il��asetvdT�Gdz¨�si�xl
sDº²d ��dgcecel�}i��dg�x�Yt~�xf ��cel�}es�}iw;c�¨®hk�6l�}�hzcel�si�xl¾�ª©Ysicel�j�h«¤�bªdkt~�Tsi}�¤¥t~�;l�}�¬Ç}il�l
§�fTw;cel �"­i´ 
(�;lG�Mhk� �Á�;dYdg}±l`hk�T¯ dksi�;l�c³}iw;c�¨®hk��lK¨¶dgcSsi�;lG��dg}et¥setvdg� dz¨�si�xl
dTqY�el��as%qrdTw;�;��hkc�¯g´��ªhz�)»�}idk°���bQj�hzÃkl*w;}il*dk¨ªsi�;l�¦�l�cedk°C��cedg}±}et~�xfg}�}iwxc�¨®hz��l�}²dk¨
si�;l(�3hz�Y¤¸hk�at¸hk����Ë��½�Ihk}*si�Ytvce�Q}iw;c�¨®hk�6l >�� �½�YÈ � � ¬�Ë=­��½�YÈ � ! ¬�Ë×­ �½�
¬Àº��;l�cel«hk}Wt~� �ªhk�Y°���b�}6y���Ë�tv}�w;}il��osid*��dTj��;wYsil	� � ��	5si�;l²l�©)sicel�j-h«¤¥t¹setvl�}5hk�;�
si�;l�t~}idk°C}±w;c�¨®hz��l"­i´
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 � �����(>Yhkcel²si�xlVtvj�hzfTlV}iwxc�¨®hz��l��ª©)sicel�j�h"¤=bªdkt~�Tsi}�dk¨rsi�;l(�T¼Âtvj�hzfTlzy�hz}
�;l�}i��c�tvqrl��Ktv�Ksi�;l��;cel�}il��gs*��hk��l6c > � � ���xÈ � ! � �YÈ � � ���x´rµV�;l�}il�hzcel�h"¤v}id
si�;cel�}i�xdz¤v�;l��Iwx}et~�xf�si�xl�fgcihk�Ytvl��gs��;dTcej�´

� � � ���! "�5� �+* ����� ,�������#
	���� #
£ l*��ha|gl�sic�tvl��IdTw;c��Yt¥Ø×l�cel��Ts�j�l{si�;dY�;}�dg�-sCº²d-�a¤¥tv�Yt~�Mh«¤��g¼ � p t~j�hkfgl�}6yx��dgj�tv�;f
¨¶cedgjÅsi�;l(}esiwx�Y¯ dz¨9j+wY¤¹setv�Y¤vl*}i�{¤~l�cedT}etv}��6dT�;�;wx�asil��³h«s�si�;l &�c�tvfT��hzj hk�;� £ dTj�l��
<à}
��dg}i�)t¹s�h«¤Dy &�dT}esidT�×yYqT¯I¼(c��(t~ÃTtv�Ytv}�¬Ç}il�l � �g� 	Ç­i´xµV�)t~}%}esiw;�Y¯³cel{¤¥¯³dT�³h���h"s�h�q�hk}il(dk¨
$g�T���g¼ � p t~j�hkfgl�}6y)¨¶dTcVº��Yt~�Á�Il�©)sicel�j�la¤¥¯K�;cel��atv}ilo�T¼¿cel�fkt~}�sicih"setvdg�·tv}�cel�u�wYtvcel6�=´
µV�;l�dTc�tvfztv��h«¤�tvj�hzfTl�}³hkcel¾� � )�
Â� � )�
 �zmQ|gd�©;l{¤v}6y%hz�x� º²l�cel��;w;��l�� si�;l�j sid
�«� $�
��M� $�
 $zm�¬Ç��w;q)t~�"­=|Td6©xl{¤~}3¨¶dgcªdTw;cªl�©x��l6c�tvj�l��gsi}�´kµV�;l�cel�tv}ªdT�;l�j�dg�Tsi��qrl{sDº²l6l��
si�;l+sCº²d�hz��u�wYtv}et¹setvdT�;} ��� hk�;� ��� y9hk�;�Kº²l���h�|gl�q�dzsi�Ksi�;l+§�ce}es�hk�;��}il���dg�x��l6�Á�;d
t~j�hkfgl�}���� 	A� � hk�;� ��� 	A� � ´ £ l���h�|Tl�l�©x��l6c�tvj�l��gsil��-si�;l(cel6fktv}esicih"setvdT��qrl{sDº²l6l���si�xl
sCº²d � §�ce}es�l����;d �·t~j�hkfgl�} ��� � � 	 � � hz�x� ��� � � 	 � � y×sid·sil�}es�j�dg�;dk°Cj�dY��h«¤®y=j�dg�xdz°
��h«set~l��Ts4cel�fkt~}�sicih"setvdg�=yThz�;�+si�;l���si�;l²cel�fkt~}esicih«setvdg��qrl{sDº²l�l6� ��� ��� 	A� � hk�;� ��� � � 	 � �
sid�sil6}�sVtv�gsil�c�°DjSdY��h"¤9cel�fztv}esicih«set~dT�×´
µ%�;l*tv�Y¨¶dgcej�h«set~dT�;}�si��h"s%º²l(¨¶dgw;�x� sid�q�l*cela¤vl{|zhz�Ts%¨¶dgc�si�xdg}il*l�©x��l6c�tvj�l��gsi}(hkcel

>
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�W©)sicel�j�h"¤�b3dztv�Tsi} µ�dksM� µWdzs�� � h«si��� �²hkc bªl�ce�
»�}idk°���b�} � ) $ � $ � ��mTm �Y´ m��M� � $��
�3hz�Y°���b0} � ) �T� m�� + ) �M� +k� �Y´ �g� + �T���

�ªhk�Y»�}idk°���b�} �«�T�x� �6m��g� �T�x� �Y´ �zm�� �x���
�%¯x��l�c�°���b�} � + )T� �M� + $T� �M� + $ �Y´ m)� � �M���

7×t~fTw;cel�m >�pVl�}iw)¤¹si}5ºVt¥si�Isi�xl��Yt¥Ø×l�cel��Ts�ÃTt~�x�;}�dk¨0�ª©)sicel�j-h«¤0b3dztv�Tsi}

6 � � � � ��� 
.�>� � � >×si�;l�sidks�h«¤4��w;j+qrl�codk¨²l�©)sicihz�{sil��G¨¶lMh«siw;cel��rdkt~�Tsi}�t~�Íl«hk���
tvj�hzfTlz´

6 �G� � � 	)>�si�;l�sidzs�h«¤0��w;j+qrl�c*dk¨��rdkt~�Tsi}*j�h«si���;l��Gh«soh��Ytv}es�hz�x�6l+¤vl6}±}il�c�si��hz�
� � )+|Td6©xla¤®´

6�� ��
 >xsi�xloh�|gl�cihkfgl*dk¨ªsi�;l��Yt~}�s�hz�;��l*q�l{sCº²l�l��³si�xl��rdktv�gsi}%j�h"si�Á�;l��×´
6 � ��
 � >xsi�;l��rl�ce��l��gs�hkfTl*dz¨���dkt~�Tsi}Vj�h«si���;l��×´
µ%�;l�cel�}iw)¤¹si}�hkcel�}±w;j�j-hkc�tv¦6l��Ktv��si�;l+§�fTw;cel�m;y9hk�;���;ced6|gl�}(si�;l��Yt~fT��u�w�h«¤¹t¥sC¯

dz¨²dTw;c�cel�fkt~}�sicih"setvdg�`jSl{si�;dY�x}6´3µV�;l�cel�tv}�hkqrdTwYs�� �àm�j�t¹¤¥¤¹tvdT�G|gd�©;l{¤v}�tv�¾lMhk���¾�xcedz°
��l6}±}il���tvj�hzfTl�}6yT¨¶cedTj º��Ytv����º²l�l�©)sicihz�{sil��³h*¨¶l{º �)wxjoq�l6c�dk¨9�rdktv�gsi}�¬Dhkq�dgwYs(��dgwYs
dz¨V� �T�g�S¨¶dgc(si�;l�»�}idk°���b�}�j�l{si�;dY��� ­iyWhz�;�`¨¶cedgjÄsi�;dT}il���dztv�Tsi}6yWhzq�dgw)s�dg�;l�si�Ytvce�
hzcel*cel�fkt~}�sil6cel���h"s(h��)t~}es�hk�;��l(¤vl6}±}²si��hk�I�Y´ )+|Td6©xla¤v}6´ £ l*fkt¥|gl*tv�
hk�;�;l�©-si�;l��Yt~}�sidz°
fgcihkj¿dk¨rsi�xlV�Ytv}esic�tvq;wYsetvdg��dk¨�si�;l��Ytv}es�hk�;��l6}�q�lasDº²l�l���j-h«si���xl6����dztv�Tsi}6y�h«¤~dT�;f(º%t¹si�
si�;l��Yt¹Ø=l�cel��;��l6}*dk¨��;c�tv�;�{t~��h«¤0��w;c�|zh«siw;cel�|zh«¤~w;l�}6y3hk�;�K�;c�t~�x�atv��h«¤4�)t~cel��{set~dT�Ghk�;fz¤vl�}6y
º��Ytv����fkt¥|gl�}idgj�l%�Yt~�Tsi}²hkqrdTwYs�si�;l�cela¤¥t¸hzqYt¥¤¥t¹sD¯�dz¨�si�;dT}il²tv�T|zhzc�t¸hz�Tsi}²u�w�hk�Tset¹setvl�}6´47xdgc
l�©�hkj��Y¤vlTyªsi�;lI�xcel6�{tv}etvdg� dT� si�;lI�xc�t~�;�{tv��h«¤��Ytvcel��asetvdT�;}�t~}�hkqrdTwYs��%���xl6fTcel�l�}6´��²s
¤Àhk}es6yxº²l+�;cel�}il��gs�si�;l�hz�;�)¤¹tv�Mh"setvdg��dk¨�si�;l�sicihz�;}�¨¶dgcej ¨¶dgw;�x�Iq�l{sCº²l�l���si�;l�sDº²d³�T¼
t~j�hkfgl�}6ygtv�³§�fTw;cel�} $�hk�;���x´
�(}*¨¶dTc(si�;l�cel�fztv}esicih«set~dT�Gq�l{sCº²l�l�� ��� ��� 	A� � hz�x� ��� � � 	 � � y×º²l�}iw;����l�l��;l���sid

cel�fztv}esicih«sil*dg�Y¤¥¯ si�;l �ªhz�)¤Àhk�{tÀhk�³�ª©)sicel6j�h«¤0bªdktv�gsi}�yxºVt¥si�
dT�Y¤¥¯ $g����dztv�Tsi}�j�h«si���;l��
¬ÀtD´ lz´;hkq�dgwYs*���)�«�T� �	� ­i´)µV�Ytv}²}i�xdMº�}�si��h«s6y�h"¤¥si�;dTw;fT��t~�Tsil�c�°Cj�dY��h«¤¹t¥sD¯ cel6fktv}esicih"setvdT��t~}
�rdT}i}etvqY¤vl�ºVt¥si�¾si�Ytv}�sil��Á�;�Ytvu)wxlTy�jSdTcel�º²dTceÃ�t~}+cel�u)wxl6}�sil6�ÍsidKw;}il�t¥socel{¤¥tÀhkqY¤¥¯�´ £ l
��h�|Tl�}�s�hzc�sil�� sid�}esiw;�)¯ si�;l(qrl���ha|)tvdTc²dz¨9si�xl��W©)sicel�j�h"¤ªb3dztv�Tsi}²tv� si�;l(}i�Mh«¤~l(}i��hk��l
sid�t~j��;cedM|Tl�si�;dT}il*cel�}iwY¤¥si}6´
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� w�hz�Tset¥s�h"set¥|gl+�6dTj���hkc�t~}idT��qrl{sDº²l6l���si�;l+�Yt¹Ø=l�cel��gs(ÃTt~�x�;}(dz¨��W©)sicel�j�h"¤�bªdkt~�Tsi}
t~}(�;d6º²la|Tl�c*�;dzs(lMhz}�¯Isid �xcih�º->�si�xlo»�}idk°���b�}�}±l6l�jÖsid ��h�|Tlosi�xlSq�l�}es(}il{¤~l��{set¹|�t¥sC¯
>)¨¶laº²l�c²��dkt~�Tsi}6y�hk�;�³h��Ytvfg�;l�c²�xcedg��dgc�setvdT� dz¨W�rdkt~�Tsi}²j�h«si���;l��×yxº��;l�celMhz} �3hz�Y°���b0}
}il�l�j¿sid���ha|gl%si�;l�q�l�}es�u)w�h"¤¥t¹sD¯�dz¨=j�h"si�Á�Yt~�xf-¬Àsi�;l%¤~d6º²l6}�s5h�|Tl�cihzfTlVdk¨rsi�xl��Ytv}es�hk�;��l
qrl{sDº²l�l6�·j�h"si�Á�;l��³��dztv�Tsi}a­iy�hz�;���%¯x��l�c�°���b�}Vfkt¹|Tl(si�;l*�Ytvfg�xl6}�sV��w;joq�l�cVdk¨ª�rdkt~�Tsi}
j�h"si�Á�;l��×´
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£ ��h«s�hzcel�si�;l�cel�}i��l��{set¹|Tl-hk�Y|zhk�Ts�hzfTl�}*dz¨�si�;l�dTqY�el��as*}iwxc�¨®hz��l�hz�;�`dz¨�si�;l�tvj�hzfTl
}iw;c�¨®hk��l��W©)sicel�j�h"¤�b3dztv�Tsi}���º��;l��Khzcel�º²l(sid�w;}il*dT�;l*dgc5si�;l�dksi�;l�c��
£ l fzt¥|gl·�;l�cel
hK�{¤¸hz}±}et¹§��«h«setvdg�Ídz¨�si�;l³l�©)sicel�j�h"¤V��dkt~�Tsi}�si��h«s�º²l·�;l�}i��c�t~q�l��×y

hz����dTce�Yt~�xf�sid³}il{|gl�cih«¤0�;cedT��l6c�setvl�}6y�º��Ytv���Ghkcel<>�si�xl = b ��setvjSl�cel�u�wYt~cel�j�l��Ts6y9si�xl
hzw)sidgj�h«set~�{t¥sC¯³dk¨ªsi�;l+l�©Ysicihk�{set~dT�×yxsi�;l+�;cel��{t~}etvdT� ¨¶dTc²si�;l+cel6fktv}esicih"setvdT�×y)si�;low;}±la¨¶w)¤¹°
�;l�}i}²¨¶dTc²j+wY¤¹set¥°Cj�dY��h«¤ªcel�fztv}esicih«set~dT�×y�hk�;� si�;l��)wxjoq�l6c�dk¨ªt~�T|zhkc�tÀhk�Tsi}��xcedY�;w;��l��×´

6	� ��
 � � � ! �	>=µV�xl�»�}idk°���b�}�hzcel�si�;l�lMhk}et~l�}es�sid�l{©)sicihk�{s6yªhk�;��si�;l�cihk�;�;dTj�t¹°
¦�l���t~j��Y¤vl�jSl��Ts�h«set~dT�Kdz¨Wsi�;l � hkce���Ytv�;f(�=tv�;l�}*h"¤vfTdgc�t¥si�;j½tv}V|Tl�c�¯I¨®hk}es6´�µV�xl
q�dzsese¤vlK�;l���ÃÍt~} h`fz¤vdTq�h"¤%�;cel{°®§;¤¥sil�c�t~�;fQdk¨�si�xl³tvj�hzfTlzy�º��)t~�Á� s�hzÃkl�} hzq�dgw)s
�M�zj���¨¶dTc�lMhz�Á�³�T¼ tvj�hzfTl�}6y�dT�³h�¼*� = ° �T�T�g�(º²dTceÃ�}es�h«set~dT�×´)µV�;l(l�©)sicihz�{setvdg�
dk¨�si�;l �ª©)sicel6j�h«¤��rdkt~�Tsi}*s�hkÃzl�}ohkq�dgwYs �·j�t~��wYsil�}+l«hk���=yªhk�;��si�;l�cel�fkt~}�sicih"°
setvdg�·��hkc�s6y;dT�Y¤¥¯ h�¨¶l{ºÎ}il��6dT�;�;}�´ 7 dzsil�si��h«s²si�;l(§x¤¹sil�c�tv�;f��«hk� q�l(�rl�c�¨¶dTcejSl��
l 	��{t~l��Tse¤¹¯QºVt¥si� §��;l·fgcih«tv� ��hzcih«¤¹¤vl{¤V��hkce�YºVhkcel6}�y�hz}+¨¶dTcosi�;l���dgj��;w)s�h"setvdg�
dk¨ªsi�;l��ª©)sicel�j-h«¤�bªdktv�gsi}�yYº��Ytv��� tv}²tv�;�;l���l��;�;l��TsV¨¶cedTjÌ|Td6©xl{¤9sid�|Td6©xl{¤D´xµV�xl
sil����x�Yt~u�w;l�}%q�hz}±l6��dT��si�;l �ªhk�Y¤¸hz�{t¸hz��tvj�hzfTl�}²hzcel(j�dgcel(��dT}ese¤¹¯gygqrl��Mhzwx}ilVsi�xl
�ªhk�Y¤¸hz�{t¸hz��t~j�hkfgl�jowx}es0h«¤~}id�q�l4��dTj��;wYsil��oº%t¹si��¤¹tv�;lMhkc9§;¤¥sil6c�tv�;f;ykh"¤vdg�xfVº%t¹si�
si�;l*fTcihk�Yt~l��TsV�;dTcej tvj-hkfTlT´ 7;wxc�si�;l�cejSdTcelzyxsi�;l�cel�hzcel(j�dTcel �ªhz�)°���b�}�sid�l�©)°
sicihk�{s�si��hz�S»�}idk°���b�}6´)µV�;l(�T¯Y�rl�c�°D}iw;c�¨®hk�6l(�ª©)sicel6j�h«¤ªbªdkt~�Tsi}²��dTjS�xwYs�h"setvdT��t~}
si�;l+j�dg}es���dg}ese¤¥¯gyxqrl��Mhzwx}il(si�;lo��dTj��;wYs�h«set~dT�Idk¨ªsi�;l��g���Yt¥Ø=l6cel��Tset¸h"¤v}�dk¨�si�xl
tvj�hzfTl�t~}Wcel�u)wxl6}�sil6�+¨¶dTcªlMhz�Á�o��dztv�Ts�º��xl6cel�si�xl²fgcihk�Ytvl��gs��;dTcejÎt~}W}iw 	��{t~l��Tse¤¹¯
}esicedT�;f;´=»Ds*s�hkÃzl�}ohkqrdTwYs��
) �;dTw;ce}(sid�l{©)sicihk�{s�si�;dT}il���dkt~�Tsi}*¨¶dTc(dg�;l�tvj�hzfTl
dT�
h+º²dTceÃ�}es�h"setvdT�`¬Çq;wYs�t¥s��Mhz�·qrl�h«¤v}id�|gl�c�¯IlMhk}et¹¤¥¯ ��hkcih"¤¥¤vla¤¥tv¦6l��r­i´

6
� � � � ! � ����������� > 
�w;c�j�lasi�xdY�;}²dk¨3cel�fkt~}�sicih"setvdg�·hzcel�¨¶wY¤¥¤¹¯ hkwYsidTj-h«setv�Ty)l�©x�6l��Ys
¨¶dTcªsi�;l5t~}±dz°Çt~�Tsil��;}et¥sC¯+si�;cel�}i�;dk¤~��¨¶dTcªsi�;l5»�}±dz°��4b�}WjSl{si�;dY�=y�hz�x�osi�;l%fgcihk�Ytvl��gs
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si�;cel�}i�xdz¤v��¨¶dTc0si�xl�dksi�;l�c�j�l{si�;dY�;}6´)µV�;l�fTcihz�Ytvl��Ts²�;dgcejÅsi�;cel�}i�xdz¤v��t~}5l«hk}etvl�c
sid*l�}es�hkqY¤¥t~}i�=ykqg¯�fzt¥|�t~�xf(si�;l²�;cedT�rdTc�setvdg��dz¨��rdktv�gsi}Wsid*��dg�x}et~�xl6c�¬À¨¶dgcWl�©�hkj��Y¤vl
�T� ��­i´rµV�Ytv}*si�;cel�}i�;dk¤v��t~}*�xdzs*|Tl6c�¯�}il��;}�t¹set¥|glzy3�g� � dTc*m�� � ºVt¥¤¹¤�fzt¥|gl�|Tl6c�¯
}etvj�t¹¤¸hkcVcel�}iwY¤¥si}6´

6 �@
 ����� � ����� >6si�;l��;cel��{tv}et~dT�*tv}ªq�hk}il���dT��qrdksi�*si�;l���w;j+qrl�cªdk¨;��dztv�Tsi}ªj�h"si�Á�;l��×y
hk�;��dg��si�;l�h�|gl�cihkfgl%�Ytv}es�hz�x�6l%qrl{sDº²l�l6��si�;l���dztv�Tsi}4j�h«si���;l��×´z��¤¥si�;dTw;fT��si�xl
��dTjS�xwYs�h"setvdT�Idk¨ªsi�;l�§���h«¤ªc�t~fkt~�·sicihk�;}e¨¶dTcej�y�wx}et~�xf-h�¤vlMhz}�sV}iu�w�hkcel�j�lasi�xdY�×y
hk�;�³q�hz}il�� dT�Ih«¤¥¤×si�xl*�rdkt~�Tsi}%j-h«si���xl6�·fzt¥|gl�} ��� ��
 �"! �
# � ��
 ����� � ��cel6}±wY¤¹si}%¨¶dTc
hk�T¯³dz¨3si�;dg}±l�j�l{si�;dY�;}�yxsi�;l �%¯x��l�c�°���b�}�hkcel*�;dkset~��lMhkqY¤~l*qT¯ si�xl*�)wxjoq�l6c�dk¨
j�h«si���;l��³��dkt~�Tsi}V�xcedY�;w;��l��×y�hz�;�Ssi�;l �ªhk�Y°���b�}²qT¯³q�dzsi��si�xlatvcV��w;j+qrl�cVhk�;�
si�;l{tvc�u�w�h«¤¥t¹setvl�}�¬Àsi�;l+qrl�}es�ha|gl�cihzfTl*�Ytv}es�hk�;��lk­i´

6 � � # � �����G� 
�� # ��� � >)º²l*��h�|Tl*�rdT}et¥set¹|Tl(cel6}±wY¤¹si}%dg�)¤¹¯�¨¶dTc�si�;l �ªhk�Y°��4b�}6y)q;wYs5º²l
si�Ytv�;Ã si��h«s³hk�g¯ ÃTtv�;�Âdk¨�dTqY�el��{s-q�hz}il�� �ª©)sicel�j�h"¤*bªdkt~�Tsi} ��dTwY¤v�Âqrl�w;}il��
¨¶dTc � wY¤¹set¥° � dY��h"¤�cel�fkt~}�sicih"setvdg�=´ £ l(hkcel�}iwxcel��;d6º²la|Tl�c�si��h"s�si�;l �%¯Y�rl�c�°��4b�}
�Mhk�
<õs²q�l(w;}il���¨¶dTc � wY¤¥set¹° � dY��h"¤�cel6fktv}esicih"setvdT�×yYq�l��Mhzw;}±l�l{|gl���si�xl*}i�Mh"¤¥t~�xfodk¨
si�;l�t~j�hkfgl(tv�Tsil6�x}et¹sD¯I��hz}%}idgj�l(tv� ��w;l��;��l�dT� si�xl��rdktv�gsi}%¤vdY�«h«¤¥t~¦Mh«set~dT�×´

6�� � � ! �
��
 ��� � � %-��
 ��������� >5si�;l�cel¾hzcelÍ�&�)t~cel��{set~dT�;}Khz�x� � hk}i}idY�{tÀh«sil��Â��w;c�°
|zh«siw;cel�}�ºVt¥si� l«hk��� dTqY�el��as�}iw;c�¨®hk��l³�ª©)sicel6j�h«¤�b3dztv�Tsi}6yWº��xl6celMhk}�si�;l�celIhkcel
�·�Ytvcel6�{setvdg�x}�hk�;�¾��hz}i}±dY�at¸h«sil6����w;c�|zh«siw;cel�}�º%t¹si�`si�;l�tvj-hkfTlS}±w;c�¨®hz��l���b�}6y
º��Yt~�Á�Kfzt¥|gl�}(hz�Khz�)|zhz�Ts�hkfgl*sid�si�xl �%¯x��l�c�°���b�}(jSl{si�;dY�=´�µV�;dT}il(tv�g|zhkc�t¸hz�Tsi}
j�h�¯��;cedM|TlVsid�q�l²|Tl�c�¯-�)t~}i��c�tvj�t~��hk�Ts²hz�;��w;}±la¨¶w)¤;¨¶dgc�tv�Tsil6c�°D}iw;qY�el��{s4cel�fkt~}�sicih"°
setvdg�=´

�(}·º²lG�Mhz� }il�lzy%l«hk��� j�l{si�;dY����hz}·t¹si}�dMº�� hk�Y|zhk�gs�hkfTl6}G¬Çl�©x�6l��YsK��l6ce��hz�;}
�ªhk�Y»�}±dz°��4b�}6y��6dTj���hkcel6�
ºVt¥si���ªhk�Y°���b�}a­i´ £ l���h�|gl�}iw;j�j�hkc�t~¦�l���si�;dT}il�u�w�h"¤¥t¥s�h"°
set¹|Tl��;cedT�rl�c�setvl�}Vtv�³§�fgw;cel �Y´

� � � !G�(�"	G#��M� !

»�� si�Yt~}-��hz��l�cay�º²lK��ha|glKl�©Ysil��;�xl6� si�;lK�;l{§��Yt¥set~dT�Âdk¨(si�;l��W©)sicel�j�h"¤�b3dztv�Tsi}�sid
hz�T¯��Yt~j�l��;}etvdT�
}±��hz��l�}6y�hk�;�K��h�|Tl�}i�xdMº���si��h«s�si�xl6cel+tv}�hSu)w�h"¤¥t¹s�h«set¥|gl��Yt¹Ø=l�cel��;��l
qrl{sDº²l�l6� si�;l��W©)sicel�j�h"¤�b3dztv�Tsi}³dk¨�si�xl
dTqY�el��{s-}±w;c�¨®hz��l�hk�;�Âdk¨�si�xlItvj�hzfTl�}iw;c�°
¨®hz��lz´ £ l���h�|gl�}i�xdMº��Gh«¤~}±d si��h«s6y=¨¶dTc(si�;l��Mhz}±l�dk¨V� �Ytvj�l��;}etvdg��h«¤�t~j�hkfgl�}(dz¨�si�xl
}�hkjSl*}±w;qY�el��as6y)º%t¹si��si�;l�}Áhzj�l*j�dY��h«¤¹t¥sC¯gy�hk�T¯³ÃTt~�;�x}�dk¨4�ª©)sicel�j-h«¤0b3dztv�Tsi}��Mhk�³q�l
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�W©)sicel�j�h"¤�b3dztv�Tsi} = b��%°®setvjSl ��w)sidgj�h«set~� b�cel��{t~}etvdT� � wY¤¥set¹°Dj�dY��h"¤ »��g|zhkc�t¸hz�Tsi}
»�}idk°���b�} 9 9 9 9 � �
�3hz�Y°���b0} 9 9 9 9 9 9 9 �

�ªhk�Y»�}idk°���b�} 9 9 9 9 � �
�%¯x��l�c�°���b�} 9 9 9 9 �

7×t~fTw;cel �4>�pVl�}iw)¤¹si}5ºVt¥si�Isi�xl��Yt¥Ø×l�cel��Ts�ÃTt~�x�;}�dk¨0�ª©)sicel�j-h«¤0b3dztv�Tsi}

w;}il���sid��rl�c�¨¶dTcej hzw)sidgj�h«set~�Mh«¤¹¤¥¯Isi�xl�cel6fktv}esicih"setvdT��ºVt¥si�&hk� ��� ��
 �"! �
# �D	;� �-	S�;cel{°
�{t~}etvdT�×´87xw;c�si�;l�cej�dgcelzyrº²l�si�)t~�;ÃKsi��h"s*si�;l��ª©)sicel�j-h«¤�bªdkt~�Tsi}ohkcel�|gl�c�¯G�;cedTj�tv}etv�;f
¨¶dgc4t~�Tsil�c�°C��h«setvl6�Ts(cel�fztv}esicih«set~dT�×´ £ l�hkcel*��w;cecel��Tse¤¹¯K}esiw;�Y¯�tv�;f�si�;l�q�l���h�|�tvdgc%dz¨0�ª©)°
sicel�j-h«¤�bªdktv�gsi}%tv�³si�;l�}i�Mh"¤vl(}i��hk�6lzy)tv�IdTce�;l�c²sid�cel��;w;��l*si�xl���w;joq�l�cVdk¨0�ª©Ysicel�j�h«¤
bªdkt~�Tsi}Wº��Ytv����hkcel²l�©Ysicihk�{sil��osid(si�;dT}il�º��Yt~�Á��hzcel²h«¤~}±d�}�s�hzqY¤vl�si�;cedTw;fT��}i�Mh«¤~l�}±��hz��lz´
£ l*�;dT��l(si��h"s%si�;dT}il���dztv�Tsi}²ºVt¥¤¥¤ªqrl�}±w 	��atvl��Tse¤¹¯�}es�hzq)¤~l(¨¶cedTj ��h«set~l��TsVsid���h"setvl��gs
sid�h"¤¥¤~d6º�si�;l+hzwYsidTj�h"setv�(tv�gsil�c�°D��h"setvl��Ts�cel�fkt~}esicih«setvdg�×´
� ���K!���' �M� $�� � ��! �

£ l ºVtv}i� sid�si��hz�;Ã 7 tv���;dk¤Àhk}���¯�hz�Á�;lKhz�;� 
�¤¥t¥|)tvl�c � dg�xf)h�¨¶dTc�}�set~j+wY¤Àh«setv�;f
�Ytv}i��w;}i}etvdg�x}5hkq�dgwYs�si�;l(�Yt¥Ø×l�cel��TsetÀh«¤=fgl�dTjSl{sic�¯�dz¨9}iwxc�¨®hz��l�}6yY¼(c�p%dg� ��t~ÃTtv�Yt~}�yT¨¶cedTj
si�;l �(hzc�|zhkce� � l��Ytv�Mh"¤ ;����;dYdk¤�¨¶dgc�si�;lG�T¼ � p tvj�hzfTl�}�dz¨*si�xl
qxcih"tv�×´%b�hkc�s³dk¨
si�Ytv}�}esiw;�Y¯G��hz}�q�l�l��G}iw;�;��dTc�sil6�`qg¯�si�xl �0}±�;c�t¹s &²hz}�t~��pVl�}ilMhkce���G�(�{setvdg� �(» �0�o´
µV��hk�;Ã�}�h«¤v}idosid ¼�tvfkt¹s�h«¤ª�0u�wYtv�;j�l��Ts�º��;d��;cedM|�t~�xl6�Kw;}5ºVt¥si�³¨®hk}esV��dTj��;wYsil�ce}6´
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79tvfgwxcel ) > £ l ��h�|Tl³l�©)sicihz�{sil�� hz�x�&cel�fkt~}esil�cel��Ísi�;l = cel6}�s �=tv�;l�}Shk�;� �ª©Ysicel�j�h«¤
bªdkt~�Tsi}²dk¨=sCº²d��Yt¥Ø=l6cel��TsV}i�Mhk�;�;l�c�hz��u�wYtv}et¥set~dT�;}²dk¨=si�;l*}�hkjSl�}iÃ�wY¤¥¤�¬±�
)T�«©��T�g�M©×�6m��)­i´
»���si�Ytv}%§�fgwxcelTyxsi�xl��ª©)sicel6j�h«¤0bªdktv�gsi}*hkcel*si�;l�¤~dY�{t9dz¨Wsi�;lo��cel�}esi}%º��;l�cel*si�xlo��dz¤vdTc
����hk�;fTl�}�¬À»�}±dz°��4b�}a­i´�µ%�;l�}iÃ�wY¤¥¤9tv}²|�t~l{º²l��·¨¶cedgj q�l{¤¹¤vdMº�´
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79tvfgwxcel + >xµ%�Yt~}%§�fTw;cel�cel��;cel�}il��Tsi}�h�¦�dYdTj h"s5si�;l�¤vl{|gl{¤ªdz¨3si�;l�¨¶dTcihzj�l��³dY���{tv�Yt¹s�h«¤
dz¨=si�;l(}iÃ�wY¤¥¤W¬Ç��dT�;�;l��{set~dT� q�l{sCº²l�l�� }iÃ�wY¤¥¤3hk�;��}i�)t~�;l"­iygsi�;l�sCº²d�}iw;��l�c�t~j���dg}±l6��}±lasi}
dz¨���cel�}es(¤¹tv�;l�}�hzcel��;cel�}il��Tsil��×y9��dTcecel�}i�rdT�;�Ytv�;f�sid-si�;l�sCº²d·�Yt¥Ø×l�cel��Tsohz��u�wYtv}et¹setvdT�;}6´
µV�Ytv}�§�fTw;cel(}i�;d6º�}�si�;l(sicel�j�l��;�;dTw;}�hk����w;cihz�{¯�dk¨×si�xl��W©)sicel�j�h"¤�b3dztv�Tsi}²��dg}et¥setvdg�;}
>3si�;l º%t~�)si� dk¨Vsi�xl �Ytv}i�Y¤¸h�¯gl��Q¤¹tv�;l�}+t~}�hzq�dTwYs³��� $«si�Gsid ���)�«�«si�¾dk¨²si�;l·dgc�tvfkt~��h«¤
|gd6©xl{¤ª}etv¦�lT´
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79tvfgwxcel $ >kµ5º²d*}e¤¥t~��l�}0dk¨�si�xl²sDº²d��g¼ � pQt~j�hkfgl�}�q�l{¨¶dgcel5cel6fktv}esicih"setvdT�·¬Àsi�;l%}il���dg�;�
}e¤¥t~��l�tv}ªsi�;l%�a¤vdT}il�}es9¨¶cedgj si�;l�§�ce}es�dg�xlk­i´T¼�t¥Ø=l6cel��;��l�}0hkcel²�;wxl�sid�h�}�¤¹tvfg�Ts��Yt¹Ø=l�cel��;��l
dz¨�si�;l�|gl�c�setv�Mh"¤�h«©)tv}*dgc�tvl��gs�h«setvdg�×´ � wY¤¥set~�Y¤vl�}i�{¤~l�cedT}etv}�hk�;��lMhzce}*hk}�º��Yt¥silS}±�rdksi}�t~�
si�;l�}il%t~j�hkfgl�}6y)ho�Ytvcel��{s²�6dTj���hkc�t~}idT��j�h�¯�¤vl«hk��sid��YtÀhkfT�;dg}�t~}�l�cecedgce}(¬À¨¶dgc�l�©�hzj��Y¤vlzy
si�;l�qY¤vdYdY� |gl�}i}±la¤�tv�Âsi�;lGj�tv�;�Y¤vl�dz¨*si�xl�q;cih"tv�×y4tv� qY¤¸hz�ÁÃ�y%�;dYl�}i�
< s �6dTcecel�}i��dg�;�
qrl{sDº²l�l6�·si�;l*sDº²d�tvj-hkfTl6}{­i´



�g� ���������
	���
����������
�
������������� �
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dist

Nb of points

mm
0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

200.00

220.00

240.00

260.00

280.00

0.50 1.00 1.50
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dist

Nb of points

mm
0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

200.00

220.00

240.00

260.00

280.00

300.00

320.00

340.00

360.00

380.00

400.00

0.50 1.00 1.50 2.00
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k1

k2

Nb of points x 103

curvature

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

0.00 0.50 1.00 1.50 2.00
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t1

t2

Nb of points

angle

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

500.00

550.00

600.00

650.00

700.00

750.00

20.00 40.00 60.00 80.00
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