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ê@?ßí¼Ö�ÖçãÇé�ò/êkÞâÛßä·èçÖ»ø:êká & Ù
êkà·ÛâéÇì�Ö ­ ø¼ãÇá¼ì(ÞßÖçã�ÛâæVê5�óÖçã�ì�èçÖAÞâÞßÖçã¹ö·éÇì�Ú/Ûßã�õ|á
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ÖAíoéÇì�Ö�ä·ÖAá�Ü¦àmÚ/Ûâíoé�ãVêká�ã�Ú/Þ

P1
ÖAé
P2
ø�õ|á·ÛàmÖAá·ò|ÖAíoé�èAò|ÖAíoéÇá¼ÖAÞâÞßÖAæ�ÖAíoéXMAéÇì�Ö+ä¼êkí¼ã�ÞßÖÀæNMAæ�ÖÀà·ÛÝÜ·Ö�Þ²ïS91Þ�ë êká·é�ä·Ú/í¼Ø+ØfêkÞßØAá·ÞßÖAì

∆(∆R)
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(∆R)′ = C1P1 + rP

.�ï
� íGà·ì�ÖAí
êkíoéDÞñê)ì�è�ëÃèAì�ÖAí¼ØçÖ

φP1

� �fèAì�Ú·ø:Ú/í�àmÖAá·é�ä·èçä�á·Ûâì�Ö�Þ²ù Ö�Ü�à·ì�Öçã$ãÇÛßÚ/í�ä·Öçã�à·Ù
ê/ã�Öçã�Ûâíoé$Ö�ìÇëÃèAì�Ú/æ�èAéÇìÇÛßõoá¼ÖçãDé�Ú/àmÚký
�»ì$êkà·Ù·Ûßõoá¼Ö�ÖAé�Ú/ìÇô·Ûâé$êkÞßÖ»ïd��Öçã�� õoá
êkéÇÛßÚ/í¼ã � ï Î Z ÖAé � ï Î ¾ ø·Þñê 4²Gò��!P+���2*¹5�µ��� &�+ ÖçãÇé�ö

φorb =
2πp

λ

B⊥(∆R)′

R tan θ

- � ï ÎI  .
��Ú/á·ì�á·í�é�ÖAìÇì$êkÛâí à·Þñêkéfø:ÞñêKä�Û�
�èAì�ÖAí¼ØçÖ�ä·Ö¹à·Ù
ê/ã�Ö�Ûâíoé�ÖAìBë èAì�Ú/æ�èAéÇìÇÛßõoá¼Ö)ê�á·í¼Ö�ä·èAàmÖAí¼ä¼êkí¼ØçÖ�ÞâÛâí¼èfêkÛâì�Ö�ÖAí�ëÃÚ/í¼ØAéÇÛßÚ/íä·ÖÀÞñê�ä·Û 
�èAì�ÖAí¼ØçÖ�ä·Ö�æVêkì�Ø$Ù¼Ö»ï
%DíGàmÖAá·é�ã$Ú/á¼ãÇéÇì$êkÛâì�Ö�á·í�é�ÖAìÇæ�ÖB�

φ
àmÚ/á·ì�õoá¼Ö

φterrain−plat = cste
ïd��í ã$Ú/á¼ãÇéÇì$êO
oêkíoé�Þ²ù:� õoá
êkéÇÛßÚ/í � ï ÎI  �Þ²ù:� õoá
êkéÇÛßÚ/í � ï Î Z ø·Þñê 4²Gò��!P+1�'�l�7+52��P)c23� ]z)5��2c��¥5#/+F���-4/�,[ 23�-4²G\��¥5#"+ ÖçãÇé�Ú/ô·é�ÖAíoá¼ÖVö

φtopo = φ− φorb =
2πpB⊥h
λR sin θ

- � ï ÎF­ .
è ����¥��}�1§+�»�O�´³B¥��R�����¬�O�G�5äD©G�5�d���@�S�2���R�2�O�R�@�r�r�²�Oß��V�O©R�$�M�1�»Í�§X�R�$�R�r��¼X�5©IÆ��O�5�S�»�O©G�T¼*�r§=���R�+¥��IÆ

¤r�G�2¥��G� äD�5�S�=���G�b���@ÉP�»�O�S¥��G� �F� ¼+���$�3�r�O�R�@ä¸©G�5�d�d�5�S�$�$�´³��X��§X�ê�+©G�@�»�r�=�R�@�r�=� ¥¸Ü8�3�$���d���+�G� ¼Pé=���O�R�
�3�r�O�R�@ä¸©G�5����©G�O�5��Í�§X�G�(�O��¼*�d�d�5��¼PéX��Í�§=�R��þ
�JþÒ¢�þÒ¢�þ3� Þ<¥Ò�1�»�1§X�X���>Ü8�S�êÉ+����§¶µ��O©

Õ ùúêkÞâéÇÛâéÇá¼ä·ÖGä�ùúêkæ¹ô·Û8�»á/{ é�è�ÖçãÇé)Þ²ùúêkÞâéÇÛâéÇá¼ä·Ö�àmÚ/á·ì)Þñê/õoá¼ÖAÞâÞßÖ�Þñê à·Ù
ê/ã�Ö�Ûâíoé�ÖAìBëÃèAì�Ú/æ�èAéÇìÇÛßõoá¼Ö�êká·ì$ê�ë êkÛâé)á·í é�Ú/á·ìØçÚ/æ)à·ÞßÖAéDä·Ö
2π
ïS��ÖÀÞ²ù:� õ|á:êkéÇÛßÚ/í � ï ÎF­ ø·Þ²ùúêkÞâéÇÛâéÇá¼ä·Ö�ä�ùúêkæ¹ô·Û8�»á/{ é�è¹ãfù èçØAìÇÛâé�ö

hamb =
λR sin θ

pB⊥

- � ï ÎI¡ .
� ÞÝá
ã@Þ²ùúêkÞâéÇÛâéÇá¼ä·Ö

hamb
ÖçãÇé@àmÖAéÇÛâé�Ö»øoà·Þâá¼ã@Þñê+à·Ù
ê/ã�Ö�Ûâíoé�ÖAìBëÃèAì�Ú/æ�èAéÇìÇÛßõoá¼Ö�é�Ú/á·ìÇí¼ÖDòoÛâé�Ö»ïR��Ú/á·ì@Þ²ù Ö�Ü�éÇì$ê/ØAéÇÛßÚ/í�ä·Ö0� ' �ÖAí�æ)ÛâÞâÛßÖAá�í
êkéÇá·ì�ÖAÞ²øUÛâÞ«ÖçãÇé¹ä�ÛÝåVØAÛâÞßÖKä�ù èAò�Ûâé�ÖAì¹ÞßÖ�ì�ÖAà·ÞâÛßÖAæ�ÖAíoé�ä·Ö�Þñê�à·Ù
ê/ã�Ö»ïX� êkÛßã¹ØçÖ�æ)ÛâÞâÛßÖAá2èAé$êkíoé�ØçÚ/íoéÇÛâíoá×øUÛâÞÖ�Ü�ÛßãÇé�ÖVä·Öçã�êkÞ8�óÚ/ìÇÛâéÇÙ¼æ�ÖAã�àmÖAìBë Ú/ìÇæVêkíoé�ã�ä·ÖVä·èAì�Ú/á·ÞßÖAæ�ÖAíoé)ä·Ö)ëÃì$êkí��óÖçã<-3��êkì$ê5�»ì$êkà·Ù¼Ö � ï Î ï � ï Y .�ï+��êkì�ØçÚ/í�éÇì�Ö»ø,ÖAíæ)ÛâÞâÛßÖAáGá·ìÇô
êkÛâí×ø
Ú w�ÞßÖçã�ä�Ûßã�ØçÚ/íoéÇÛâíoá·Ûâé�èçãDã$Ú/íoé(í¼Ú/æ�ô·ì�ÖAá¼ã�Öçãfø¼ÛâÞUÖçãÇé(à·ì�è�ë èAì$êkô·ÞßÖ�ä·Ö+Ø$Ù¼Ú/ÛßãÇÛâì�á·í¼Ö¹êkÞâéÇÛâéÇá¼ä·Ö�ä�ùúêkæ¹ô·ÛÝý

�»á/{ é�è+ã�á�åVã$êkæ)æ�ÖAíoé��»ì$êkí¼ä·Ö+àmÚ/á·ì�í¼Ö�à
ê/ãDêfòóÚ/Ûâì0��ä·èAì�Ú/á·ÞßÖAì�Þñê�à·Ù
ê/ã�ÖÀÛâíoé�ÖAìBë èAì�Ú/æ�èAéÇìÇÛßõ|á¼Ö¹Øfêkì�ÖAí�æ)ÛâÞâÛßÖAá�éÇì�îçãä�Ûßã$ØçÚ/íoéÇÛâíoá×ø·ÛâÞ×í×ù 
�ê�à
ê/ã�ä·ÖÀã�Ú/Þâá·éÇÛßÚ/í¼ã�ã!êkéÇÛßãBë êkÛßã!êkíoé�Öçã���ØçÖ8÷BÚ/á·ìfï
YIÁ



� ï Î ïS��ìÇÛâí¼ØAÛâàmÖ�ä·ÖÀÞ²ù Ûâíoé�ÖAìBëÃèAì�Ú/æ�èAéÇìÇÛñÖ+ì$ê/ä¼êkì
�JþÒ¢�þÒ¢�þÒ¢ �V�=¦G�G�@�1�Ò�1§X�+���X�ê���G�@§=�5�G�
��Öçã�ÖAìÇì�ÖAá·ì�ã�ã�á·ì,Þ²ù ÖçãÇéÇÛâæVêkéÇÛßÚ/í)ä·Öçã à
êkì$êkæ�îAéÇì�Öçã�Øfêkà·é�ÖAá·ì�ã�-Ãã�Ú/í)êkÞâéÇÛâéÇá¼ä·Ö8ä·Ö@ò|Ú/Þ

H
øIÞñê�ô
ê/ã�Ö

B
ø±Þ²ùúêkí��»ÞßÖ8ä·Ö@Þñêô
ê/ã$Ö�êfòóÖçØ8Þ²ù Ù¼Ú/ìÇÛ_�fÚ/íoé$êkÞßÖ

ξ
.�ø/Þñê�à·Ù
ê/ã�Ö8Ûâíoé�ÖAìBë èAì�Ú/æ�èAéÇìÇÛßõ|á¼Ö

φ
ÖAé�Þñê�àmÖAíoé�Ö�ä�áVã�Ú/Þ

α
ÖAíoéÇì$ê@?ßí¼ÖAíoé@ä·Öçã�Ûâí¼ØçÖAìÇéÇÛâéÇá¼ä·Öçãã�á·ìKÞßÖçã7æ�ÖçãÇá·ì�Öçã�ä¼Ö

φ
ÖAé�ä·Ú/í¼Øbä·Ö

h
ï���êkí
ã Q ��ìÇÛÝå�éÇÙ¼ãfø �O�I� ¾ ø !DÚoä�ìÇÛ8�»á¼Ö5�bÖAé6� êkìÇéÇÛâí×ø �O�I�»Î Ssø«ÞßÖçã7ØfêkÞßØAá·Þßãä·Öçã�Ö�Ü�à·ì�Öçã�ãÇÛßÚ/í¼ã�ä×ù Ûâí¼ØçÖAìÇéÇÛâéÇá
ä·Öçã+Ú/íoé�èAé�è¹ë êkÛâé�ã±ømÖ�íÿãÇá·à·àmÚ»ã$êkíoéÀõoá¼Ö¹é�Ú/á¼ã�ÞßÖçã�à
êkì$êkæ�îAéÇì�Öçã+ã�Ú/íoéDû·Ü·èçã�ã$êká�ë6á·í

-�í¼Ú/é$êkéÇÛßÚ/í¼ã�ä·Ö6Þñê�4 Û8�»á·ì�Ö � ïå¾ .�ïIÕ,ê�ì�ÖAÞñêkéÇÛßÚ/íB�óèçÚ/æ�èAéÇìÇÛßõoá¼Ö
h = H−R cos θ = H−R(cos ξ

√

1 − sin2(θ − ξ)−
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ÖAã�é(á·éÇÛâÞâÛßã�èçÖ»ï
∂h

∂H
=1
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(
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Evolution de la phase interferometrique en zone de recouvrement (fr. orb. retirees)
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W~f»g¶RUVXe|R}Z#i#\ c �[Tx�Ofhi#i��}Z c ^rZ"l�t c Z#Z c R}Zjfhy c º­W~f�tUVXepyQfhijfh\]T�VX^«k c TÂVXe�n[i c T�y[i�Vh� c Z�R c T c ZÂk c TÂVXe�n[i c T�i�R c W�W c TÂW c Y[iy c i#e c Z�k c �XfhW�\]k c i"W c � Ô ° c T#Z#\�e|RaM{�^_T#Y[\�Z c Y[^�tUV cvw tv\ c ^rZ|k c i�R}Z#i�VrkN\�·¸Y_T#\]VX^ c T#Z%txfhW]t}Y[W]R¬yzVXY[i�tj�QfX�­Y c t c W�W�Y[W c�c Z�W c T%kN\�·�R}i c ^rZ�T%ijfx�­VX^_T%T�VX^rZTjVXepe|RUT Ã ��R}i#\]t c Z³fhW±M��£ÅxÇaÇaÈ � §�c Z#\�Z c Z � kNijfhga^QfN�oÅxÇaÇaÇ � §�c Z#\�Z c Z³fhW±M���LaÏaÏaÏ Ê¢MÂ�ofh^_T Ã �¿R}i#\]t c Z�fhW±M��£ÅxÇaÇaÈ Ê¢�W c T�\�e�fhg c TpPo°[½ ^d��VX^rZ�yQfXTpk c tj�QfhZ�VX\ c e c ^rZ�º¼\�WÂe�fh^_�­Y c k[VX^_t¬Y[^ c yQfhi#Z#\ c k c W±��R}W c t}Z#i�VXe�fhga^QR}Z#\]T#e c M bÆcT�\�e�Y[W~fhZ c Y[i¿L¶° © P � k c÷§�c Z#\�Z«y c i#e c Z¿R}g­fhW c e c ^rZ¿k c T#\�e�Y[W c i�k c T³\�^rZ c i � R}i�VXgaijfhepe c T¾M © Woy[i c ^_k.fhY_T�T#\ c ^tUVXepy[Z c W c tj�QfhZ�VX\ c e c ^rZ ¦ W c TmR}W]R}e c ^rZ�T�kN\�·¸Y_T c Y[i�TmT�VX^rZsi�R}yQfhi#Z#\]TmT c W�VX^�Y[^ c W]VX\qk c P�fx�)W c \�ga��k_fh^_TsW c Tst c W�W�Y[W c Tk c i�RUTjVXW�Y[Z#\]VX^ ª�c Z»k c T»VXnN� c Z�TÀ�¶VXW�Y[ep\]�rY c T c ^ fhZ#Z#i#\�n[YQfh^rZ»Y[^átUV cvw t}\ c ^)Z%k c Z#ijfh^_T#yQfhi c ^_t c M § VXY[i»Z�VXY_T»t c Te|Vrk[µ}W c Tx�dW~f¬i#Y[g¶VaT�\�ZjRp\�^rZ c i#�r\ c ^rZ%fhY,^[\�� c fhY�kNY÷tUV cvw t}\ c ^rZ%k c i�R}Z#i�VrkN\�·¸Y_T#\]VX^ c Z�^_VX^÷yQfXT»fhY÷^[\�� c fhY�k�� Y[^y[i�Vh�_W¼k c T�VXW±M��fh^_T Ã Ð fhÌ c Z c Z%fhW±M��mÅxÇaÇNÅ Ê¢�¼Y[^áe|Vrk[µ}W c k c T�VXW c T#Z�\�^rZ#i�VrkNY[\�Z c Z�W~f«i�R}Z#i�VrkN\�·zY_T�\]VX^ c T�Z»e|Vrk[R}W�\]T�R c T c W]VX^áW ce|Vrk[µ}W c k�� ½�y[Z#\]�­Y c �oRUVXe|R}Z#i#\]�rY c M[� c TÂnQ�hZ#\�e c ^rZ�TST�VX^rZÂe|Vrk[R}W�\]T�RUT¹e�fh\]T¹\�W¸^d� ��f�yQfXT"k c k[R}Zjfh\�W]T"T#Y[iÂW c tUVX\�^i�Rv´ c t}Z c Y[ix� c Z�W c Y[ipe|Vrk[µ}W c ^ c g¶R}^_µ}i c yQfXTpk c tj�QfhZ�VX\ c e c ^rZxM § VXY[i�fx�¶VX\�ipY[^�e|Vrk[µ}W c tUVXepy[W c Zx��\�W � fhY[ZpT cZ�VXY[i#^ c iS� c i�T¹W c T¹e|Vrk[µ}W c T"y[W�Y_TSR}W c t}Z#i�VXe�fhga^_R}Z�\]�­Y c T¾M
�ofh^_T�W~foW�\�Z#Z�R}ijfhZ#Y[i c �¶\�W_^d� �pfo�rY c k c Y u e|Vrk[µ}W c TsR}W c t}Z#i�VXe�fhga^_RUZ#\]�rY c Ts�­R}i#\�Zjfhn[W c e c ^rZmk[RUkN\]RUTmfhY u \�e�fhg c TijfXk_fhi£Y[i#nQfh\�^ c TxM bdc y[i c ep\ c i Ã � VXY[W~fh^_k��¸LaÏaÏaL Ê�Y[Z#\�W�\]T c Y[^ c e|R}Z#�_Vrk c ^rY[e|R}i#\]�­Y c�cvu fXt}Z c k c T#\�e�Y[W~fhZ#\]VX^Gk c TRU�rYQfhZ#\]VX^_T»k c �Gf u ��c W�W"º�W~f³Í�� Ð � Ã !mcUc ��ÅxÇ ÓaÓ Ê±MÆ{�^�ijfh\]T�VX^�k c TÀZ c epy_T»k c txfhW]t}Y[Ws\�epyzVXi#Zjfh^rZ�Tx�dW c e|Vrk[µ}W cc T�ZSW�\�ep\�Z�R�fhYGLX� ¦ y[i�Vh�_W�k c �)\�W�W c T ª t c �­Y[\ c T#Zx�QZ�VXY[Zok c e|�}e c �qZ#i�VXy¿i c T�Z#i#\]t}Z#\ � yzVXY[i�yzVXY[�­VX\�i�n[\ c ^GR}Z#Y_kN\ c iW~f�y[i�VXyQfhg­fhZ#\]VX^¿T#Y[i¹W c T"nQ�hZ#\�e c ^rZ�TxM bdc k c Y u \]µ}e c|Ã Í_ijfh^_t c T�tj� c Z#Z#\ c Z�fhW M��QLaÏaÏa�hn � Í_ijfh^_t c T�tj� c Z�Z#\ c Z�fhW±M��_LaÏaÏaL Êc T�Z¬k_R}k[\�R÷l�W~f�g¶R}^_R}ijfhZ#\]VX^ãk�� \�e�fhg c T«P£°[½ l�yQfhi#Z#\�i³k c e|Vrk[µ}W c T«�X� k c �)\�W�W c TxM¹  c e|Vrk[µ}W c i c yzVaT c T#Y[iW±�Ofhy[y[i�V u \�e�fhZ#\]VX^|k c�Ä \�i�tj�[�_Vh· Ã Ä VX^[g_�NÅxÇaÇaL ÊNyzVXY[i�W c T�T#Y[i � fXt c T�i#Y[gaY c Y_T c TxM © WNf�R}Z�RÂfhy[y[W�\]�­Y_R¹l"W~fSg¶R}^_R}ijfhZ#\]VX^k�� \�e�fhg c TÀT#Y[iok c T£�)\�W�W c T c ^rZ#\]µ}i c ToyzVXY[ioW~f�y[i�R}yQfhijfhZ#\]VX^÷k c W~f�ep\]T�T#\]VX^� ¹½�°)�G½S� ° Ä"! ��{�� Ã Í_ijfh^_t c T�tj� c Z#Z#\c Z�fhW±M��rLaÏaÏa�af Ê¢MN  c e|Vrk[µ}W c�c T#Z�yQfhi#Z#\]t}Y[W�\]µ}i c e c ^rZ�\�^rZ�R}i c T�Tjfh^)Zmtxfhis\�WQy[i c ^_k c ^�tUVXepy[Z c W c T�i�Rv´ cvu \]VX^_Tmk[VXY[n[W c Tc Z£W c T£Z#i#\�y[W c To\�^_kNY[\�Z c ToyQfhioW c TotUVX\�^_T£e�Y[i î T�VXW±M bdc T�kN\�·¸R}i c ^rZ�ToZ#ijf�� c Z�Tok c ToVX^_k c T c ZoW c Y[i�TotxfhijfXt}Z�R}i#\]T#Z#\]�rY c TTjVX^rZmi�RUtxfhy[\�Z#Y[W]RUT � ^[^ cvu[c   M © WQY[Z#\�W�\]T c Y[^ c � VXi#e c g¶R}^_R}i#\]�rY c k c nQ�hZ#\�e c ^rZoº­Y[^¬yQfhijfhW�W]R}W]R}y[\�yzµUk c lÀe�Y[imW�\]TjT cyzVaTjR¬T#Y[i%Y[^�T�VXW�i#Y[gaY c Y u M� �VXepe c ^_VXY_T%W c � c i#i�VX^_Tpk_fh^_T%W~fG° c t}Z#\]VX^ �NMO� ��t c T�T#Z#i#YQtvZ�Y[i c T�VX^rZ�Y[^ c � VXi#Z cfhepy[W�\�Z#Y_k c�c Z"T�VX^rZStxfhijfXt}Z�R}i#\]T#Z#\]�rY c TSk c W~f�y[W�Y[yQfhi#ZSk c T"nQ�hZ#\�e c ^rZ�TxM
  c e|Vrk[µ}W c ��n[\ c ^��rYd�Ofx�­fh^rZpk c T�W�\�ep\�Z c T ¦ ° c t}Z#\]VX^ �NMO�NMO� ª ��y c i#e c Z|k c T#\�e�Y[W c ipijfhy[\]k c e c ^rZ c ZpT#\�epy[W c �e c ^rZok c Totxfhi#Z c Tok c ijR
´ c t}Z#\��)\�Z�Ra�z�­VX\�i c k c T£\�e�fhg c ToP£°[½ T#\�VX^�\�^_t}W�Y[Z£W~f�T#�)^rZ#�_µUT c M bdc n[Y[Zok c t c Z#Z c Z#�_µUT c^d��R}Zjfh^rZ¹yQfXT¹k c k[R}� c W]VXy[y c i"Y[^�^_VXY[� c fhY³e|Vrk[µ}W c RvW c t}Z#i�VXe�fhga^QR}Z#\]�rY c �[^_VXY_T"fx�­VX^_TÂk[RUt}\]k[R�k�� Y[Z#\�W�\]T c i"t c e|Vh�k[µ}W c Tjfh^_Tpe|VrkN\��QtxfhZ#\]VX^dM § VXY[i�T�\�epy[W�\�� c ix��^_VXY_T|^d�Ofx�¶VX^_T|g¶R}^_R}i�R��rY c W c T�txfhi#Z c T�k c i�Rv´ c t}Z#\��)\�Z�R��­Y[\ST�VX^rZy[i�VXyzVXi#Z#\]VX^[^ c W�W c T»fhY,T#\�ga^QfhW�P£°[½ c Z£^_VXY_T�tUVXepyQfhi�VX^_T�W c T£i�RUT#Y[W�ZjfhZ�TÀfhY u \�e�fhg c ToijfXk_fhi c Z�l�W~f��­R}i#\�Z�R%Z c i��ijfh\�^dM b fGy_i�VXyQfhg­fhZ#\]VX^ÒR}W c t}Z#i�VXe�fhga^QR}Z#\]�rY c T#Y[i�k c T�T#Y[i � fXt c T�T#\�epy[W c T c T�Z|k��OfhnzVXi�k�R}Z#Y_kN\]R cá¦ ° c t}Z#\]VX^ �NM�Å ªfx�afh^rZmk�� cvu y[W�\]�rY c imW c e|Vrk[µ}W c kNY�kN\]µUkNi c%¦ ° c t}Z#\]VX^ �NMOL ª MrÍ�\�^qfhW c e c ^rZÂk c TmT#\�ga^QfhZ#Y[i c Tmk c y[W�Y_T�\ c Y_i�TsnQ�hZ#\�e c ^rZ�Ti c TjT c e�n[W~fh^rZ�lpt c Y u k c T¹\�e�fhg c TST�VX^)Z"T#\�e�Y[W]R c T c ZSt}VXepyqfhi�R c T£f¾� c t�W c T"\�e�fhg c T"i�R c W�W c T ¦ ° c t}Z#\]VX^ �NMO� ª M
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�NM�ÅaM § i�VXyQfhg­fhZ#\]VX^�T#Y[i"k c TST#Y[i � fXt c T
−→a � c t}Z c Y[i
â

� c t}Z c Y[i"Y[^[\�Z�R ¦ −→a
|−→a |

ª
A

e�fhZ#i#\]t c
I

e�fhZ#i#\]t c \]k c ^rZ#\�Z�R
∇ VXyzR}ijfhZ c Y[i�kN\�·�R}i c ^rZ#\ c W Ô fhn[W~f
× y[i�VrkNY[\�Z"� c t}Z�VXi#\ c W
.

y[i�VrkNY[\�Z�T�txfhW~fh\�i c
��gaijfh^_k c Y[i�T

−→
E

tj�Qfhepy�R}W c t}Z#i#\]�rY c
−→
H

tj�Qfhepy«e�fhga^_R}Z#\]�rY c
−→
k

� c t}Z c Y[iSk���VX^_k c
n̂

^_VXi#e�fhW c Y_^[\�Zjfh\�i c l�Y[^ c T#Y[i � fXt c
σ

tUVX^_kNY_t}Z#\��r\�Z�R
ε

y c i#ep\�Z#Z#\��r\�Z�R
ε0

y c i#ep\�Z#Z#\��r\�Z�R�kNY³�)\]k c
µ

y c i#e|Rxfhn[\�W�\�Z�R
µ0

y c i#e|Rxfhn[\�W�\�Z�R�kNY³�)\]k c
σh

RUtxfhi#Z��±Z'�)y c k c T"�QfhY[Z c Y[i�TSk c W~f%i#Y[g¶VaT�\�Z�R
lc

W]VX^[gaY c Y[i�k c tUVXi#i�R}W~fhZ#\]VX^�k c W]f�i#Y[g¶VaT#\�Z�R
��\�^_kN\]t c T

i
� c t}Z c Y[i�T"\�^_t}\]k c ^rZ�T

s
� c t}Z c Y[i�TSkN\�·¸Y_T�RUT

�W�^�0�^� ���W���+�q�H�������%�u�����u���%�q���
��c tjÌ)e�fh^[^ c Zo°ry[\�ÑUÑU\�tj�_\�^QV Ã �Âc tjÌre�fh^[^ c Z£°ry[\�ÑUÑU\]tj�[\�^_V[�¼ÅxÇ Ó � Ê�k[Rv�_^[\]TjT c ^rZ c epy[\�i#\]�­Y c e c ^rZ£Y[^ c T�Y[i � fXt ci#Y[gaY c Y_T c tUVXepe c ¡¢Y[^ c T�Y[i � fXt c �­Y[\)kN\�·¸Y_T c W±��R}^ c i#ga\ c k�� Y[^ c VX^_k c \�^_t}\]k c ^rZ c y[W~fh^ c k_fh^_T¼y_W�YQT#\ c Y[i�T�kN\�i c t}Z#\]VX^_Tx�fhW]VXi�TÂ�rYd� Y[^ c T#Y[i � fXt c �­Y[\¸kN\�·zY_T c T#yzRUt}Y[W~fh\�i c e c ^rZ c T#Z¹fhy[y c W]R c W�\]T�T c M ¤�§ VXY[i"fx�¶VX\�i�Y[^ c R}^ c i#ga\ c i�R}Z#i�VrkN\�·¸Y_T�R c� c i�T%W c txfhy[Z c Y[i¾��W~f�T#Y[i � fXt c k[VX\�Zp�}Z#i c i#Y[gaY c Y_T c M b f¿ep\]T c�c ^�RU�­YQfhZ#\]VX^ k c W~f�kN\�·¸Y_T#\]VX^�yQfhi%Y[^ c T�Y[i � fXt ci#Y[gaY c Y_T c ^d� c T�Z»yQfXT�T#\�epy[W c ºdW~f³�afhi#\~fhZ#\]VX^ fhW]RxfhZ�VX\�i c k c T»�QfhY[Z c Y[i�T c ^rZ#ijf�¥]^ c k c T�tj�Qfh^[g c e c ^rZ�T%W]VrtxfhY u k cW~f|^_VXi#e�fhW c lpW~f�T#Y[i � fXt c kN\ w t}\�W c T�lpe|Vrk[R}W�\]T c ixMq�Gfh\]T�t c T�VX^rZ£t c T�tj�Qfh^[g c e c ^rZ�T��­Y[\�T�VX^rZSi c T�yzVX^_Tjfhn[W c T£k cW±�OfhW�W�Y[i c kNY�tj�Qfhepy�kN\�·¸Y_T�RaMb �Ofhy[y[i�Vrtj� c k c�Ä \�ijtj�[�_Vh·�� c
u yzVaT�R c kQfh^_T Ã Ä VX^[g_�¼ÅxÇaÇaL � ë�W~fhnr� c Z�{�W~fXtj�[\±�¼ÅxÇaÇaÏ Ê¢� c T#ZSY[^ c T�VXW�Y[Z#\]VX^¿yzVaT��T�\�n[W c º�W±� \�^rZ c ijfXt}Z#\]VX^|k c W±��VX^_k c fx� c tmW~f�T#Y[i � fXt c�c T#Z�i c epy[W~fXtUR c � c ^�tj�QfX�rY c yzVX\�^rZx�hyQfhi�W±� \�^rZ c i�T c t}Z#\]VX^|k c W±��VX^_k cfx� c t»Y[^�y[W~fh^�\�^N�_^[\�W]VrtxfhW c e c ^rZoZjfh^[g c ^rZÀl|W~f�T#Y_i � fXt c M bdc e|Vrk[µ}W c k c Í[ijfh^_t c Tjtj� c Z#Z#\ c Z�fhW±M Ã Í_ijfh^_t c T�tj� c Z#Z#\c Z¹fhW±M��NLaÏaÏaL Ê¢�)�rY[\qY[Z#\�W�\]T c t c Z#Z c fhy[y[i�V u \�e�fhZ#\]VX^d�Nk[RUtUVXY[W c kNY � VXi#e�fhW�\]T#e c k c�Ä VX^[g_M bÆc TÂfhY[Z c Y[i�T¹RUtvi�\�� c ^rZ�W c TRU�rYQfhZ#\]VX^_TSk_fh^_TSk c Y u i c yzµ}i c T�kN\�·�R}i c ^rZ�TSt c �­Y[\Æk c e�fh^_k c Y[^«y c Y�k c ga�rep^QfXT#Z#\]�rY c yzVXY[i"yQfXTjT c i"k c W±� Y[^¿lW±�OfhY[Z#i c e�fh\]T"^_VXY_TSfx�­VX^_T¹�­R}i#\��QRÀ�­Yd� \�Wd��f�n[\ c ^�RU�­Y[\��afhW c ^_t cÀc ^rZ#i c t c TSk c Y u e|Vrk[µ}W c TxMbdc T�kN\�·�R}i c ^rZ c T£R}Zjfhy c T£k c txfhW]t}Y[W�kNY¿tj�Qfhepy�i�R}Z#i�VrkN\�·zY_TjR�fh\�^_T�\¼�­Y c W c Y[i�T��r�)yzVXZ#�_µUT c T�k c �XfhW�\]kN\�Z�R�T�VX^rZi�RUT�Y[e|RUT"l�W~f%Í�\�gaY[i c �NMOL M Ô VXY_T�i c y[i c ^_VX^_T"W c TÂRU�rYQfhZ#\]VX^_T"k c Í_ijfh^_t c T�tj� c Z#Z#\ c Z"fhW±MNk_fh^_TÂW~f%T�Y[\�Z c M § VXY[i¹y[W�Y_Tk c k[R}Zjfh\�W]Tx�[W c T"W c t}Z c Y[i�T"yzVXY[i#i�VX^rZ�T c i�R � R}i c i�fhY u VXY[�rijfhg c TSt}\�Z�RUTSt}\��¢k c T�T#Y_TxMbÆc i c yzµ}i c g¶RUVXe|R}Z#i#\]�rY c Y[Z#\�W�\]T�RÀk_fh^_T¹W~fpT#Y[\�Z cÀc T#Z"t c W�Y[\Æk c W~f�Í�\�gaY[i c �NM�Å M
bdc tj�Qfhepy�R}W c t}Z#i#\]�­Y c −→

E s(
−→r )

�xkN\�·¸Y_T�R�yQfhidY_^ c T#Y[i � fXt c
S

�¾fhY»yzVX\�^rZ −→r c T#Z � VX^_t}Z#\]VX^�kNY»tj�Qfhepy�R}W c t}Z#i#\]�rY c
Z�VXZjfhW −→

E
c Z�kNY�tj�Qfhepy�e�fhga^_R}Z#\]�­Y c Z�VXZjfhW −→

H
Mh�%�Ofhy[i�µUT�W c T�RU�rYQfhZ#\]VX^_T�k c �Gf u8�Âc W�W c Z�W c y[i#\�^_t}\�y c k cj� Y[�rg c ^_T��

`¶É



�NM�ÅaM�ÅaMQ�¿Vrk[µ}W c k c y[i�VXyQfhg­fhZ#\]VX^
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Í_i c T#^ c W § �NW c tj�Qfhepy¿kN\�·zY_T�R�i c í}Y c ^ −→r c T#ZÀº
−→
Es(

−→r ) =

∫∫

S
jωµ0G(−→r ,

−→
r′ ).[n̂×−→

H (
−→
r′ )] + ∇×G(−→r ,

−→
r′ ).[n̂×−→

E (
−→
r′ )]dS′ ¦ �NM�Å ª

fx� c t
G(−→r ,

−→
r′ )

W~f � VX^_t}Z#\]VX^�kN�rfXkN\]�­Y c k c �£i cUc ^«yzVXY[i"W±� c T#yQfXt c �_VXe|VXg¶µv^ c k[Rv�_^[\ c yQfhi»º

G(−→r ,
−→
r′ ) =

[

I +
∇∇
k2

]

ejk|
−→r −

−→
r′ |

4π|−→r −
−→
r′ |

b f|k_VXY[n[W c \�^rZ�R}gaijfhW c k c W±��{��­YQfhZ#\]VX^ �NM�Å ^ c Tx� \�^rZ�µ}gai c yQfXT�k_fh^_T�W c txfXTSg¶R}^_R}ijfhW±M bdc TofhY[Z c Y[i�T�y[i�VXyzVaT c ^rZY[^ c T�Y_tUt c TjT#\]VX^¿kd��fhy_y[i�V u \�e�fhZ#\]VX^QT£yzVXY[i�Z#i�VXY[� c i�Y[^ c � VXi#e c fh^QfhW��rZ#\]�rY c M § VXY[iot c W~fN�QZ#i�VX\]T�gaijfh^_k c ToRvZ
fhy c Tk�� �r�)yzVXZ#�_µUT c TSTjVX^rZ � fh\�Z c T ¦ Í�\�gaY[i c �NMOL ª º
ÅaM¹W~fGT�VXY[i�t c³c ZpW c i�RUt c y[Z c Y_i�T�VX^rZpT#Y w T
fhepe c ^rZ|R}W]VX\�ga^_RUTpW±� Y[^ k c W±�OfhY[Z#i c yzVXY[ipZ�ijfx�Xfh\�W�W c i c ^�tj�QfhepyW]VX\�^rZjfh\�^ ¦ fhy[y[i�V u \�e�fhZ#\]VX^¿tj�Qfhepy�W]VX\�^rZjfh\�^ ª �
LNM¹W c T�tj�Qfhepy_Tx� c ^¬tj�QfX�rY c yzVX\�^rZÂk c W~f»T�Y[i � fXt c �rT�VX^rZÂfhy[y_i�V u \�e|RUT�yQfhi�W c T�tj�Qfhepy_TÂ�rY[\zT c ijfh\ c ^rZ�y[i�RUT c ^rZ�TyzVXY[i�Y[^ c T#Y_i � fXt c y[W~fh^ c W]VrtxfhW c e c ^rZ�Zjfh^[g c ^rZ c lSW~f�T#Y[i � fXt c i�R c W�W c�¦ fhy[y[i�V u \�e�fhZ#\]VX^�k c T�y[W~fh^_T�Zjfh^[g c ^rZ�TVXY�k c�Ä \�i�tj�[�_Vh· ª �
�NM¹W±� \�^rZ�R}gaijfhW c Tx��R}�XfhW�Y cpc ^_T�Y[\�Z c yQfhi�Y[^÷k[R}� c W]VXy[y c e c ^rZ»W�\�ep\�Z�R|fhY[Z�VXY_iÀk c W~f¬^_VXi#e�fhW c�¦ fhy[y[i�V u \�e�fhZ#\]VX^k c W±� ½�y[Z#\]�­Y c�§ �r�NT#\]�rY c¾ª VXY�yQfhisW~f�e|R}Z#�_Vrk c k c W~f�y[�QfXT c T#ZjfhZ#\]VX^[^Qfh\�i c%¦ fhy[y[i�V u \�e�fhZ#\]VX^�k c W±� ½�y[Z#\]�rY c

�oRUVXe|R}Z#i#\]�rY c¾ª¹c ^³y[i c ^Qfh^)Z c ^�tUVXepy[Z c Y[^³e|Vrk[µ}W c k c i#Y_g¶VaT#\�Z�RaM
� � c t£W±�©¨�ª[ª[«l¬8­z®�¯e¨ °�®b¬'±³²[´³µ9¶�¨·¯eª¹¸b¬'®�±�°)¨·®�±¯º

G(−→r ,
−→
r′ ) =

[

I − k̂sk̂s

] ej kr

4πr
exp(− j

−→
k s.

−→
r′ )

¦ �NMOL ª
ºr»�¼�m(½)ilpz¾*�2fh|	o0¿Àt%v i9|lpzy�i�s�}5m(Á{pW_NmEo�oqp{fÂ|	oqpz¾9mEs�k3v �(|�tlpz¾*prilo'Ã{o�sqpzÁr�(|9y�fÂtl~{sq~�Á{�2g�g�p0i9|lpzy��(ilsqÁrpzy�prÁr�2|9t9mEfhsqp�~rg�p{o�o^mE|	o'i9|lp�2|�t�pÄy�¾9¼9~-sqfn½	ilpWtl�(|	ozk5v m(g�¾lkÂf©oqi9tlpÄp{ouknmj¾l¼�m(y�pÄy��2|	ozÁrp{kÂkhpry�tlpÄk5v �2|9tlpWfh|9ÁrfÂtlp{|	oqpÅmEi,¾*�2fh|	o�¿ÇÆ È��Esq|,p{ouÉ��2k©}@Ê8Ë�Ì2Í(Î Ï3Ð

`aÈ



�NM�ÅaM § i�VXyQfhg­fhZ#\]VX^�T#Y[i"k c TST#Y[i � fXt c T

Formulation exacte
du champ diffusé par

une surface
     (Eqn. 3.1)

Approximation de

(plans tangents)
Kirchhoff

Modèle de surface

Approximation du
champ lointain

ou
Approximation de

l’Optique Géométrique

Eqn 3.3

Eqn 3.6

Eqn 3.12 Eqn 3.23

Eqn 3.15 à 3.19 Eqn 3.25 à 3.28

surface peu
rugueuse

Génération d’images du coefficient de rétrodiffusion

surface très
rugueuse

Approximation de
l’Optique Physique
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�NM�ÅaM�ÅaMQ�¿Vrk[µ}W c k c y[i�VXyQfhg­fhZ#\]VX^

k̂sk̂s
c T#Z"Y[^³y[i�VrkNY[\�ZSZ c ^_T�VXi#\ c W±M��fh^_TSt c txfXTx�[W±��VX^_k c VXn_T c i#�­R cÀc ^«tj�Qfhepy�W]VX\�^rZjfh\�^ c T#ZÀº

−→
Es(

−→r ) =
j k exp(j kr)

4πr

[

I − k̂sk̂s

]

∫∫

S

(

k̂s × [n̂×−→
E (

−→
r′ )] + η[n̂×−→

H (
−→
r′ )]
)

exp(− j
−→
ks .

−→
r′ )dS′ ¦ �NMO� ª

fx� c t
η =

√

µ
ε

W±� \�epyzRUk_fh^_t c \�^rZ#i#\�^_T�µU�rY c k c W~fpT#Y[i � fXt c M
ódô¨õQô¨õQô¨õ ' ª�ª[«l¬8­z®�¯ ¨ °�®@¬�± ²)(�*$®b«9µ�¶�¶�¬�+

°rY[y[yzVaT�VX^_T�e�fh\�^rZ c ^Qfh^rZ��­Y c W±� \�^rZ c ijfXt}Z#\]VX^�k c W±��VX^_k c�c ^ tj�QfX�­Y c yzVX\�^rZ�k c W~f�T#Y[i � fXt c T c � fh\�Z�fx� c t|Y[^y[W~fh^«\�^N�_^[\±�_W]VrtxfhW c e c ^rZSZjfh^[g c ^rZ£l%W~fpT#Y[i � fXt c MQ  c Z#Z c �r�ryzVXZ#�_µUT cÀc T�Z¹�XfhW�\]k c T#\�º
� W c TSkN\�e c ^_T#\]VX^_T"�_VXi#\�ÑxVX^rZ
fhW c T£k c W~f�i#Y[g¶VaT#\�Z�RÀTjVX^rZ¹gaijfh^_k c TSk c �afh^rZ"W~f%W]VX^[gaY c Y[i�k���VX^_k c º

λ� lc
VXY 2π

λ
lc = klc � 6

¦ �NM Árª
fx� c t

lc
�NW]VX^[gaY c Y[i�k c tUVXi#i�R}W~fhZ#\]VX^¿k c W~f�T�Y[i � fXt c �

� W c T"ijfx�¶VX^_TSk c tUVXY[i�n[Y[i c TSTjVX^rZ"T#Y w Tjfhepe c ^rZSgaijfh^_k[TSk c �afh^rZ"W~f%W]VX^[gaY c Y[i�k���VX^_k c º

Rc =
l2c

2.76σh
> λ

VXY
0.06(klc)

2 > kσh
¦ �NMO` ª

fx� c t
σh

RUtxfhi#Z"Z'�)y c k c T¹�qfhY[Z c Y[i�TSk c W~f�T�Y[i � fXt cb �Ofhy[y[i�V u \�e�fhZ#\]Va^,k c T�y[W~fh^_T�Zjfh^[g c ^rZjT ¦ {��­YQfhZ#\]VX^ �NM Ó ª ^ c y[i c ^_k¿yQfXT c ^�tUVXepy[Z c W c T c · c Z�T£k���VXe�n[ijfhg c T c ZW c T"i�Rv´ cvu \]VX^_T"e�Y[W�Z#\�y[W c T¾M
b f%nqfXT c k c yzVXW~fhi#\]TjfhZ#\]VX^ ¦¨Ð � � Ð { ª W]VrtxfhW c

(p̂i, q̂i, k̂i)
c T#Z¹Z c W�W c �rY c º

q̂i = k̂i×n̂

|k̂i×n̂|
c Z

p̂i = q̂i × k̂i
M

c Z"W c � c t}Z c Y[i
êi

c T#Z¹W~f�yzVXW~fhi#\]TjfhZ#\]VX^¿k c W±��VX^_k c \�^_t}\]k c ^rZ c −→
Ei = E0 exp(j k~ki.

−→r )êi
Mb ��{��­YQfhZ#\]VX^ �NMO� Tx��RUt}i#\�Z�fhW]VXi�TÀº

−→
Es(

−→r ) =
j k exp(j kr)

4πr
E0

(

I − k̂s.k̂s

)

∫∫

S

−→
F (k̂i, êi, n̂) exp[j(

−→
ki −

−→
ks).

−→
r′ ]d

−→
r′

¦ �NM Ó¶ª
VX®�º

−→
F (k̂i, êi, n̂) = − (êi.q̂i)(n̂.k̂i)q̂i(1 −R⊥)

+ (êi.p̂i)(n̂× q̂i)(1 +R‖)

+ (êi.q̂i)(k̂s × (n̂× q̂i))(1 +R⊥)

+ (êi.p̂i)(n̂.k̂i)(k̂s × q̂i)(1 −R‖)

¦ �NM É ª

R‖
¦ Z#ijfh^_T#� c i�T c e�fhga^_R}Z#\]�rY c¾ª³c Z

R⊥
¦ Z#ijfh^_T�� c i�T c R}W c t}Z#i#\]�­Y c¾ª T�VX^rZ³W c T«tUV cvw t}\ c ^rZ�T¿k c i�Rv´ cvu \]VX^ k cÍ_i c T#^ c WzW]VrtxfhY u yzVXY_imW c T�yzVXW~fhi#\]TjfhZ#\]VX^_TÂW]VrtxfhW c T�yQfhijfhW�W]µ}W cp¦

p̂i
ª�c Zmy c i#y c ^_kN\]t}Y[W~fX\�i c|¦

q̂i
ª Mr���Ofhy[i�µUT Ã ��c tjÌ)e�fh^[^c Z¬°)y[\�Ñ}ÑU\]tj�[\�^_V_��ÅxÇ Ó � Ê c Z c ^�k[Rv�_^[\]T�T
fh^rZ�k��OfhnzVXi�k

Y
W±�OfXkNep\�Z#Zjfh^_t c ^QVXi#e�fhW�\�TjR c kNY�k c ep\�� c T#yQfXt c �)\]k c k cy[i�VXyQfhg­fhZ#\]VX^d� � VX^_t}Z#\]VX^ k c W~f¿y c i#ep\�Z#Z#\��)\�Z�R«tUVXepy[W cvuNc i c W~fhZ#\�� c

εrc = ε
ε0

+ j 60λσ
c Zpk c W~f¿y c i#e|Rxfhn[\�W�\�Z�Ri c W~fhZ#\�� c

µrc = µ
µ0

yQfhi»º
Y =

√

εrc

µrc
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�NM�ÅaM § i�VXyQfhg­fhZ#\]VX^�T#Y[i"k c TST#Y[i � fXt c T
VX^¿f�º

R‖(θil) =
Y 2 cos θil −

√

Y 2 − sin2 θil

Y 2 cos θil +
√

Y 2 − sin2 θil

¦ �NMOÈ ª

R⊥(θil) =
cos θil −

√

Y 2 − sin2 θil

cos θil +
√

Y 2 − sin2 θil

¦ �NMOÇ ª

θil
c T�Z�W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c ¸b¬0µ%¨·¸,(�fhY÷yzVX\�^rZ −→

r′
MÆ  c Z�fh^[gaW c y c Y[ZÀR}�)\]k c epe c ^rZ�kN\�·�Rvi c i»k c W±�Ofh^[gaW c k�� \�^_t}\��k c ^_t c

θ
k c W±��VX^_k cÀc Z"y c Y[ZS�}Z#i c txfhW]t}Y[W]R�yQfhi»º

cos θil = −n̂.k̂i
M

b � \�^rZ�R}gaijfhW c ^d� c T#ZSZ�VXYX�#VXY[i�TSyQfXT cvu y[W]VX\�Zjfhn[W c fh^QfhW��)Z#\]�­Y c e c ^rZxM � t c T�ZjfXk c �Qk c Y u �r�)yzVXZ#�_µUT c T�T�VX^rZSyzVaT��T�\�n[W c T¬T c W]VX^¯W~f,i#Y[g¶VaT#\�Z�R¿kNYÒT�VXW�ºsW±� ½�y[Z#\]�­Y c�§ �r�NT#\]�­Y c ¦ T#Y[i � fXt c e|V¾� c ^[^ c e c ^rZ¬i#Y[gaY c Y_T c¾ª�c Z�W±� ½�y[Z#\]�rY c
��RUVXe|R}Z#i#\]�­Y c�¦ T#Y[i � fXt c Z#i�µUTsi#Y[gaY c Y_T c¾ª M © W cvu \]T#Z c Y[^ c Z#i�VX\]T#\]µ}e c txfhZ�R}g¶VXi#\ c�¦ T�Y[i � fXt c Z#i�µUTmy c Y�i#Y[gaY c Y_T c¾ª �­Y c^_VXY_T»^ c Z#ijfh\�Z�VX^_T»yQfXTÀ\]t}\se�fh\]T»�rY c y[i c ^_k c ^�tj�Qfhi#g c W~f�e|R}Z#�_Vrk c k c TÀy c Z#\�Z c T»�Xfhi�\]fhZ�\�VX^QT ¦ ° § � ªpÃ Ä VX^[g_�ÅxÇaÇaL Ê¢M Ô Rxfh^[e|VX\�^_T�t c Z#Z c e|R}Z#�_Vrk c ^ c T¾�Ofhy[y[W�\]�­Y c yQfXT�fhY u T#Y[i � fXt c TS�­YQfXT�\ �±W�\]TjT c TxM

ódô¨õQô¨õQô � ' ª�ª[«l¬8­z®�¯ ¨ °�®@¬�±.-0/ ª�°�®,1u´.(32=¶546-�®,1u´.(�(�°7/�ªz°�®,1u´)(38�9�¬�¯:9�°)«9®,1u´)(
; ¬0²)<8¸,( ²)(3-�¬'¸b � \�^rZ�R}gaijfhZ#\]VX^ T#Y[i�W~f¿T#Y[i � fXt c ^_RUt c T�T#\�Z c k c k[Rv�_^[\�i%Y[^ e|Vrk[µ}W c kNY�T�VXWmyzVXY[i%yzVXY[�­VX\�i%W �Ofhy[y_i�V u \�e c ixM b fe|Vrk[R}W�\]TjfhZ#\]VX^¯k c TpT�Y[i � fXt c T�i�Y[gaY c Y_T c Tp^d� c T#ZpyQfXT�Z#i�\��)\~fhW c³c Z c W�W c³c T#ZpTjVXY[i�t c k c ^_VXe�n[i c Y u Z#ijfx�XfhY u M bdc Ty[\]T�Z c TÂfXtvZ�Y c W�W c T¹T�VX^rZ�k c Tme|Vrk[µ}W c T � ijfXt}ZjfhW]T Ã ��fhZ#Z�\]f c Z Ð V¶fh^d�zÅxÇaÇaÇ Ê c Z�k c Tme|Vrk[µ}W c T�y[i�VXnQfhn[\�W�\]T#Z c T¹VX®�W c T�VXWc T�Z�k[Rv�_^[\_yQfhimTjfok c ^_T#\�Z�R"k c y[i�VXnQfhn[\�W�\�Z�R�k c T��qfhY[Z c Y[i�T

p(h)
c ZsTjf � VX^_t}Z#\]VX^�k c tUVXi#i�R}W~fhZ#\]VX^

C(l)
Ã ��c tjÌ)e�fh^[^c Z£°ry[\�ÑUÑU\]tj�[\�^_V[�¼ÅxÇ Ó � � ��c tjÌ)e�fh^[^d�¼ÅxÇ¶ÉX� Ê¢M

�ofh^_Tot c Z#Z c R}Z#Y_k c �¸ta� c T#Z£W c e|Vrk[µ}W c y[i�VXnQfhn[\�W�\]T#Z c g­fhY_TjT#\ c ^G�rY[\ c T#Zotj�_VX\]T#\±M¸� c Y u gaijfh^_k c Y[i�T�TjVX^rZ£k_VX^_ttxfhijfXt}Z�R}i#\]T�Z#\]�­Y c Tx�dW~f�e|V¾� c ^[^ c k c T��QfhY[Z c Y[i�T�R}Zjfh^rZ�T#Y[y[yzVaT�R c TÀ^rY[W�W c º
σh

W±��RUtxfhi#Z��±Z'�ry c k c T��QfhY_Z c Y[i�T c Z
lcW~f%W]VX^[gaY c Y[iSk c tUVXi#i�R}W~fhZ#\]VX^dM

σh
� u[c W±�Ofhepy[W�\�Z#Y_k c k c TÂ�afhi#\~fhZ#\]VX^_T c Z

lc
W~f�ijRvgaY_W]fhi�\�ZjRÀk c TÂ�afhi#\~fhZ#\]VX^_T ¦ Í�\�gaY[i c�NMO� ª M

h h
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b fÀT#Y[i � fXt c g­fhY_T�T#\ c ^[^ c k cw�Âc tjÌre�fh^[^ c ZÂ°ry[\�ÑU\]tj�[\�^[^_V Ã �Âc tjÌ)e�fh^[^ c ZÂ°ry[\�ÑUÑU\]tj�[\�^_V[�zÅxÇ Ó � Ê c T#Zmk[Rv�_^[\ c yQfhisY[^
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�NM�ÅaM�ÅaMQ�¿Vrk[µ}W c k c y[i�VXyQfhg­fhZ#\]VX^
e|Vrk[µ}W c e|VX^_Vh�¢kN\�e c ^_T#\]VX^_^ c W�º

p(h) =
1√

2πσh
e
− h2

2σ2
h

¦ �NM�ÅxÏ ª

C(l) =e
− l2

l2c
¦ �NM�ÅaÅ ª

bÆc T¹W�\�ep\�Z c TSk c t c e|Vrk[µ}W c T�VX^)Z"T�VXY[W�\�ga^_R c T�fhY § fhijfhgaijfhy[� c �NMO�NMO� M
' ª[ª�«9¬8­z®b¯ ¨ °�®b¬'± ²)(d¸XW,/�ªz°�®,1u´)(�2S¶�46-�®,1u´.(b � ½�y[Z#\]�rY c«§ �r�NT#\]�­Y c e|Vrk[R}W�\]T c W~fGT#Y[i � fXt c tUVXepe c W~fGT�VXepe c k�� Y[^ c T�Y[i � fXt c k c y c ^rZ c ^rY[W�W c�¦ � c t}Z c Y[i^_VXi#e�fhW

n̂0
ª�c ZSk�� Y[^ c i#Y[g¶VaT#\�Z�R � fh\�n[W c M_��fh^_T"t c txfXTx�NW c k[VXe�fh\�^ c k c �afhW�\]kN\�Z�R c T#ZÀº

2kσh cos θ ≈ 2
VXY

3
c Z √

σ2
hC

′′(0) < 0.25
c Z

θ
y c Z#\�Z ¦ �NM�ÅxL ª

fx� c t
C(l)

W~f � VX^_t}Z#\]VX^�k c tUVXi#i�R}W~fhZ#\]VX^¿k c W~f�T#Y_i � fXt c M
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M § VXY_iSt c W~fN�[W~fpT#Y[i � fXt c k[VX\�Z"�­Rvi�\ � c i�º
(σhk(k̂s − k̂i).êz))
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[0, 2π]

Ma{�^ c · c Zx�XW~foi#Y[g¶VaT#\�Z�R"kNY|T�VXW c T#Z�e|Vrk[R}W�\]TjR c yQfhi�Y[^ c �afhi#\~fhn[W c fhW]RxfhZ�VX\�i c g­fhY_TjT#\ c ^[^ c t c�rY[\_\�epy[W�\��rY c �rY c
IS

c T#Z�Y[^ c �afhi#\~fhn[W c fhW]RxfhZ�VX\�i c g­fhY_T�T#\ c ^[^ c t}\�i�t}Y[W~fh\�i c Mr�£VX^_t"W c tj�Qfhepy�R}W c t}Z#i�VXe�fhga^_R}Z#\]�rY cc T�Z�e|Vrk[R}W�\]T�RÀtUVXepe c Y[^ c �afhi#\~fhn[W c fhW]RxfhZ�VX\�i c t c �­Y[\�tUVXi#i c T#yzVX^Qk«l�W~f�i�RxfhW�\�Z�RaM © W¸^ c � fhY[Z¹k[VX^_toyQfXTÂijf���VXY[Z c iY[^¿n[i�Y[\�Z£T#Y[i�W c T£T#\�e�Y[W~fhZ#\]VX^_ToVXn[Z c ^rY c TotUVXepe c W c ijR}t}W~fhe c ^rZ�t c i#Zjfh\�^_T£e|Vrk[µ}W c T�f��_^Gk c i c Z#i�VXY[� c i£W c T�W]VX\]TkNY�tj�QfhZ�VX\ c e c ^rZxM

Ó É



�NM�ÅaMOLNMz°r\�e�Y[W~fhZ#\]VX^_T�ºN\�^N´_Y c ^_t c k c T"yQfhijfhe|µ}Z#i c T

~ mb� ~ nH�

~ Á�� ~ t]�

�" {¡ òsó�ôµÂ�ö{ÃQû�ú �rü�ù*�¨û����ìÿ.� �8�¯þ	�XüK
2��
��_ý2�H·d& ���8

θ = 40◦

4»ü�ý
þ�&Nù�
�ùXú¤����
�ý
þ �vü]ý��	��
��Xú|ù)
����	�¨û��	�_ývþ ε
ε0

= 4
4

σ = 0.01
ý���ÿ­ý 
2��
%�Xþ
ûb�^�

σh = 0.07
ý��
lc = 0.4

�{�jùhþ3��&��¨û��	�[ýv�w���Xú¤����
vû����_ý��%� # ù�&�
�ývú�û���
�ýü û�
*�zý«ý
þ��oüD� ùXú &qü ûb���[ÿ­ý«ÿ­ý¬ü�ù 
��,O"ý��	�¨û,&xûb�^�:� ù³�,ý��oü�ùGü5�Xû,�E��
(
jý
þq&����qÿ¶ù*�+�¢ý_�²ÄÀù]Åhù)
­ùXú�ûE�Æ�����,ý��oü�ùþxý��E���qÿrý�ü û5
��zý�ý
þ��»ü�ù &+1)ùhþxý¿ÿ­ý�ü�ù 
��,O"ý��	�¨û�&¾ûb�^�Ç�-���áý	�Àü�ù�ü��Xû=�E��
2
�ý
þ^& ���zÿ¶ù��+�¢ýÈ�±û ÿ­ý2�'�¨û����_ývú�ý2�'�ÿXû þ2��
vûÉ�2���jýÀþ2�;

[0, 2π]

��� ÿ³�*�
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�NMOLNM_PSR}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^�kN\]µUkNi c
B=C�Ê ËÍÌ[M'G�I T±Î�Ï R�P�Î�IKO T0Ð^RSOQT�Î�ÑWT=G�V

§ VXY[i¼T#\�e�Y[W c iÆW~fÂi�R}yzVX^_T c k�� Y[^ÀnQ�hZ#\�e c ^rZx��k c TÆVXnN� c Z�TÆk[VX\�� c ^rZ¼�}Z#i c y[i#\]T c ^»tUVXepy[Z csc Zd^_VX^»y[W�Y_TÆT c Y[W c e c ^rZk c T»T�Y[i � fXt c TxMd��fh^_T Ã Í_ijfh^_t c T�tj� c Z#Z#\ c Z�fhW±M��¼LaÏaÏaL Ê¢�dY[^÷e|Vrk[µ}W c Z#i�µUT»T#\�epy[W c k c nQ�hZ#\�e c ^rZ c T#ZÀy[i�VXyzVaT�R�º�Y[^yQfhijfhW�W]R}W]R}y[\�yzµxk c fx� c t»k c TSe�Y[i�TSW�\]T�T c T c ZSY[^�Z�VX\�Z�i#Y[gaY c Y u yzVaTjR»T#Y[iSY[^¿T�VXWÆi#Y[gaY c Y u M b fpi�R}yzVX^_T c k�� Y[^¿Z c WnQ�hZ#\�e c ^rZ c T#ZSt c W�W c k�� Y[^�kN\]µUkNi c � VXi#e|R�yQfhi"W c e�Y[i c Z"W c T�VXWÆfhYQ�­Y c WÆTx�Of��#VXY[Z c W]f�i�R}yzVX^_T c kNY«Z�VX\�ZxM��fh^_T�t c Z#Z c T c t}Z#\]VX^d�aW~foi�R}Z#i�VrkN\�·zY_T�\]VX^�k�� Y[^�kN\]µUkNi c"c T#Z�e|Vrk[R}W�\]TjR c M)  c Z#Z c T#Z#i#Y_t}Z#Y[i c"c T#Z�W±� Y[^ c k c T�n[i#\]�rY c T�k cnQfXT c k c W±�Ofhi�tj�[\�Z c t}Z#Y[i c Y[i#nQfh\�^ c M Ô VXe�n[i c k���R}W]R}e c ^rZ�T � VXi#e c ^rZ c · c t}Z#\�� c e c ^rZsY[^|k[\�µUkNi c ºXe�Y_i î T�VXW±� c T�txfhW�\ c ix�nQfhW]tUVX^d�_i c nzVXi�k�k c � c ^_�}Z#i c � c Z�taM
�W���Ä�^� Òe�^�+�Å��� �����[Ór�0���

 �VX^_T#\]k[R}i�VX^_TSY[^¿kN\]µUkNi c yqfhi � fh\�Z£fx� c t�Y[^ c fhi��}Z c �_VXi#\�ÑxVX^rZjfhW c Ô �_ta� c T#Z��'l��¢kN\�i c � VXi#e|R»k c k c Y u y[W~fh^_TSW�\�TjT c Ty c i#y c ^_kN\]t}Y[W~fX\�i c TxM¸�ofh^_T£t c txfXTx�qT c Y[W c T�k c T�i�Rv´ cvu \]VX^_T£T#yzRUt}Y[W~fh\�i c T cvu \]T�Z c ^rZ c Z�Y[^ c e|Vrk[R}W�\]T
fhZ#\]VX^�i c W~fhZ#\�� c �e c ^rZ�T#\�epy[W c k c TjfÀT c t}Z#\]VX^�ijfXk_fhi cvw txfXt c�c T#ZsyzVaTjT#\�n[W c»Ã �£i#\ c T�T c i c Z�fhW±M��qÅxÇaÈaÇ � b \�Y c Z b \±�qÅxÇaÇ¶É Ê¢Mr��fh^_TsW c txfXTk c W~f¬i�R}Z#i�VrkN\�·zY_T�\]VX^d��W c txfhy[Z c Y[iÀ^ c i c t c �rijf�Y[^ c i�R}yzVX^_T c kNY÷kN\]µUkNi c �rY c T�\�W±�Of�^_gaW c
φ

c ^rZ#i c W±��VXi#\ c ^rZjfhZ#\]VX^kNY¿nQ�hZ#\�e c ^rZ c Z�W c txfhy[Z c Y[i c T#Z�T#Y w Tjfhepe c ^)Z � fh\�n[W c yzVXY[i£�rY c W±��VX^_k c i�Rv´QRUtj�[\ c T�VX\�Z�k_fh^_T�W c W]VXn c lp�'�|k �k c W±�Ofh^rZ c ^[^ c M b f�i�R}yzVX^_T cÀc ^�fhepy[W�\�Z#Y_k c kNY«kN\]µUkNi c T c ijfpfhW]VXi�TSR}W c �­R c M�ofh^_T�W c txfXT�VX®�W c kN\]µUkNi c�c T#Z»�)\]T#\�n[W c k_fh^_T»W±� \�e�fhg c ijfXk_fhix�ÆW±�Ofh^[gaW c
φ

c T#Z��rYQfXT#\s^rY[W±MÆ�oVX^_t�\�W c T#Z%fh\]T�Rk c txfhW]t}Y[W c ioW c Z#ijf�� c Zok c W±��VX^_k c i�Rv´QRUtj�[\ c yQfhi£W c T�VXW¼y[Y[\]T£W c e%Y[i ¦¨c Z�\�^r� c i�T c e c ^rZ ª�c Zok c �­R}i#\�� c io�rYd� \�W c T#Zcvu fXt}Z c e c ^rZpR}g­fhW¹l¿t c W�Y[\Â�rY c � fh\�Z%W±��VX^_k c ijR
´qR}tj�_\ c yQfhi%W c nQfXT%kNY e�Y[ixM § VXY[i�W c k[R}e|VX^rZ#i c ix��\�WÂT#Y w Z�k ctUVX^_T�\]k[R}i c i"W c T¹Z�i#\~fh^[gaW c TS\]T�VrtUµ}W c TS�rY[\dT�VX^rZ � VXi#e|RUT"yQfhi¹W c T"i�Rv´ cvu \]VX^_T�T#yzRUt}Y[W~fh\�i c TxM
�oVXY[\�^QfhY_k Ã �oVXY[\�^QfhY_k��¼ÅxÇaÇ Ó Ê�fptxfhW]t}Y[W]R»W~fpy[i�VXnQfhn[\�W�\�Z�R%k��Ofx�­VX\�iSY[^ c i�R}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^¿t}Y[n c k c Zjfh\�W�W c

a
yzVXY[i¹Y[^³txfhy[Z c Y[iST#\�Z#Y_RÀl�Y[^ c kN\]T#Zjfh^_t c

R
�_l�Y[^ c fhW�Z#\�Z#Y_k c

H
kNY³TjVXW c Z¹k[VX^rZ¹W~f�W~fhi#g c Y[iSk��Ofh^rZ c ^[^ cÀc T#Z

Lc ^�T#Y[y[yzVaTjfh^rZS�rY c Z�VXY[Z c T"W c TSVXi#\ c ^rZjfhZ#\]VX^_T�kNY�t}Y[n c T�VX^rZ"RU�rY[\�y[i�VXnQfhn[W c TxMz  c Z#Z c y_i�VXnQfhn[\�W�\�Z�R c T#Z"R}g­fhW c l�º

pcube(a) =







arctan( a
L)

π

T#\
a > 0.44λ

arctan( L
H )

0.44λ
2πL

¦ �NMO�aL ª

Õ &%&qü û��jù*�¨û����[þ �·�)ú¤�2
vû����_ý
þxÖ ÂfhW]t}Y[W]VX^_T�t c Z#Z c y[i�VXnQfhn[\�W�\�Z�R�k_fh^_T¹W c txfXT"kNY�txfhy[Z c Y[i � c ijVaT c ^_T#\�^[g�º
H × �a` Ó Å�e«�

R × ` Ó ÏaÏ�e«�
λ × ÏNMOÏa�NÅ Á e«�

δra × ÏNM�ÅxÈ�e«Mb f%Z
fh\�W�W c k c W±�Ofh^rZ c ^[^ c T��r^rZ#�_R}Z#\]�rY c�¦ {��­YqfhZ#\]VX^ ÅaM Á ª º
L = λ

δra
R = 976, 9mc Z»º 0.44λ

arctan( L
H )

= 8 × 10−4 M
� \�^_T#\qW~fÀy[i�VXnQfhn[\�W�\�Z�R��­Y c W c txfhy[Z c Y[i�i c íUVX\�� c W±��R}^ c i#ga\ c y[i�V¾� c ^Qfh^rZÂk�� Y[^�kN\]µUkNi c yQfhi � fh\�Z c T#Z ¦ k��Ofhy[i�µUT�W±��{s�­YQf��Z#\]VX^ �NMO�aL ª º

∀a, pcube(a) =
0.44λ

2πL
= 0.23 × 10−5

  c Z#Z c y[ijVXnQfhn[\�W�\�ZjR c T�Z�Z#i�µUT � fh\�n[W c ºhe|VX\�^_T�k c t}\�^_�»nQ�hZ#\�e c ^rZ�T�T#Y[i�Y[^�ep\�W�W�\]VX^�fhY[ijfh\ c ^rZ�Y[^pkN\]µUkNi c �)\]T#\�n[W c M�Gfh\]T c W�W c ^ c Z#\ c ^rZSyQfXT£tUVXepy[Z c k c W±�Ofhg c ^_t c e c ^)Zok c TS�)\�W�W c T£VX®�W c TSnQ�hZ#\�e c ^rZ�T£TjVX^rZSyQfhijfhW�W]µ}W c TofhY u i#Y c T c Zk[VX^_t�T#\_W c txfhy[Z c Y[i c T#ZsyQfXT�T�R¹yQfhijfhW�W]µ}W c e c ^)Z¹fhY u gaijfh^_k[T�f u[c Tsk c W~f��r\�W�W c �¶\�WQ�|fhY[ijf�y[W�Y_Tmk c tj�Qfh^_t c T�k c �¶VX\�ik c T�k[\�µUkNi c TÂyQfhi � fh\�Z�TxM)� c y[W�Y_Tx�­W c ijfXk_fhi�e c Z c ^�R}�r\]k c ^_t c W c TÂT#\�^[gaY[W~fhi#\�Z�RUTÂk[VX^rZ�W c T�kN\]µUkNi c T � VX^rZmyQfhi#Z#\ c TxM[°r\t c W~f|yzVXY_i#ijfh\�Z cvu y[W�\]�rY c i£�rY c ^_VXY_Tofx�­VX^_TSY[^¿gaijfh^_k¿^_VXe�n[i c k c i�R}yzVX^_T c T�n[i#\�W�W~fh^rZ c T£yQfhijfhW�W]µ}W c T�lpW~f|Z#ijfXt c �t c W~f�^d� cvu y[W�\]�­Y c yQfXT c ^�i c �Xfh^_tj� c yzVXY[i��­Y_VX\[t c i#Zjfh\�^_T�tUVX\�^_T�i�Rv´ c t}Z c Y[i�T�^_VX^�yQfhijfhW�W]µ}W c T�i�R}yzVX^_k c ^rZ � VXi#Z c e c ^rZxM
Ø-¾�m�szkÂmNy�ilf©oqp2Ê9|l�2i9y0|9pÄÁr�(|9y�fÂtl~{sqp-sq�2|9y�½	i9p[khpry�t�fEprt�sqpryzmDi�p{ÁWi9|lpWmEsqÃ{oqpW¼l�(sqfqÙr�2|	o^mEkhp
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�NMOLNMOLNMQ��\]µUkNi c»c Z¹i#Y[g¶VaT�\�ZjR
bdc e�f u \�e�Y[eCk c W~f|T c t}Z#\]VX^�ijfXk_fhi cvw txfXt c¬¦ yzVXY[i

θ = 45◦
c Z
ϕ = 0◦

ª k�� Y[^�Z c W¼kN\]µUkNi c�c T#Z Ã  mY[i#W~fh^_k c ic ZS��t}�oVX^_VXY[ga�d�ÆÅxÇaÇNÅ Êmº
SERmax =

4πa4

λ2

¦ �NMO�a� ª
c Z"W~f%W~fhi#g c Y[i�kNY«W]VXn c k��Ofh^rZ c ^[^ c tUVXi#i c T#yzVX^_k_fh^rZol��'�Xk �ìc T#ZÀº

α3dB =
0.44λ

a

¦ �NMO� Árª
§ W�YQT£W c kN\]µUkNi c T c ijf�gaijfh^_k��qy[W�Y_T£W~f�i�R}yzVX^_T c T c ijf�kN\�i c t}Z#\�� c%c Z£y[W�Y_ToT�VX^Gfhepy[W�\�Z#Y_k c T c ijf|gaijfh^_k c M § VXY[ioY[^gaijfh^_k¬nQ�hZ#\�e c ^rZx�NW~f»i�R}yzVX^_T c kNY�tUVX\�^�i�Rv´ c t}Z c Y[i¹T c ijfh\�ZÂk[VX^_t�^_VXZjfhn[W c e c ^rZ"y[W�Y_TÂR}W c �¶R c �rY c k_fh^_T�W c T¹fhY[Z#i c TtxfXT Ã � VXY[W~fh^_k��qLaÏaÏaL Ê�txfhi¹W~fpT c t}Z#\]VX^ cvw txfXt c fhY[gae c ^rZ c fx� c toW~f�Zjfh\�W�W c kNY�kN\]µUkNi c M

ïSð�ñÂòmó�ô ��ö ?W�Xú &[ù�
#ùXû þ����³ÿ­ýSü�ù=1)ù�� �¢ý2�8
£ÿ)� �8����Ú*�¨û�ú�ý2�+��ý	��ÿ­ýSü�� ùXú &qü û����Nÿ­ý�ú��H�¶ý��·�zý±�,!��'ùb�B��ÿ­ýSü�ùS
��^&����[þUýÿ��H���aû@��ú �;
XÛQþ��Xüsþ(�8
�ü�ù�Ü����zý�Ý�ù��¶ù�
#ÿ��ßÞ'���rþ|ü]ý
þ7��Ú*�¨û�ú�ý2�+��þ|þ����'�"�	�Nùhþvû ú�ý2�'��&Nù�
�ùXü ü5�}ü�ývþ7S¿ü�ù
��
#ù%�
ý%ÿ�� �jù(&��¢ý2�;
)�

� �hZ#\�e c ^rZ�T � fhY[Z c Y[iSi�R c W�W c { ¦ � ª
� Å Á Á
� ` È  Á �NMO`� ` �Í Ç Á

bÆcGÐ fhn[W c fhY �NMOL ijfhy[yzVXi#Z c W c T��XfhW c Y[i�T�e|V¾� c ^[^ c T³k c W±�Ofhepy[W�\�Z#Y_k c T#Y[i¬W c tUVX\�^ e�Y[i î TjVXW c ^ � VX^_t}Z#\]VX^ãk cW~f �QfhY[Z c Y[i«i�R c W�W c kNYìnQ�hZ#\�e c ^rZ ¦¨cvu Z#ijfh\�Z c k�� Y[^ c nQfXT c � � Ð VXyzV k c W±� © � Ôoª VXn_Z c ^rY c T³yzVXY[i«Y[^ c \�e�fhg cP � �,°){m°zM Ô VXY_T¬^_VXY_T�fhy c i�t c �­VX^_T³�­Yd� \�W£^d� �¯f�yQfXT¬k c W�\ c ^ R}�)\]k c ^rZ c ^rZ#i c W~f��QfhY[Z c Y[i c Z¬W±�Ofhepy[W�\�Z#Y_k c M
¨vW5¨·´z°)«f($- ª�¨�«9¨·¯:<�°)«f($- ²[¬'®�^�(;±�°wà%°)«](¹ª�«�®,-:(;± µ�¬'¯eª�°P(âá{°P(8¸,-�¸b¨X«9´)8+¬¦-�®@°P9Àª�¨�«Ç(�­6(;¯eªÄ¸,(Lã£(%°�¸,(
¯ ¬0²)<8¸�(¹²"(¹²[®,<;²�«](Àª[¨�«]\^¨·®@°È(Y-	° °)«l¬'ªä-�®�¯ ª[¸,(QM bdc T|Z#ijfx�afhY u k c Í_ijfh^_t c T�tj� c Z#Z#\ c Z�fhW±M Ã Í_ijfh^_t c T�tj� c Z#Z#\c Z�fhW±M��¸LaÏaÏaL Ê�y[i�VXyzVaT c ^rZ�k c y[i c ^_k[i c%c ^GtUVXepy[Z c W~f�i#Y[g¶VaT#\�Z�R%kNYGT�VXW c ^GtUVX^_T c i#�afh^rZ£Y[^�e�Y[i£W�\]T�T c M¸ £� c T#Zot c�rY c ^_VXY_T"y[i�RUT c ^rZ�VX^_TSk_fh^_T"W~fpT#Y[\�Z c k c t c tj�Qfhy[\�Z#i c M
�W���Ä��� Òe�^�+�Å��� ��� �Y ��u�.¡����Hå

P c y[i c ^_VX^_ToW c e|Vrk[µ}W c k c�Ä \�i�tj�[�_Vh· cvu y[W�\]�­Y_RpfhY § fhijfhgaijfhy[� c �NM�ÅaM�Å c Z�fXk_fhy[Z�VX^_T#�±W c fhY,txfXT�kNYGkN\]µUkNi cW�\]T�T c T#Y[i"T�VXW�i#Y[gaY c Y u M bÆc T"^_VXZjfhZ#\]VX^_T c Z"W c T¹i c yzµ}i c T"Y[Z#\�W�\]T�RUTST�VX^rZSt c Y u k c W~fpÍ�\�gaY[i c �NM�ÅxÏ M
ódô �¸ô �¸ô¨õ ­09%°)«9¬�²Ä®�+�´)-�®b¬'±�²Ä´³¯ ´�«

b f¹i�R}yzVX^_T c kNY»e�Y[i ¦ W�\]T�T c¾ª�c T#ZÆW~f"T#Y[y c i#yzVaT#\�Z#\]VX^�k c Z�VXY_TÆW c TÆijfx�¶VX^_TÆi�Rv´QRUtj�[\]T�T#yzRUt}Y[W~fh\�i c e c ^rZ�T#Y[idW c e�Y_ixM°)VX^¿fhepy[W�\�Z#Y_k c»c ZSTjf%yzVXW~fhi#\]TjfhZ#\]VX^¿T�VX^rZSVXn[Z c ^rY c T c ^�k[RUtUVXepyzVaTjfh^rZSW c tj�Qfhepy�T#Y_i¹W~f%nQfXT c k c yzVXW~fhi#\]TjfhZ�\�VX^
(q̂i, p̂i, ẑ)

c Z c ^«e�Y[W�Z#\�y[W�\~fh^rZ�yQfhi¹W c TStUV cvw t}\ c ^rZ�T�k c Í_i c T#^ c W ¦ {��rYQfhZ#\]VX^_T �NMOÈ c Z �NMOÇ ª M
ódô �¸ô �¸ô � æ�«9¨Mçb(�°/²"( ¸�W�¬�±z²"(

b f|tUVX^rZ#i#\�n[Y[Z#\]VX^GT�VXW��±e�Y[i c T#ZSR}g­fhW c l�W~fptUVX^)Z#i#\�n[Y[Z#\]VX^¿e�Y[i��¢TjVXWmº[yQfhi#ep\ÆZ�VXY[Z c TSW c T�VX^_k c T�kN\�·zY_T�R c TSyQfhiW c T�VXW±�N\�W�^d� �³fhY[ijfp�­Y c t c W�W c TS�rY[\dT#Y[\�� c ^rZ¹Y[^³Z#ijf�� c ZStUVXi#i c T#yzVX^_k_fh^rZ£l%Y[^ c kN\�·¸Y_T#\]VX^«T�yzRUt}Y[W~fh\�i c T#Y[i¹W c e�Y[i¦ T�Y[y[yzVaT�R"W�\]T�T c¾ª �rY[\Qijfhe|µ}^ c i�VX^rZ�k c W±��R}^ c i#ga\ c � c i�T�W c txfhy[Z c Y[ixM b fÀW]VX^[gaY c Y[i�kNY�Z#ijf�� c Zmk c W±��VX^_k c �rY[\_Z�VXY_tj� ck��OfhnzVXi�k�W c TjVXW c Z£fhy[i�µUTSW c e�Y[i c T#Z"W~f�e|�}e c �­Y c t c W�W c �rY[\¼fhi#i#\�� c k��OfhnzVXi�k�fhY«e�Y[i c Z�fhy[i�µUT£fhY¿T�VXW±M_�oVX^_t
ÉXÏ



�NMOLNM_PSR}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^�kN\]µUkNi c

x

y

z

h

l

k

ksp

nw

i

^ 

^ 

^ 

ϕ

θ

�" -¡ òmó�ô¨õMè�öé�w���Xú¤����
vû ý%ÿ��¿ÿXûq��ÿ�
�ý�ý���
�ý-&���
�ý��jù�
��^�
þvû ý2�÷ùhþ
þ����}ûq�)�

W~f³tUVX^rZ#i#\�n[Y[Z#\]VX^ Z�VXZjfhW c k[Y�k[VXY[n[W c i c nzVX^_k c T#ZÀW c k[VXY[n[W c k c W~f³tUVX^rZ#i#\�n[Y[Z#\]VX^áe�Y[i��¢T�VXW±M Ô VXY_TÀRUt}i#\��­VX^_TÀW c TRU�rYQfhZ#\]VX^_T"yzVXY[i"W~fptUVX^rZ#i#\�n[Y[Z#\]VX^�e%Y[i��¢T�VXWdY[^[\]�­Y c e c ^rZ¾M
 ÂfhW]t}Y[W]VX^_TSW~f�yzVXi#Z#\]VX^�k c T�VXWd�rY[\ c T#Z"RUt}W~fh\�i�R c yzVXY[i"Y[^«e�Y[iSk c Zjfh\�W�W c

h× l
MbÆc e�Y[iÂi�R}Z#i�VrkN\�·zYQT c T#yzRUt}Y[W~fh\�i c e c ^rZ"W±��VX^_k c \�^_t}\]k c ^rZ c

k̂i
k_fh^_TÂW~f%kN\�i c t}Z#\]VX^

k̂sp
M)���Ofhy[i�µUTÂW±��{��rYQfhZ#\]VX^ �NMOLaL �c ^«i c epy[W~fXíxfh^rZ

n̂s
yQfhi

n̂w
W~f%^_VXi#e�fhW c fhY«e�Y[i»º

k̂sp =





sin θ sin(2φ)
sin θ cos(2φ)

− cos θ





¦ �NMO�a` ª
b �Ofh\�i c

A0
kNY�T�VXWÆR}t}W~fh\�i�R c T#Z"VXn_Z c ^rY cÀc ^«y[i�Vh� c Zjfh^rZ"W c e%Y[i"T�Y[i¹W c TjVXWdT c W]VX^«W~f�kN\�i c t}Z#\]VX^

k̂sp
º

A0 = hl tan θ cosφ
¦ �NMO� Ó¶ª

� c Y u txfXT�T�VX^rZ"e�fh\�^rZ c ^Qfh^rZ�l�Z#ijfh\�Z c i%º_T�VX\�ZSW c T�VXW c T�Z"e|V¾� c ^[^ c e c ^)Z�i#Y[gaY c Y u fhY_�­Y c W¼txfXTST
f�i�R}Z#i�VrkN\ � �� Y_T#\]VX^ c T#Z�e|Vrk[R}W�\]T�R c yQfhi�W±� ½�y[Z#\]�rY c%§ �r�NT#\]�rY c �qT�VX\�Z�W c T�VXW c T#Z�Z#i�µUT�i#Y[gaY c Y u fhY_�­Y c W�txfXT£Tjf|i�R}Z#i�VrkN\�·¸Y_T#\]VX^c T�Z¹e|Vrk[R}W�\]T�R c yqfhi¹W±� ½�y[Z#\]�rY c ��RUVXe|R}Z#i#\]�­Y c M
ódô �¸ô �¸ô]ó ­09%°)«9¬�²Ä®�+�´)-�®b¬'±�²Ä´ ²Ä®,<�²[«f( ¨[^�(�µ ´[±e-)¬�¸j¯e¬M4�(;±[±.(8¯:(8±�°�«9´)8'´)(;´z­êáo/�2xã

bdc TStUV cvw t}\ c ^)Z�T
Spq

�NW~f��afhi#\~fh^_t cÀc Z¹W~f�e|V¾� c ^[^ c k c
IS

T c k[RUkNY[\]T c ^rZ�k c T"{s�­YQfhZ#\]VX^_T �NMO� � �NM�Å Ó � �NM�Å¾É c Z�NM�ÅxÈ c ^«i c epy[W~fXíxfh^rZ
n̂0

yQfhi
ẑ
�
k̂i

c Z
k̂sp

c Z
êi

yQfhi
q̂sp

VXY
p̂sp

º

q̂sp =
k̂sp × ẑ
∣

∣

∣k̂sp × ẑ
∣

∣

∣

p̂sp = q̂sp × k̂sp

bÆc T£tUV cvw t}\ c ^rZ�T
Spq

tUVXe�n[\�^ c ^rZoW c T£tUV cvw t}\ c ^rZ�T�k c Í[i c T�^ c W�kNY�e�Y[ix�
R⊥M

c Z
R‖M

� c ZokNYGT�VXW
R⊥

c Z
R‖

MÍ�\�^QfhW c e c ^rZ�º

S⊥⊥ = Ah [−2R⊥(θ) cos θ cos 2ϕ] +Bh

[

sin2 θ sin 2ϕ+R‖(θ) sin 2ϕ(1 + cos2 θ)
] ¦ �NMO�¶É ª

S⊥‖ = Ah

[

sin2 θ sin 2ϕ+R⊥(θ) sin 2ϕ(1 + cos2 θ)
]

+ 2BhR‖(θ) cos θ cos 2ϕ
¦ �NMO�aÈ ª

S‖⊥ = Ah [−2R⊥(θ) cos θ cos 2ϕ] +Bv

[

sin2 θ sin 2ϕ+R‖(θ) sin 2ϕ(1 + cos2 θ)
] ¦ �NMO�aÇ ª

S‖‖ = Av

[

sin2 θ sin 2ϕ+R⊥(θ) sin 2ϕ(1 + cos2 θ)
]

+ 2BvR‖(θ) cos θ cos 2ϕ
¦ �NM Á Ï ª

É)Å



�NMOLNMOLNMQ��\]µUkNi c»c Z¹i#Y[g¶VaT�\�ZjR
fx� c tpº

Ah = R⊥M (Ψ) cos2 θ cos2 ϕ−R‖M (Ψ) sin2 ϕ

Bh = (R⊥M (Ψ) +R‖M (Ψ)) cos θ cosϕ sinϕ

Av = −Bh

Bv = −R⊥M (Ψ) sin2 ϕ+R‖M (Ψ) cos2 θ cos2 ϕfx� c t
Ψ = cos−1(sin θ cosϕ)

�[W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c k c W±��VX^_k c T#Y[i¹W c e�Y[ixMb f%e|V�� c ^[^ cÀc Z"W±��RUtxfhi#Z��±Z'�)y c k c
IA0

T�VX^)ZÀº

〈IA0〉 = exp
[

−2(kσh cos θ)2
]

exp [− j 2ky0 sin θ] exp

[

j kh sin2 θ
sin2 φ

cos θ

]

× l. sinc(kl sin θ sinφ)h tan θ cosφ. sinc

[

kh
sin2 θ sin2 φ

cos θ

] ¦ �NM Á Å ª

σ2
A0

= A0 exp(−4k2σ2
h cos2 θ)πl2c

+∞
∑

m=1

(2kσh cos θ)2m

m!m
exp

[

−(2klc sinφ sin θ)2

4m

] ¦ �NM Á L ª

ódô �¸ô �¸ô�� ­09%°)«9¬�²Ä®�+�´)-�®b¬'±�²Ä´ ²Ä®,<�²[«f( ¨[^�(�µ ´[±e-)¬�¸�°)«f<$-/«�´.8�´.(8´u­êáo/0u3ã
§ VXY[i¬Y[^¯TjVXWSZ#i�µUT�i#Y[gaY c Y u �mVX^¯i c y[i c ^_k¯W c e|Vrk[µ}W c k�� ½Sy_Z#\]�­Y c �oRUVXe|R}Z#i#\]�rY c�c Z�W c T¬{��rYQfhZ#\]VX^_T �NMO� ��NMOL Á � �NMOLa` c Z �NMOL Ó M bdc T�yzVX\�^rZ�T�k c y[�QfXT c T#ZjfhZ#\]VX^[^Qfh\�i c T�VX^rZ�W c T�yzVX\�^rZ�T%yzVXY[i%W c T��rY c W�W c T�W±��VX^_k c \�^Qtv\]k c ^)Z cy[i�V¾� c ^Qfh^rZ«kNYìe�Y[i ¦ � c t}Z c Y[i«kN\�i c t}Z c Y[i

k̂sp
ª�c T�Z�i�Rv´QRUtj�[\ÀT#yzRUt}Y[W~fh\�i c e c ^rZx�Sta� c T#Z��'l��¢kN\�i c W c T�yzVX\�^rZ�T�yzVXY[iW c T��rY c W]T¹W~f�^_VXi#e�fhW c

n̂s
c T�Z¹W]VrtxfhW c e c ^rZ�R}g­fhW c l³º

n̂s =
1

√

1 + tan2 θ sin2 φ





−1
2 tan θ sin 2φ
tan θ sin2 φ

1





¦ �NM Á � ª

S⊥⊥ = 2[−R⊥(ξ)R⊥M (Ψ) cos2 θ cos2 ϕ+R‖(ξ)R‖M (Ψ) sin2 ϕ] cos θ
√

1 + tan2 θ sin2 θ
¦ �NM ÁaÁrª

S⊥‖ = S‖⊥ = sin2 ϕ[−R⊥(ξ)R⊥M (Ψ) +R‖(ξ)R‖M (Ψ)] cos2 θ
√

1 + tan2 θ sin2 θ
¦ �NM Á ` ª

S‖‖ = 2[−R⊥(ξ)R⊥M (Ψ) sin2 ϕ+R‖(ξ)R‖M (Ψ) cos2 θ cos2 ϕ] cos θ
√

1 + tan2 θ sin2 θ
¦ �NM Á­Ó¶ª

fx� c ta�_tUVXepe c y[i�RUtURUk c epe c ^)Zx�
Ψ = cos−1(sin θ cosϕ)

�[W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c k c W±��VX^_k c T#Y[i¹W c e�Y[i c Z
ξ = cos−1

(

cos θ(tan2 θ sin2 ϕ+1)√
1+tan2 θ sin2 ϕ

) W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c yzVXY[i"W c T¹yzVX\�^rZ�TST�ZjfhZ#\]VX^[^Qfh\�i c T�l�W~f�T#Y_i � fXt c M
b f%e|V�� c ^[^ cÀc Z"W±��RUtxfhi#Z��±Z'�)y c k c

IA0

T�VX^)ZÀº

〈IA0〉 = exp
[

−2(kσh cos θ)2
]

exp [− j 2ky0 sin θ] exp

[

j kh sin2 θ
sin2 φ

cos θ

]

×
√

1 + tan2 θ sin2 φl. sinc(kl sin θ sinφ)h tan θ cosφ. sinc

[

kh
sin2 θ sin2 φ

cos θ

] ¦ �NM Á É ª

〈

IA0I
∗
A0

〉

= A0
1 + tan2 θ sin2 φ

4k2 cos2 θ

1

2πσ2
h|C ′′(0)| exp

[

−tan2 θ sin2 φ

2σ2
h|C ′′(0)|

] ¦ �NM Á È ª
TjVX\�Zx�_fx� c toW c e|Vrk[µ}W c k c T�VXW�g­fhY_T�T�\ c ^«k c¥�Âc tjÌre�fh^[^ Ã ��c tjÌ)e�fh^[^ c Z�°ry[\�ÑUÑU\]tj�[\�^_V[�¼ÅxÇ Ó � Êmº

〈

IA0I
∗
A0

〉

= A0
1 + tan2 θ sin2 φ

4k2 cos2 θ

l2c
4πσ2

h

exp

[

− l
2
c tan2 θ sin2 φ

4σ2
h

] ¦ �NM Á Ç ª

ÉXL



�NMOLNM_PSR}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^�kN\]µUkNi c
ódô �¸ô �¸ô ¯ 2¥«9¬�`Ä¸,<;¯:( ²)( ²[®,-	°)¨·±�µ[(

  c e|Vrk[µ}W c|c T#Zo�afhW~fhn[W cpc ^,i�R}ga\�e c T#ZjfhZ#\]VX^[^Qfh\�i c R}Zjfhn[W�\�y c i#e�fh^ c ^rZx�Æt c �­Y[\�^d� c T#Z�yQfXT�W c txfXT�kNY,ijfXk_fhiPo°[½ y[Y[\]T��rYd��VX^�R}e c Z�Y[^�tj�[\�i#y k c kNY[i�R c �_^[\ c�c Zp�rYd��VX^�RUtUVXY[Z c T�VX^�i c Z�VXY[ixM��oVX^_t¬W±� \�W�W�Y_ep\�^qfhZ#\]VX^ ^d� c T#ZyQfXT�tUVX^rZ#\�^rY c�c Z"W c TSZ#ijf�� c Z�T�T#Y[i"W c kN\]µUkNi c VX^rZSY[^ c \�epyzVXi#Zjfh^Qt c º[Y[^¿k[VXY[n[W c i c nzVX^_k«yzVXY[i#ijfh\�Z£�}Z#i c Z#i�µUT c ^i c Zjfhi�k�M�{�^Gi�R}ga\�e c y c i#e�fh^ c ^rZx�¸W c txfhy[Z c Y[i�TjVXepe c ZjVXY[Z�t c �rYd� \�W�i c íUVX\�Z»l�W±� \�^_T#Zjfh^rZ
t

fx� c t�Y[^,k[R}y[�QfXTjfhg ck[R}y c ^_k_fh^rZ%k c W±� \�^_T#Zjfh^rZ�k���R}ep\]T�T#\]VX^dM © WmfhY[ijf�n[\ c ^�Y[^ c tUVX^rZ#i#\�n[Y[Z#\]VX^ k c Z�VXY[Z c W~f³T#Y[i � fXt c
A0

fhW]VXi�T»�rYd� c ^i�R}ga\�e c \�epy_Y[W]T#\]VX^[^ c W±�zT c Y[W c TSW c T�tUVX^rZ#i#\�n[Y[Z#\]VX^_To�rY[\¼VX^rZSW c e|�}e c i c Zjfhi�k�fhi#i#\�� c ^rZ c ^�e|�}e c Z c epy_TxM §�c Y[Z��VX^ fhW]VXi�T�tUVX^_T#\]k[R}i c i|�rY c ZjVXY_T%W c T%yzVX\�^rZ�TpkNY�k[VXY[n[W c i c nzVX^_k ¦ W~f¿T#Y_i � fXt c
A0

k[Rv�_^[\ c l�W±��{��­YqfhZ#\]VX^ �NMO� Ó ªi�R}yzVX^_k c ^rZ�k_fh^_T�W c e|�}e c y[\ u[c W��£  c Z#Z c �r�ryzVXZ#�_µUT c"c T#Z��XfhW~fhn[W c yzVXY[i�Y_^�kN\]µUkNi c yQfhi � fh\�Z ¦¨§ fhijfhgaijfhy[� c �NMOLNM�Å ªe�fh\]TÀyzVXY[i»k c TÀT#Y[i � fXt c T�i#Y[gaY c Y_T c Tx�dt c ^d� c T#Z�yQfXT»T#\�R}�)\]k c ^rZxM © W � fhY[ZÀtxfhW]t}Y[W c iÀW~f³kN\]T#Zjfh^_t c yQfhi�tUVXY[i#Y c yQfhiY[^ c VX^_k c k_fh^_T"W c txfXT"k�� Y[^�kN\]µUkNi c T#Y[i"T�VXW�i#Y[gaY c Y u M
Ô VXY_TSfhW�W]VX^_TStUVXepyQfhi c i�k c Y u ijfx�¶VX^_TSkN\�·¸R}i c ^rZ�T ¦ Í�\�gaY[i c �NM�ÅaÅ ª º
� W±� Y[^ c T#Z¹W c ijfx�¶VX^«\�^_t}\]k c ^rZ c ^�� �[k c tUVrVXi�k[VX^[^_R c T

(x, y, z)
�[T�Y[i¹W c e�Y[i ¦ k���RU�­YQfhZ#\]VX^

x = −y tanφ
ª �i�Rv´QRUtj�[\ÆT#yzRUt}Y[W~fh\�i c e c ^rZ£fhY«T�VXW c ^«� ′ �[k c tUVrVXi�k[VX^[^_R c T

(x′, y′, z′)
c Z¹kN\�·¸ijfXt}Z�R�k_fh^QTÂW~f�kN\�i c t}Z#\]VX^�kNYtxfhy[Z c Y[i¾�

� W±�OfhY[Z#i c%c T�ZSY[^¿ijfx�­VX^ � ijfhy[yQfh^rZokN\�i c t}Z c e c ^)ZoW c T�VXW±�Qe�fh\]T�y[i c T��rY c T#Y[iSW±�Ofhi��}Z c kNY¿e�Y_i ¦¨c ^¿Y[^¿yzVX\�^rZ� ′′ �[k c tUVrVXi�k[VX^[^_R c T ¦ ÏN�OÏN�OÏ ª#ª¹c Z"k[VX^_tÀkN\�·¸ijfXt}Z�RÀkN\�i c t}Z c e c ^rZ�� c i�T¹W c txfhy[Z c Y[ixMb fpkN\�·¸R}i c ^_t c k c e�fhi�tj� cÀc ^rZ#i c W c TSk c Y u ijfx�­VX^_T¹�afhY[ZÀº
∆R = (AM +MM ′) − 2BM ′′ ¦ �NMO`aÏ ª

AM
c T#Z¹W~fpkN\]T#Zjfh^_t c g¶RUVXe|R}Z#i#\]�rY c

AB
M

© W � fhY[Z�e�fh\�^rZ c ^Qfh^rZ�txfhW]t}Y[W c imW c TstUVrVXi�k[VX^[^_R c T�k c � ′ � � c Z ��c ^ � VX^_t}Z#\]VX^�k c TstUVrVXi�k[VX^[^_R c T�k c �áM¶��fh^_TW c T"txfhW]t}Y[W]TST#Y[\��afh^rZ�Tx�NZ�VXY_T¹W c T¹Z c i�e c T"^ c T�VX^rZ¹yQfXT¹i c epy[W~fXtURUTSyQfhi¹W c Y[i cvu y_i c T�T#\]VX^ c ^ � VX^_t}Z#\]VX^�k c
(x, y, z)f��_^�k c W�\�ep\�Z c i"W~fptUVXepy[W cvu \�Z�RÀk c TSRU�­YQfhZ�\�VX^QTxM

bÆc yzVX\�^rZ�� ′ c T#Z"Z c Wd�rY c º −−−→
MM ′ × k̂sp =

−→
0

c Z
z′ = 0

M© W c ^«k[RUtUVXY[W c º
x′ =x+ z tan θ sin 2φ

¦ �NMO`NÅ ª
y′ =y + z tan θ cos 2φ

¦ �NMO`aL ª
z′ =0

¦ �NMO`a� ª
fx� c t

x = −y tanφ
M

bÆc yzVX\�^rZ � �[k c tUVrVXi�k[VX^[^_R c T
(xA, yA, zA)

c T#Z¹Z c WÆ�rY c º −−→
AM ′.k̂i = 0

c Z −−→
AM × k̂i =

−→
0

M© W c ^«k[RUtUVXY[W c º
xA =x

¦ �NMO` Árª
yA =y′ +

1

tan θ
(z′ − zA)

¦ �NMO`a` ª
zA =

tan θ

1 + tan2 θ

[

z tan θ(1 + cos 2φ) +
z′

tan θ

] ¦ �NMO` Ó¶ª
bÆc yzVX\�^rZ � �[k c tUVrVXi�k[VX^_^_R c T

(xB, yB, zB)
c T#Z¹Z c WÆ�­Y c º −−−→

BM ′.k̂i = 0
c Z −−−→
BM ′′ × k̂i =

−→
0

M© W c ^«k[RUtUVXY[W c º
xB =0

¦ �NMO`¶É ª
yB =zB tan θ

¦ �NMO`aÈ ª
zB =y′ cos2 θ tan θ

¦ �NMO`aÇ ª
ÉX�
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�NMOLNM_PSR}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^�kN\]µUkNi c
� � c toW c T"�r�ryzVXZ#�Qµ}T c TST#Y[\��afh^rZ c T»º

z > 0
�
0 ≤ θ ≤ π

2

c Z
0 ≤ φ ≤ π

2

�[W~fpkN\�·¸R}i c ^_t c k c e�fhi�tj� c
∆R

k[Rv�_^[\ c lW±��{��rYQfhZ#\]VX^ �NMO`aÏ Tx��RUt}i#\�Z c ^ � VX^QtvZ�\�VX^¿k c
x

�
z
�
θ

c Z
φ

º

∆R = −z(cos 2φ+ sin2 φ sin2 θ + cos2 θ cos2 φ− 1) − 2S sin θ sinφ(1 + x cos θ cosφ)

cos θ sin2 φ

¦ �NM Ó Ï ª
fx� c t

S = signe(−x cos θ cosφ+ z sin θ cos 2φ sinφ)
Mbdc TSk[R}i#\��¶R c T"yQfhi#Z#\ c W�W c T�k c

∆R
c ^ � VX^_t}Z#\]VX^¿k c

x
c Z
z

T�VX^rZSR}g­fhW c T£lN�_fx� c t
S

k_R
�Q^[\Æt}\��¢k c T�T#Y_T»º
∂∆R

∂x
=

2S sin θ

tanφ

¦ �NM Ó Å ª
∂∆R

∂z
= − cos 2φ+ sin2 φ sin2 θ + cos2 θ cos2 φ− 1

cos θ sin2 φ

¦ �NM Ó L ª

∆R
�afhi#\ c W�\�^_Rxfh\�i c e c ^rZ c ^ � VX^_t}Z#\]VX^¿k c

x
c Z
z

e�fh\]T"\�W���f�Y[^ c \�^r� c i�T�\]VX^«k c y c ^rZ c yzVXY[i
x

kNY c l|°zM§ VXY[iÂY[^ c t c W�W�Y[W c k c i�RUTjVXW�Y[Z#\]VX^ c T#Z¹k c Zjfh\�W�W c
a× b

�rZ�VXY_TÂW c T�Z#ijf�� c Z�TÂyQfXT�Tjfh^rZÂyQfhiÂ� fhi#i#\�� c ijVX^rZ¹k_fh^_TÂW~fe|�}e c t c W�W�Y[W c �rY c W c Z#ijf�� c Z"yQfXT�Tjfh^rZ"yQfhiS� ′′ Tx� \�W]T¹�­R}i#\�� c ^rZ»º
|∆R| ≤ a sin θ

¦ �NM Ó � ª
bdc T��afhi#\~fhZ#\]VX^_T�k c

∆R
yzVXY[i�y[W�Y_T#\ c Y[i�T��XfhW c Y[i�T�k c T�yQfhijfhe|µ}Z#i c TmT�VX^rZ�Z#ijfXtUR c Tml�W~foÍ�\�gaY[i c �NM�ÅxL �­fh\�^QT#\_�­Y cW c TmW�\�ep\�Z c TÂk c kN\�·¸R}i c ^_t c k c e�fhi�tj� c fXtUt c y[Zjfhn[W c T¾M bdc Z�ijf�� c Z�e�Y[i î T�VXWz^d� c T#ZmyQfXTmZjVXYX��VXY[i�TÂk_fh^_T�t c TmW�\�ep\�Z c ToºyzVXY[i�Y[^ yzVX\�^rZ�T#\�Z#Y_R��QfhY[ZpT#Y[i�W c e�Y[ix��W c Z#ijf�� c ZpfhY[ijf�Y[^ c kN\]T�Zjfh^_t c y[i�Vrtj� c k c t c W�Y[\ c ^

M ′′ �rY c T#\�VX^T¾��R}txfhi#Z coc ^«fhÑU\�e�Y[Z�fhY³T c \�^³k c W~f%t c W�W�Y[W c k c ijR}TjVXW�Y[Z#\]VX^dM © Wz�¬f%k c gaijfh^_k c T¹�afhi#\~fhZ#\]VX^_T¹k c kN\]T#Zjfh^_t c T c W]VX^�W~fyzVaT�\�Z#\]VX^�k c
M

tUVXepe c VX^«W c t}ijfh\�ga^Qfh\�ZxMz  c y[�_R}^_VXe|µ}^ c ^d� c T#Z"yQfXT"y[i#\]T c ^�tUVXepy[Z c k_fh^_T"W c T"T#\�e�Y[W~fhZ#\]VX^_T�º\�W � fhY_kNijfh\�Z¬kN\�ep\�^rY c i¬W±�Ofh\�i c
A0

c Z�Z c ^[\�i�tUVXepy[Z c k c T�k[VXY_n[W c T¬i�Rv´ cvu \]VX^_T¬kNY c T�fhYÒkN\]µUkNi c T#Y[i�y[W�Y_T�\ c Y[i�Tt c W�W�Y[W c TxMd  c t}\ c T#Zok��Ofh\�W�W c Y[i�T c ^,fXtUtUVXi�kGf¾� c t�W~f�i�RxfhW�\�Z�R%txfhiok_fh^_T£W c T£\�e�fhg c Tx�zVX^GVXn_T c i#� c k c T£i�R}yzVX^_T c Tok ctUVX\�^«i�Rv´ c t}Z c Y[i��rY[\dTx��R}ZjfhW c ^rZ�T#Y[i¹y[W�Y_T#\ c Y[i�TSy[\ uNc W]T c ^�kN\]T#Zjfh^_t c M
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�NMOLNMOLNMQ��\]µUkNi c»c Z¹i#Y[g¶VaT�\�ZjR

~ m³� ~ n��

~ Á��

�" {¡ òsó�ô¨õL� ö[¢Àû £ �2
�ý2�'�
ý�ÿrý�úpù*
��21Ný
∆R

ý2�+��
jý �;�zý 
E�,O¹ý�·Xû��*�÷þ(�8
%ü]ý%ú �8
�þ(�)û�&¾û ý|ÿ.� �;�¸ýpÿaû £�
#ù%�)�¨û����÷þ(�8
%ü]ýþ	�Xüqý��z�;�¸ýK
��,O"ýD·Xû����³ù��0�#ùXþSÿ��pú �8
	�
∆R

ývþ2����
#ù%�(�Ä&����8
[&qüð�­þvû ý��;

þ�&�ùXü]ý2�;

þ�ÿ­ý
z

�-�E����
#ÿ%���+���jý
þÿ*�/&��Xûb�+�Z%À��ý2�/¦	���'�	�¨û�����ÿ­ý�·S&����8

θ = 20◦

�'ù³�³ý��
θ = 40◦

�
φ = 20◦

ÿ­ù��[þ �jý
þpÿ­ý2�H· �jùhþ��ý	�Âý2��¦	���'�)�¨û����,ÿ­ý
φ

��&����8

x = 2

úCÿ¶ù��[þ=�
ý��jùhþX�%�
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�NMOLNM_PSR}Z#i�VrkN\�·¸Y_T#\]VX^�k�� Y[^�kN\]µUkNi c
�W���Ä�@� �W�X�e ��^���%���z�Z¡

b f��Xfhi#\~fh^_t c k c
IS

c T�ZÂtxfhW]t}Y[W]R c yzVXY[iÂy[W�Y_T#\ c Y[i�T¹VXi#\ c ^rZjfhZ#\]VX^_T"k c nQ�hZ#\�e c ^rZ�T c ^¬y[i c ^qfh^rZÂW c TÂe|Vrk[µ}W c T"k cTjVXW��¶R}i#\��qfh^rZSW c T"tUVX^_kN\�Z#\]VX^_T�kNY § fhijfhgaijfhy[� c �NM�ÅaM�ÅaMO� ¦ Í�\�gaY[i c �NM�Åx� ª M§ VXY[iÂY[^�T�VXWze|V¾� c ^[^ c e c ^rZÂi#Y_gaY c Y uG¦ ½ §mªmc Z�yzVXY[i
φ > 5◦

W c e|Vrk[µ}W coc T#ZÂtUVX�_R}i c ^rZx�N\±M c M)W~f»i�R}yzVX^_T c kNYkN\]µUkNi c kN\�ep\�^)Y c W]VXi�T��rY c W±�Ofh^[gaW c
φ

fhY[gae c ^rZ c Ma�Gfh\]T�yzVXY[i
φ

y[i�Vrtj� c k c ÑxR}i�V[�hW c e|Vrk[µ}W c VaTjt}\�W�W c º�\�W[T c e�n[W c ijfh\�Z�rY c W±��VX^¿fhZ#Z c \�ga^ c Y[^�txfXT¹W�\�ep\�Z c M§ VXY[i£Y[^GT�VXW¼Z#i�µUT�i#Y[gaY c Y u�¦ ½ � ª �qW~f|�[\]R}ijfhi�tj�[\ c�c ^rZ#i c W c ToVXi#\ c ^)ZjfhZ#\]VX^_T c T#Z£R}g­fhW c e c ^rZon[\ c ^�i c T#y c t}Z�R c M²�YQfh^_k�W~f¿W]VX^[gaY c Y[i�k c tUVXi#i�R}W~fhZ#\]VX^¯fhY[gae c ^rZ c ��VX^�i c Z#i�VXY[� c Y[^�tUVXepyzVXi#Z c e c ^rZ�T�\�ep\�W~fh\�i c l�t c W�Y[\"k�� Y[^ cT�Y[i � fXt c T#\�epy[W cp¦ Í�\�gaY[i c �NM Ó ª T
fhY � yzVXY[i�W c T��afhW c Y[i�TÂk c
φ

\�^ � R}i#\ c Y[i c T"l
5◦

M)��fh^_TÂt c txfXTx�rW~f»�afhi#\~fh^_t c 〈ISI∗S〉c T�Z£T#Z#i#\]t}Z c e c ^rZ�t}i�VX\]TjTjfh^rZ c Mz��fh^_T£W c txfXToVX®�W c nQ�hZ�\�e c ^)Z c T#Z£yQfhijfhW�W]µ}W c l�W~f|Z#ijfXt c �zW c Tok c Y u i c nzVX^_k[T�T�VX^rZT�yzRUtvY_W]fh\�i c T c ZSk[VX^_t�y[W�Y_T¹\�Wd��fpk c yzVX\�^rZ�TST#yzRUt}Y[W~fh\�i c T ¦
lc

fhY[gae c ^rZ c¾ª �_y[W�Y_T"W±��Rv^ c i�ga\ c�c T#Z¹\�epyzVXi#Zjfh^rZ c M

~ mb� ~ n��

�" {¡ òsó�ô¨õNó�ö±°_ù�

û ù*�¨û�����ÿ­ý 〈ISI∗S〉 ÿ¶ù��_þmü]ýK�jùhþ¹ÿ.� �;�¬ÿ%�����vü]ý�
�ý������zÿj&����8
j�8�7�DÚ*�¨û�ú�ý2�+�Æÿ­ýÂü5���;
��_ý2�8

l = 20

úý	��ÿ­ý 1Nù��8�¢ý��;

h = 10

ú¤� # ý�þ��aüSývþ2�Àú/�¾ÿ��vü û~þ)�¿ù�&hý��¿ü�����&��¨û����[ý7T�1Y�hþ
û����_ýw� ù³��ý��»ü�����&��¨û����_ý
�w���Xú¤����
vû����[ý0�R���*�
¢�ù��[þ£ü�ý�&'
�ývú�û±ý2
 �jùhþE4 〈ISI∗S〉 ý
þ2�W��
�ù%�(�»ý2�¥¦	���'�)�¨û����¿ÿ­ý

φ
& �*�;


σh � 7��@7%7��	4
lc � 7%�b7��Xú ý��

θ� 6 7 ◦ �u¢»ù��_þ�ü�ý%ÿ­ý���·Xûq�vú�ý �jùhþ(4 〈ISI∗S〉 ý
þ�����
#ù%�(��ý���¦	���'�	�¨û����,ÿ­ý»ü�ù�ü����8
��[ý��;
�ÿ­ý��E��
(
E�vü�ù%�¨û����
&����8
oÿXû £ �2
�ý2�'�¢ý
þ¬&hùXü�ý��;

þ�ÿ­ý

φ
ý��'& ���8


σh � 7%�b7%<l4
θ ��� 7 ◦ ��N
ü���ù��E���+�¨ûb�·�)ûb�^�oÿ*��ú��¾ÿ��vü]ý���T

�*�«ú��¾ÿ��}ü�ý���� ���Nù*�qÿø���¿þ	�vü]ý��	�¨û��*�·�zý»ü]ý
þ &�ùXü]ý2�;

þ��E�Xú�ú��8�zý
þ�ÿ­ý
σh

ý��
lc
�

bÆc TSfhy[y[W�\]txfhZ#\]VX^_T£kNY³e|Vrk[µ}W c kNY�kN\]µUkNi c T�VX^rZ"y[i�VXyzVaT�R c TSk_fh^_T"W~f|° c t}Z#\]VX^¿�rY[\dT#Y[\�ZxM
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B=C^B ����M¦Î�� VWO M'P�� Z[I�� J�LKG�L�ÎEP+IKOQT�VWP P¦Î���R���LNM�Î�IKO�PXL! KVWZ���VWP Î�� L#"KVWP G5ÌWV$�%��VWP
bdc TÀe|Vrk[µ}W c T�k c y[i�VXyQfhg­fhZ#\]VX^ T#Y[iÀT#Y[i � fXt c T c Y[W c|c Z»T#Y[i»kN\]µ}k[i c TjVX^rZ�Y[Z#\�W�\]T�RUTÀyzVXY[i»g¶R}^_R}i c i�k c T»txfhi#Z c Tk c i�Rv´ c t}Z#\��)\�Z�R�k c nQ�hZ#\�e c ^rZ�TxM b � Y[Z#\�W�\]T
fhZ c Y[i|k[Rv�_^[\�Z|Tjf�g¶RUVXe|R}Z#i#\ c³c Z c ^�k[RUkNY[\�ZpW c T�kN\�·�R}i c ^rZ c T�ÑxVX^ c Tpk ci�Rv´ cvu \]VX^ ¦ T#\�epy[W c �Æi c tUVXY[�ri c e c ^rZx��k[VXY[n[W c¾ª M bdc T»i�Rv´ cvu \]VX^_T»Z#i#\�y[W c T c ^[g c ^_kNi�R c T�yQfhi»W c T�kN\]µUkNi c T ¦ e�Y[i��¢T�VXW��e�Y[ioVXY�TjVXW��±e�Y[i��¢T�VXW ª T�VX^rZ£^_R}gaW�\�g¶R c T�txfhi c W�W c ToT�VX^rZ � fh\�n[W c T c Z£\�^rZ c i#�r\ c ^[^ c ^rZ�k_fh^_T£W±��VXe�n[i c¬Ã Í_ijfh^_t c T�tj� c Z#Z#\c Z£fhW±M��qLaÏaÏaL Ê¢Mq�oRv�_^[\]T�T�VX^_T�k��OfhnzVXi�k�W~fpg¶RUVXe|R}Z#i#\ c k c nQfXT c k c TSnQ�hZ#\�e c ^rZ�TolpyQfhi#Z#\�i£k c W~fp�¶R}i#\�Z�RÀZ c i#ijfh\�^�T#Y[i�£Y[^[Ì c i��­Y cÀc Z"W~f�txfhi#Z c k c T¹ÑxVX^ c TSk c i�Rv´ cvu \]VX^_TS�rY[\ c ^�k[RUtUVXY[W c ^rZxM

�W�@�Ä�^� ���W���+�q�¦¡$���'&)('�%���À�'�z�[¡
bdc T»T#\�e�Y[W~fhZ#\]VX^_T�TjVX^rZ � fh\�Z c TÀyzVXY[i»W c TÀ\�e�fhg c T»k c ��Y[^[Ì c i��rY c ��y[i�RUT c ^rZ�R c T%fhY § fhijfhgaijfhy[� c LNM�Å T#Y_i�W c T�Qfhn[\�ZjfhZ�TÂi�RUT#\]k c ^rZ#\ c W]TxM Ô VXY_TmZ#ijfx�afh\�W�W c i�VX^_Tx� c ^¬yQfhi#Z#\]t}Y[W�\ c ix�[T#Y[imW c �rYQfhi#Z#\ c i � fx�rfhi�k�yzVXY[i�W c �rY c Wz^_VXY_T¹fx�¶VX^_T� fh\�Z�k c TÀi c W c �­RUT»y[i�RUt}\]T�T�Y[iÀW c Z c i#ijfh\�^dM bÆc T»nQ�hZ#\�e c ^rZ�T%T�VX^rZ�k[RUT#\�ga^_RUT»yQfhi�W c TÀ^_VXe|T%k c TÀi#Y c T�k c W~f«txfhi#Z c¦ Í�\�gaY[i c LNM Á ª M

ódô]ó�ô¨õQô¨õ æ¬4uªc(Y-/²ZW3¶z¨L`Ä®@°)¨ °/²"(+* ¨[4�¨�«l²

~ mb� ~ nH�

~ Á�� ~ t]� ~ p��

�" {¡ òsó�ô¨õM��ö"!c·­ývú &qü]ý
þ�
�ý^&'
��vþUý2�+�±ù*�¨û ¦
þpÿ­ýpü�� 1)ùY�}ûb�±ù*�Sÿ��e�	�Nù�
��¨û±ý2
ßÝ�ù��¶ù�
#ÿ£Ö����[ý}ü��	�[ývþ���Ú*�¨û�ú�ý2�+��þ�S$�q�Xû���&qü�ù*�
�5&'
�ývú�ûq�2
�ý»ü û�
*�zý���ý	��ÿ­ý
þ���Ú*�¨û�ú|ý��+��þ 
��
þvû¨ÿ­ý��+�¨û ý}ü þ±S �q�Xû���þ»ý��¤&[ý��+�¢ý�� þUý��E���qÿ­ý�ü û5
��zý��%�

bdc �­YQfhi#Z#\ c i � fx�rfhi�k c T#Z c T�T c ^rZ#\ c W�W c e c ^rZ%ijR}T�\]k c ^rZ#\ c W±��tUVXepe c W c �rYQfhi#Z#\ c i| m� c ep\�^_VXZ³ºÆe�fh\]T�VX^_T�\�^_kN\���)\]kNY c W�W c T»ep\�Z�V¾� c ^[^ c T%VXY�y c Z#\�Z�T»\�epe c Y[n[W c T�fx� c t�k c TÀZ�VX\�Z�T»y c ^)Z#Y_T ¦ Í�\�gaY[i c �NM�Å Á ¦ t ª � ¦ k ª�c Z ¦¨c¾ª#ª M © W��÷fR}g­fhW c e c ^rZ|�rY c W��rY c T%nQ�hZ#\�e c ^rZ�T|l�Z�VX\�Z%y[W~fhZ ¦ Í�\�gaY[i c �NM�Å Á ¦ f ª»c Z ¦ n ª#ª ��T#Y[i#Z�VXY[Z�k_fh^_T%W~f�ÑxVX^ c kNY�tUVXW�W]µ}g c¦#¦ Í�\�gaY[i c �NM�Å Á ¦ n ª#ª M� c Y u e|Vrk[µ}W c TSg¶R}^_R}i#\]�­Y c T�k c nQ�hZ#\�e c ^rZjTST�VX^)Z c ^_T#Y[\�Z c Y[Z#\�W�\]T�RUT"yzVXY[iStUVXepyQfhi c i£fx� c toW c T"\�e�fhg c T»º
� nQ�hZ�\�e c ^)ZSi c tvZ
fh^[gaY[W~fh\�i c W~fhi#g c l%Z�VX\�Z"y[W~fhZ
� nQ�hZ�\�e c ^)ZSi c tvZ
fh^[gaY[W~fh\�i c R}Z#i�VX\�Z£l%Z�VX\�Z"y c ^rZ#Y

ÉXÈ



�NMO�NM � �hZ#\�e c ^rZ�T»º[tUVXepyQfhi
fh\�TjVX^¿k c T"T#\�e�Y[W~fhZ#\]VX^_T£fx� c toW c T¹\�e�fhg c TSi�R c W�W c T
° c Y[W c T%k c T � VXi#Z c TÀi#Y[g¶VaT�\�Z�RUT�T�VX^rZ»Y[Z#\�W�\]T�R c T�k c � fXíUVX^ l³yzVXY[�­VX\�i�fhy[y[W�\]�­Y c i�W c e|Vrk[µ}W c k�� ½�y[Z#\]�­Y c �oRUVXe|Rv�Z#i#\]�rY c|¦ {��rYQfhZ#\]VX^ �NMOLNÅ ª M_{�^ c · c Zx�NW c e|Vrk[µ}W c k�� ½�y[Z#\]�rY cÀ§ �r�)T�\]�­Y c ^d� c T#Z¹�afhW~fhn[W c �rY c yzVXY[iSk c T¹\�^_t}\]k c ^_t c Ty[i�Vrtj� c T|kNY�^QfXkN\�ixMs½�i�^_VXY_T|T�VXY[�Qfh\�Z�VX^_TpY[Z#\�W�\]T c ipW c TptUVX^_kN\�Z#\]VX^_T�k��OfXtU�­Y[\]T#\�Z#\]VX^�k c P � �,°){m° ¦

θ ≈ 40◦
ª MbÆc TSyQfhi
fhe|µvZ�i c ToR}W c t}Z#i�VXe�fhga^_R}Z#\]�rY c T c Z�k c i#Y[g¶VaT#\�Z�R%k c T�T#Y[i � fXt c T�TjVX^rZSi�RUtxfhy[\�Z#Y[W]RUT�fhY Ð fhn[W c fhY �NMO� ºQW c Y[itj�_VX\ u³c T#ZÂZ#i�µUT c epy[\�i#\]�rY cÀc ZÂW c t}i#\�Z�µ}i c e�f�� c Y[iSf%R}Z�R�k c i c T#y c t}Z c i¹W c T"tUVX^_kN\�Z#\]VX^_T"k c �afhW�\]kN\�Z�R�k c W±� ½�y[Z#\]�rY c

��RUVXe|R}Z#i#\]�­Y c M bdc y[i�VXn[W]µ}e c k[Y�tj�_VX\ u k c TsyQfhijfhe|µ}Z#i c T c T#Zmy[W�Y_TsW]VX^[gaY c e c ^)ZÂkN\]T�t}Y[Z�R£fhY § fhijfhgaijfhy_� c �NMO�NMO� M
��Vrk[µ}W c ε

ε0
σ

¦ ° î e ª
σh lcT�VXW Á ÏNMOÏNÅ ÏNMOÏ¶É ÏNM ÁZ�VX\�Z � ÏNMOÏNÅ ÏNMOÏaL ÏNM�ÅaÅ

ï"ð�ñ¹òsódô�ó�ö"T"ù�
#ùXú¤����
�ý
þ%ÿ­ý
þ�þ(�8
@¦Uù%�
ý
þ¥� �¨û�ü û þ	�jý
þ�ÿ¶ù��[þ�ü]ý
þ�þ
û�ú��)ü�ù*�¨û��*�[þÀÿ­ý=
�����
��¾ÿXû £��­þvû����÷ÿ­ýx��Ú*�¨û ú�ý2�'��þ	�

ódô]ó�ô¨õQô � u09;¬'¯w9%°)«�®�( «l¨�²[¨�« µ%¬+«9«f($-)ªÅ¬'±�²[¨·±�°P(
� �afh^rZÆk c txfhW]t}Y[W c iÆW~fÂi�Rv´ c t}Z#\��)\�Z�RsT#Y[iÆtj�QfX�rY c t c W�W�Y[W c

a×b �U\�W � fhY[ZÆk[R}Z c i#ep\�^ c i��rY c W¶Z'�)y c k c i�R}Z#i�VrkN\�·zY_T�\]VX^c T�Z c ^%� c YdM © W cvu \]T�Z c �rYQfhZ#i c Z'�)y c T¹k c ÑxVX^ c T�º)i�Rv´ cvu \]VX^«T#\�epy[W c �)ÑxVX^ c k c i c tUVXY[�)i c e c ^rZ ¦ T�VXepe c tUVX�_R}i c ^rZ ck c k c Y u i�Rv´ cvu \]VX^_T£T#\�epy[W c T ª , �QtUVX\�^¿i�Rv´ c t}Z c Y[i ¦ i�R}yzVX^_T c k[Y¿kN\]µUkNi c � VXi#e|RÀyQfhi�W c e�Y[i£k c �QfhY[Z c Y[i
h

c Z�k cW~fhi#g c Y[i
b
ª"c Z£W±��VXe�n[i c�¦ yQfXTok c i�R}Z#i�VrkN\�·zY_T#\]VX^ ª Md  c T£ÑxVX^ c T£y c Y[� c ^rZo�}Z#i c txfhW]t}Y[W]R c TÀfhY[Z�VXe�fhZ#\]�rY c e c ^rZ�yQfhiW~fh^_t c iok c ijfx�­VX^_TolpyQfhi#Z#\�i£k�� Y[^ c txfhi#Z c k c �qfhY[Z c Y[i�T£k c W~f|T�tUµ}^ c Mq�Gfh\]T�tUVXepe c ^_VXY_TS^ c Z#ijfh\�Z�VX^_T£�rY c k c TnQ�hZ#\�e c ^rZ�T�T#\�epy[W c T c Z"\]T�VXW]RUTx�N\�W c T#Z¹Z�VXY[Z�fhY_T�T�\ � fXt}\�W c k c txfhW]t}Y[W c iSe�fh^rY c W�W c e c ^)Z�t c T"ÑxVX^ c TxM

s

zr

L

h-
~ mb�

s

zr
h

L

.

/
0%1

~ n��

�" -¡ òsódô¨õ½¯�öé�w���Xú¤����
vû ý%ÿ­ý
þ���Ú*�¨û ú�ý2�'��þoþ
û�ú �rü3�
þ	�¹� ù³��Ö[�q�Xû���&qü�ù*�b4é�R����Ö[�q�Xû���&_ý2�'���
b fpÍ�\�gaY[i c �NM�Åx` y[i�VXyzVaT c W c T"k c Y u Z'�)y c T"k c nQ�hZ#\�e c ^rZ�TxM bdc T"Zjfh\�W�W c T�k c W~f�ÑxVX^ c k c i c tUVXY[�ri c e c ^)Z

zr
c Zk c W±��VXe�n[i c

s
T�VX^rZÂtxfhW]t}Y[W]R}T"lÀyQfhi#Z#\�i¹k c T�{��rYQfhZ#\]VX^_T LNM Á c Z LNMO` M b f»yzVaT#\�Z#\]VX^³kNY¬tUVX\�^¬i�Rv´ c t}Z c Y[i"k[R}y c ^_k¬k c TkN\�e c ^_T�\]VX^_T»kNY�nQ�hZ#\�e c ^rZxM�°r\�W c nQ�hZ#\�e c ^rZ c T#Z»R}Z#i�VX\�Z c ZÀ�QfhY_Zx��W c tUVX\�^�i�Rv´ c t}Z c Y[i»y c Y[Z��}Z#i c k_fh^_TÀW~f³ÑxVX^ ck���VXe�n[i c M§ VXY[i"W c T¹nQ�hZ#\�e c ^rZ�TSy c ^rZ#Y_Tx�[W c tUVX\�^«i�Rv´ c t}Z c Y[i�T c ijfpk_fh^_T¹W c Z�VX\�ZST#\�º

zr ≥ rt ⇔ h ≥ L
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�NMO�NMOLNMz°r\�e�Y[W~fhZ#\]VX^_T�k c T�\�ga^QfhZ#Y[i c TSk c nQ�hZ#\�e c ^rZ�T
�ofh^_T�W c txfXT�k c$� fx�rfhi�k ¦ i#Y c k c«b fx� c ijf,yQfhi cvu[c epy[W c¾ª �

θ
c T#Z�R}g­fhW£l Á Ï ◦ c Z

β
c T#Z�R}g­fhW£l

60◦
M b f

tUVX^rZ#ijfh\�^rZ c�c T#ZÀº
h ≥

√
3

2 L
M§ VXY[i�Y[^,nQ�hZ#\�e c ^rZ»k c k c Y u R}Zjfhg c T ¦

h ≈ 5
e ª �¸\�W � fhY[Z

L ≤ 5.7
eàº�t c T�VX^rZÀk c T�kN\�e c ^_T#\]VX^_TÀy[i�Vrtj� c TÀk c Te�fh\]TjVX^_T%\�^_kN\��)\]kNY c W�W c T ¦ Í�\�gaY[i c �NM�Å Á ¦ t ª � ¦¨c¾ª#ª M��oVX^_t�T�VXY[� c ^)Zx�¼W c tUVX\�^�i�Rv´ c t}Z c Y[i|T c ijf c ^ W�\�ep\�Z c kNY�Z�VX\�ZyzVXY[iSt c Z'�)y c k�� �Qfhn[\�ZjfhZxM°r\sW~f«y c ^rZ c kNYáZ�VX\�Z

β
c T#Z»\�^ � R}i#\ c Y[i c l³W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c

θ
�dW c T%k c Y u y c ^rZ c T%T�VX^rZ��r\]T#\�n[W c T c Z»W c Y[iZjfh\�W�W c k_fh^_T�W±� \�e�fhg c ijfXk_fhimT�VX^rZ

δrav
yzVXY[i�W~foy c ^rZ c VXi#\ c ^rZ�R c � c i�T�W c txfhy[Z c Y[i c Z

δrap
yzVXY[i�W~foy c ^rZ c VXy[yzVaT�R cfhY�txfhy[Z c Y[i�º

δrav =
L sin(θ + 2β)

2 cos(2β)

¦ �NM Ó ` ª

δrap =
L cos(θ + 2β)

2 cos(2β)

¦ �NM ÓaÓ¶ª
�W�@�Ä��� �W�X�e ��^���%���z�Z¡ø���Æ¡��^�z�Å���[ Å�%�¦¡$�Å�8&!(��%�X�¹�+���[¡
ódô]ó�ô �¸ô¨õ æ�¬'®@°/ªÄ¸b¨ °

�ofh^_T%W c T|° b  £��y[W�Y_T#\ c Y[i�T�nQ�hZ#\�e c ^rZ�T|l«Z�VX\�Z�y[W~fhZ%y c Y[� c ^rZ��}Z#i c \]T�VXW]RUT ¦ Í�\�gaY[i c �NM�Å Ó ª M b f�i�R}yzVX^_T c kNYtUVX\�^ái�Rv´ c t}Z c Y[i c T#Z�T#Y[yzR}i#\ c Y[i c l³W~f³i�R}yzVX^_T c kNYáZ�VX\�Z�k_fh^_T�Z#i�VX\]T�txfXT¾�dyQfhi�tUVX^rZ#i c T
f�yzVaT�\�Z#\]VX^ k[R}y c ^_kák cW~f%g¶RUVXe|R}Z#i#\ c kNY�nQ�hZ#\�e c ^rZxM § W�Y_T#\ c Y[i�TStUVX^N�_gaY[ijfhZ#\]VX^_TSk���VXi#\ c ^rZjfhZ#\]VX^QT c Z¹k c �QfhY[Z c Y[i�T"kNY�nQ�hZ#\�e c ^rZSVX^rZ"R}Z�RT�\�e�Y[W]R c T ¦ Í�\�gaY[i c �NM�Å¾É ª MQ��fh^_T¹Z�VXY_T"W c TStxfXTx�[W c T"T�\�e�Y[W~fhZ#\]VX^_TStUVXi#i c T�yzVX^_k c ^rZ£lpt c �rY[\ c T#ZSVXn_T c i#�­R�k_fh^_T"W c T\�e�fhg c TxM b f�i�R}yzVX^_T c kNY÷tUVX\�^,i�Rv´ c t}Z c Y[i c T#Z�Z�VXYX��VXY[i�TÀ�r\]T#\�n[W c ��kNY,e|VX\�^_TÀyzVXY[iÀt c T��afhW c Y[i�TÀk c i#Y[g¶VaT#\�Z�R c Zc W�W c fhY[gae c ^rZ c �rYQfh^_k
φ

kN\�ep\�^rY c MÆ° c W]VX^,W~f��afhW c Y[i�k c
h

�¸Tjf�i�R}yzVX^_T c�c T�Z£y[W�Y_T�VXY,e|VX\�^_Toy[i�Vrtj� c kNYGnzVXi�kkNY�Z�VX\�ZxM Ô VXZ�VX^_T£�rYd� \�W c T#Z�yzVaT�T�\�n[W c k c Z#i�VXY[� c iok c T£tUVXY[y[W c T
(lc, σh)

Z c W]T£�rY c W~f|�afhW c Y[i£k c 〈ISI∗S〉
kNY�tUVX\�^i�Rv´ c t}Z c Y[i�TjVX\�Z � fh\�n[W c M
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�NMO�NM � �hZ#\�e c ^rZ�T»º[tUVXepyQfhi
fh\�TjVX^¿k c T"T#\�e�Y[W~fhZ#\]VX^_T£fx� c toW c T¹\�e�fhg c TSi�R c W�W c T

~ mb� ~ n�� ~ Á��
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~ xm� ~ ¼�� ~ f��
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�NMO�NMOLNMz°r\�e�Y[W~fhZ#\]VX^_T�k c T�\�ga^QfhZ#Y[i c TSk c nQ�hZ#\�e c ^rZ�T

~ m³� ~ nH� ~ Á�� ~ t��

~ p�� ~ }X� ~ xm� ~ ¼H�
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�NMO�NM � �hZ#\�e c ^rZ�T»º[tUVXepyQfhi
fh\�TjVX^¿k c T"T#\�e�Y[W~fhZ#\]VX^_T£fx� c toW c T¹\�e�fhg c TSi�R c W�W c T
ódô]ó�ô �¸ô � æ�¬'®@°P-/ªc(8±�°�´)-

b f%�afhi#\]R}Z�R�k c nQ�hZ#\�e c ^rZ�T£l�ZjVX\�Z"y c ^rZ#Y c T#ZÂy[W�Y_T¹i�\�tj� c M Ô VXY_TSfx�¶VX^_T cvu Z#ijfh\�ZSk c Y u txfXT¹i c y[i�RUT c ^)ZjfhZ#\ � TSk cW±� c ^_T c e�n_W c k c TÂtUVX^N�_gaY[ijfhZ#\]VX^_T¹W c T�y[W�Y_T � i�RU�rY c ^rZ c T ¦ Í�\�gaY[i c �NM�ÅxÈ ª ºrY[^¬nQ�hZ#\�e c ^rZSl»Z�VX\�Z�y c Y¬y c ^rZ�Y ¦ R}gaW�\]T c¾ªVX®�W c T�k c Y u y c ^rZ c TÂkNY�Z�VX\�Z�T�VX^rZm�r\]T�\�n[W c T c ZmY[^�nQ�hZ#\�e c ^rZ¹lÀZ�VX\�ZmZ#i�µUTmy c ^rZ#Y ¦ RUtUVXW c�c Zmi#Y c�b fx� c ijf ª VX®¬T c Y[W cW~f�y c ^rZ c � c i�T¹W c txfhy[Z c Y[iSi�Rv´QRUtj�[\�ZxM
§ VXY[i�tUVXepy[i c ^_kNi c W c � VX^_t}Z#\]VX^[^ c e c ^)Zsk c T�Z�VX\�Z�T�y c ^rZ#Y_T�y[W�Y_T#\ c Y[i�T�T#\�e�Y[W~fhZ#\]VX^_T�VX^rZ�R}Z�R�ijRUfhW�\]TjR c T ¦ Í�\�gaY[i c�NM�ÅxÇ ª M § VXY[ipfx�­VX\�i%k c Y u W�\�ga^ c T�n[i#\�W�W~fh^rZ c T ¦ W � Y[^ c fhZ#ZjfXtj�_R c fhYáZ�VX\�Z�y c ^rZ#Yd�¼W±�OfhY[Z#i c fhY�tUVX\�^ái�Rv´ c t}Z c Y[i ª ��\�W� fhY[Z"Y[^«nQ�hZ#\�e c ^rZSZ#i�µUT"�QfhY[Z ¦ Í�\�gaY[i c �NM�ÅxÇ ¦ � ª#ª M_{�^rZ�i c W c TSk c Y u W�\�ga^ c Tx�_W c TjVXWdk c �afh^rZ"W c nQ�hZ#\�e c ^rZSi�R}yzVX^_kT c Y[W±MÆ��fh^_T�W c T%fhY[Z#i c T%txfXTx�ÆW c tUVX\�^ái�Rv´ c t}Z c Y[i c T#Z�fhn_T�VXi#nzR�yQfhi�W~f«i�R}yzVX^_T c k c W~f«y c ^rZ c kNYáZ�VX\�ZxM b �Ofh^[gaW ck�� \�^_t}\]k c ^_t c T#Y[iÀW c ZjVX\�Z�R}Zjfh^rZ»Z#ijµ}T»y c Z#\�Zx�dW±�Ofhepy[W�\�Z#Y_k c k c W~f³i�Rv´ c t}Z#\��r\�Z�R c T#ZÀgaijfh^_k c�c ZÀW c t}VX\�^�i�Rv´ c t}Z c Y[i^d� c T�Z�y[W�Y_T%�r\]T#\�n[W c M� £� c T#Z%W~f«i�R}yzVX^_T c kNYáZ�VX\�Z��rY[\�k[VXep\�^ c M�  c t}\ÂtUVX^_tUVXi�k c fx� c t�W c T�\�e�fhg c T%i�R c W�W c T�VX® W~fy[�QfXT c \�^rZ c i � R}i�VXe|R}Z#i#\]�­Y c k c T¹W�\�ga^ c T"n[i�\�W�W~fh^rZ c TS^d� c T#Z"yQfXT"t c W�W c k[Y«T�VXWde�fh\�T"n[\ c ^�t c W�W c kNY«Z�VX\�Z=<bdc txfXT�k c W±��RUt}VXW cÂc T#Z�\�^rZ�R}i c T�Tjfh^rZ�txfhi�fhy[i�µUT�W c nQ�hZ#\�e c ^rZx�hY[^ c T c tUVX^_k c W�\�ga^ c n[i#\�W�W~fh^rZ cÂc T�Z¼�)\]T#\�n[W c£¦ Í�\�gaY[i c�NM�ÅxÈ ¦ k ª#ª M b � \�^rZ c i � R}i�VXgaijfXepe c e|VX^rZ#i c �­Y c t c Z#Z c W�\�ga^ c�c T#ZÂfhY�T�VXW±MN°Nfh^_Tm�¶R}i#\�Z�RSZ c i#ijfh\�^d�r\�WqT c ijfh\�ZmZ c ^rZjfh^rZÂk cy c ^_T c iS�rY c t c Z#Z c W�\�ga^ c tUVXi#i c T#yzVX^_k�fhY�tUVX\�^�i�Rv´ c t}Z c Y[ixMq�Gfh\]T"t c t}\ c T#Z"\�epyzVaTjT#\�n[W c tUVXepe c W c e|VX^rZ#i c ^)ZSW c TT�\�e�Y[W~fhZ#\]VX^_T¹txfhiÂW c nQ�hZ#\�e c ^rZ c T#Z�Z#i�VXy³nQfXT�yzVXY[iSfx�¶VX\�iÂY[^³tUVX\�^�i�Rv´ c t}Z c Y[iS�­Y[\¸i�R}yzVX^_k³T#\zW]VX\�^³k[Y¬nQ�hZ�\�e c ^)ZxM§ fhiÂtUVX^)Z#i c �)W±��RUtUVXW coc T#Z c ^rZ�VXY[i�R c k�� Y[^ c y c Z#\�Z c nQfhi#i#\]µ}i c�c ^�t}\�e c ^rZ ¦ Í¼\�gaY[i c �NM�ÅxÈ ¦ f ª#ª �rY[\ c T#ZÂt c i#Zjfh\�^ c e c ^rZl�W±��VXi#\�ga\�^ c k c t c Z#Z c k c Y u \]µ}e c W�\�ga^ c n[i#\�W�W~fh^rZ c M§ VXY[iÂW±��R}gaW�\]T c �)\�Wz��f»Y[^ c W�\�ga^ c fhY�T�VXW¸k_fh^_T�W~f�i�R}yzVX^_T c kNY¬Z�VX\�Z�º)ta� c T#Z�W c tUVX\�^�i�Rv´ c t}Z c Y[i"�­Y[\z^d�Ofhy[yQfhijf�¥]ZyQfXT"Z#i�µUT"^ c Z#Z c e c ^rZ£k_fh^_T"W±�Ofhepy[W�\�Z#Y_k c Mq��fh^_T"W c T"T�\�e�Y[W~fhZ#\]VX^_Tx�_W c tUVX\�^«i�Rv´ c t}Z c Y[i c T#Z¹n[\ c ^�e�fhi��rY_RÀk_fh^_T"W cZ�VX\�Z ¦ Í�\�gaY[i c �NM�ÅxÇ ¦ f ª#ª e�fh\]TÀ\�W�^d�Ofhy[yqfhijf�¥]Z»yQfXTÀk_fh^_TÀW±�Ofhepy[W�\�Z#Y_k c¿¦ Í�\�gaY[i c �NM�ÅxÇ ¦ n ª#ª M © W � fhY_kNijfh\�ZÀyzVXY[�­VX\�itxfhW]t}Y[W c iSY[^«\�^rZ c i � R}i�VXgaijfhepe c T�\�e�Y[W]RoyzVXY[iSn[\ c ^«�¶R}i#\�� c i"W±� \�^ � VXi#e�fhZ#\]VX^¿tUVX^rZ c ^rY c k_fh^_T"W~f%y[�qfXT c M

Èa�



�NMO�NMOLNMz°r\�e�Y[W~fhZ#\]VX^_T�k c T�\�ga^QfhZ#Y[i c TSk c nQ�hZ#\�e c ^rZ�T

~ mb� ~ n�� ~ Á��

~ t�� ~ p�� ~ }É�

~ xm� ~ ¼H� ~ f��

�" {¡ òsó�ô¨õ½¿�ö"!c·­ývú &qü]ý
þ�ÿ­ý$�q�Xû���þ=&_ý2�+���rþ«ÿ¶ù��[þ�ü�ý
þ�û�ú|ù)
­ý
þ0Ã # ? ý��j&'18�*�q�hþ �¢ý2
2
#ùXûb�¹�E��
(
jý
þq&����qÿ¶ù*�+�¢ý
þ	� # ý
þûb�+�¢ý2
b¦)�2
��E
�
#ùXú�ú�ý
þSý2�|þvû ·�&)�_ý
þÂþ����+�.S�ü�ù¥��
��Xû~þvû��}ú|ý¹ü û5
��zý(4�û ü þmþ����+�¦Ü)���Xú¤�
þz&����8
N�;�¸ýÂú�ývû�ü ü]ý2�8
�ýü û þ
ûÉ�vû ü û��^�)�¦T����;
oüD� �����aü�ý�ý��Ä
2�_ý/?W���8
��21Nývü]ý����¢ý(4�ü�ývþ 
��-& �*�[þUý
þ ��

û�ü ü�ù*�+�¢ý
þ ���+��ÿ­ý
þ�&+1)ùXþUý
þ¥�vü]ý³&9�jývþßÖý}ü ü�ývþ�þ����+��þ(�;
£ü]ý,�q�Xû��^��T����8
£ü�� �q
Xü û~þxý(4W�*��&l�Xû��Ä�;�¸ý£ü û�
��¸ý�þ��Xú��2
�ýÀÿ¶ù��[þ�ü�ù &Nù�
��¨û±ý�&qüð�­þ �}ü�ýb&9�jý»ÿ��
�q�aûb�UÖÄ��� ývþ2�j�
ý2
��±ùXûb�zývú�ý2�+�mü]ýS�E�Xûb�d
��,O"ý��)�¢ý2�8
	�
� ù³��ÖW�����aü�ý24¬�R����Ö�
2�[ý ?Å���;
���1Nývü]ý����¢ý(4��{���0ÖÄ�q
Xü û þUý

È Á



�NMO�NM � �hZ#\�e c ^rZ�T»º[tUVXepyQfhi
fh\�TjVX^¿k c T"T#\�e�Y[W~fhZ#\]VX^_T£fx� c toW c T¹\�e�fhg c TSi�R c W�W c T

~ m³� ~ nH� ~ Á�� ~ t��

~ p�� ~ }X� ~ xm� ~ ¼H�

�" {¡ òsó�ô¨õ½Â�ö{Ãqû ú �)ü�ù*�¨û�����ÿ­ý|ü�ù 
��,O"ý��	�¨û�&¾ûb�^��ÿ­ý0��Ú*�¨û ú�ý2�'��þÀS �q�aûb�Ä&_ý2�+���·� # ý
þ|ÿaû £ �2
jý2�+��þ/�²�(&_ý
þ�ÿ­ý/
��,O"ýD·Xû����þ	���+�¼ü]ý
þSû�ú|ù)
­ý
þoÿ­ý�ü�ùw&'
�ývú�ûq�2
�ý£ü û5
��zý��R�vü�ý�� � �Xú��2
�ý(4[
����*
­ý � Ü����zýoÿ­ý"
�ý��E���M&)
�ý}ú�ý2�+�b4��vü�ù��'�
� �E�Xûb�e
��²O¹ý��	�¢ý2�8
(4�&hý2
�� � &_ý2�+�¢ý¤��
vû ý��+�^�jýx&Xý2
jþ�ü]ý/�jù(&��¢ý2�;
(4"úpù�
­ý2�+�±ù � &_ý2�+�¢ý��'����#r��
vû ý2�'�^��ý
&Xý2

þ�ü]ý¤�jù(&��¢ý2�;
���4Sü�ù¿ÿ­ý���·aû��vú�ý�ü û�
��¸ý"&'
��
þxý2�+�¢ý|ü]ý
þ 
��²O¹ý��	�¨û,&xû��^�
þ	�

θ = 40◦
ÿ¶ù��[þ��q���rþ�ü]ý
þ/�jùhþ)�

� ù³��ÖÄ�jùhþ�ÿ­ý»ü�� ��
Xü û þUý(4Å1 � <%7|ú�4
φ � 7 ◦ 4 α � <>� ◦ 4¬�����0Öz1 � �¬úS4

φ � 7 ◦ 4 α �?� 7 ◦ 4é�-�R��Ö
�jùhþ|ÿ­ý�ü�ùø
2�_ý$?W���8
��21[ývü�ý	���¢ý(4�1 � �³ú�4

φ � �;7 ◦ 4 α �@� 7 ◦ 4��'ÿ³��ÖÄ1 � �;7�ú�4
φ � 7 ◦ 4 α �� 7 ◦ � # � ùaúw&zü û����Nÿrý�ý��Æ� ý��¬ý
þ2�Âù4A³�21 �jý�ý2�÷ÿ�Ý �
ý����rû�ü û þjþUýÀü�� ý�£�ý��Âÿ��³þq&_ý��³Å¾ü]ý)�

Èa`



�NMO�NMO�NM bdc T"W�\�ep\�Z c T�k c W±�Ofhy[y[i�Vrtj� c
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  c e|Vrk[µ}W c foy[W�Y_T#\ c Y[i�T�W�\�ep\�Z c Ts�rY c ^_VXY_T�yzVXY[�¶VX^_T�i c gai�VXY[y c i c ^pZ#i�VX\]T � fhep\�W�W c TSºXW c k[VXe�fh\�^ c k c �XfhW�\]kN\�Z�Rk c T�fhy[y[i�V u \�e�fhZ#\]VX^_Tx�rW~fÀtUVX^[^Qfh\]T�Tjfh^_t c k c TsyQfhijfhe|µ}Z#i c T�R}W c t}Z#i�VXe�fhga^QR}Z#\]�rY c T c Zmk c i#Y[g¶VaT#\�Z�R c ZsW~f�g¶RUVXe|R}Z#i#\ ck c T"e|Vrk[µ}W c TxM
ódô]ó�ô]ó�ô¨õ ¨ ¬'¯ ¨·®�±.( ²)(�^�¨+¸b®b²Ä®@°P9 ²"(Y-¤¯e¬0²"<;¸,(Y-

bdc TÂfhy[y[i�V u \�e�fhZ#\]VX^_T¹T#Y_tUt c T�T#\�� c Tmk c TmRU�rYQfhZ#\]VX^_T�k c ��f u ��c W�Wq^_RUt c T�T#\�Z c ^rZmY[^�gaijfh^_k�^_VXe�n[i c k��Ofhy[y[i�V u \��e�fhZ#\]VX^_T ¦ Í¼\�gaY[i c �NMOL ª M b f�y[i c ep\]µ}i c �r�)yzVXZ#�_µUT c»c T#ZS�rY c W±��VX^�Z#ijfx�Xfh\�W�W c»c ^�i�R}ga\�e c y c i#e�fh^ c ^rZ£T�ZjfhZ#\]VX^[^Qfh\�i cR}Zjfhn[W�\±Md½�i£W c y[i#\�^_t}\�y c kNY�ijfXk_fhi c T#Zok���R}e c Z#Z#i c Y[^ c \�epy[Y[W]T�\]VX^,k c kNY[i�R c �_^[\ c�c Zok��OfhZ#Z c ^_kNi c W c i c Z�VXY[i�k cW±��VX^_k c M bdc e|Vrk[µ}W c fh^QfhW��rZ#\]�rY c k c�Ä \�i�tj�[�_Vh·¿^ c y[i c ^_k�yQfXT c ^�tUVXepy[Z c W c Z c epy_TÂk[VX^_t�W~f»k[R}Z c i#ep\�^QfhZ#\]VX^«k cW~f�txfXT c kN\]T�Zjfh^_t c VX®|W~f�TjtUµv^ c i�R}yzVX^_k|^d� c T#Z�yQfXT�e|Vrk[µ}W�\]T�R c M § VXY[isi�R}\�^rZ#i�VrkNY[\�i c t c Z#Z c y[i�VXy[i#\]R}Z�R ¦¨c T�T c ^rZ#\ c W�W c¾ª �\�W � fhY_kNijfh\�ZmT c Z�VXY[i#^ c is� c i�T�W c T�e|R}Z#�QV­k c Tm^rY[e|R}i#\]�rY c Tx�¶yQfhi cvu[c epy[W c W~f�Í�� Ð � Ã !scUc �QÅxÇ ÓaÓ � � VXY[W~fh^_k��)LaÏaÏaL Ê¢M�Gfh\]T|W c TpZ c epyQT�k c txfhW]t}Y[W]T�k c �)\ c ^[^ c ^rZ�n c fhY_tUVXY[y¯y[W�Y_T|W]VXY[i�k[T c Z�t c W~f,^_RUt c T�T#\�Z c k c gaijfh^_k c T�txfhyQfXt}\�Z�RUT\�^ � VXi#e�fhZ#\]�rY c TxMQ� c y[W�Y_T�t c T"e|Vrk[µ}W c TS^ c i c ^_k c ^rZSyQfXT � VXi�tUR}e c ^rZ£tUVXepy[Z c kNY�y[�_R}^_VXe|µ}^ c k c tj�QfhZ�VX\ c e c ^rZc Z�W~f�i#Y[g¶VaT�\�Z�R c T#ZpfhY_T�T�\ÂkN\ w t}\�W c l¿\�^rZ#i�VrkNY[\�i c Ms°)VXY[� c ^rZ�W c T�tUV cvw t}\ c ^rZ�T|k c Í_i c T#^ c W¹T�VX^rZ���Y_T#Z c e|VrkN\��QRUTy[W�Y[Z�¾XZ��­Y c k c T#\�e�Y_W c iSY[^ c �­R}i#\�Zjfhn[W c i#Y_g¶VaT#\�Z�RaMbdc k c Y u \]µ}e c y[i�VXn[W]µ}e c%c T#Z�W±�Ofhy[y[i�V u \�e�fhZ#\]VX^¿¡'VX^_k c y[W~fh^ cv¤ M�°r\ c W�W c%c T#Z��¶R}i#\��QR c yzVXY[i�W c T£T#�NT#Z�µ}e c T�Tjf��Z c W�W�\�Zjfh\�i c Tx� c W�W c ^ c W±� c T#Zsy[W�Y_T�yzVXY[isW c TsT#�NT#Z�µ}e c TmfXRvijVXyzVXi#Z�RUTmVX®�W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c �afhi#\ c tUVX^_T#\]k[R}ijfhn[W c e c ^rZc ^rZ#i c W c k[R}n[Y[Z c ZpW~f��_^ k c W~f � fhY_tj�_R c�¦ y[W�Y_T|k c �aÏ ◦ k���R}txfhi#Z ª M bdc T|T#\�e�Y[W~fhZ#\]VX^_T|^ c e|Vrk[R}W�\]T c ^rZ|yQfXT�W c T�afhi#\~fhZ#\]VX^_TSk��Ofh^[gaW c k�� \�^_t}\]k c ^_t c»c Z"\�epyzVaT c ^rZ�k[VX^_tÀk c Z#ijfx�afh\�W�W c iST�Y[i"k c y c Z#\�Z c T � fhY_tj�_R c TxMb �Ofhy[y[i�V u \�e�fhZ#\]Va^÷k c%Ä \�i�tj�[�_Vh·ái
fhe|µv^ c W c y[i�VXn[W]µ}e c l�k c T£y[W~fh^_T£Zjfh^[g c ^rZ�ToW]VrtxfhY u M�  c Z#Z c �r�)yzVXZ#�_µUT c%c T#Z�afhW~fhn[W c yzVXY[i�W c T�T#Y[i � fXt c T�tUVX^rZ#\�^rY c T ¦ yQfhi cvu[c epy[W c ��W c nzR}Z�VX^d�¸W c n[\�Z#Y[e c¾ª e�fh\]T c W�W c T c ijf � fhY_TjT c yzVXY[i�W c TT�Y[i � fXt c T¹y[W�Y_TStj�QfXVXZ#\]�rY c T ¦ yQfhi cvu[c epy[W c �_W±� � c i#n c¾ª M°z� \�W c T#Z�yzVaT�T�\�n[W c k c Tx�Of�·¸ijfh^_tj�[\�iok c t c T£k c Y u y[i�RUtURUk c ^rZ c Toi c e�fhi��rY c Tx�q\�W¼i c T#Z c ^_Rxfh^[e|VX\�^_ToY[^ c W�\�ep\�Z c\�epyzVXi#Zjfh^rZ c yzVXY[i%W±� ½�y[Z#\]�­Y c�§ �r�NT#\]�rY c txfhi c W�W c ^d� c T#Z%�XfhW~fhn[W c �rY c yzVXY[i�k c Tpfh^[gaW c T�k�� \�^_t}\]k c ^_t c y[i�Vrtj� c TkNYì^QfXkN\�i Ã Ä VX^[g_�ÀÅxÇaÇaL Ê¢M bdc T³\�e�fhg c T � fx�rfhi�k VX^rZ«R}Z�R÷fXtU�­Y_\�T c T«fx� c t�Y[^ fh^[gaW c k�� \�^_t}\]k c ^_t c fhY[Z�VXY[i�k c
40◦

Mz��fh^_T�t c txfXTx�z\�W�^d� c T#ZoyQfXToyzVaT�T#\�n[W c k c T#\�e�Y[W c iÀk c To\�e�fhg c TÀfx� c t�k c ToT�Y[i � fXt c Toy c YGi#Y[gaY c Y_T c TÀt c �­Y[\c ^rZ#ijf�¥]^ c Y[^÷n[\~fh\]T»k_fh^_TÀ^_VaT»T�\�e%Y[W~fhZ#\]VX^_TxM b f�i#Y[g¶VaT�\�Z�R|k c T»TjVXW]T c ^÷Z c i#e c T�k���RUtxfhi#Z��±Z'�ry c k c TÀ�QfhY[Z c Y[i�T c Zk c W]VX^[gaY c Y[i�Tpk c tUVXi#i�R}W~fhZ#\]VX^ k[VX\�Z��}Z#i c tj�_VX\]T#\ c yzVXY[i��}Z#i c �afhW�\]k c fhYái c g­fhi�k�k�� Y[^ e|Vrk[µ}W c M�  c W~f�\�^rZ c i�kN\�Zt c i#Zjfh\�^ c T�tUVXe�n[\�^Qfh\]T�VX^_T�k c yQfhijfhe|µ}Z#i c T��­Y[\dy c Y[� c ^rZ"yzVXY[i#Zjfh^rZ cvu \]T#Z c iST#Y[i¹W c Z c i#i
fh\�^ÆM{�^N�_^Gk c T£i�RUT#Y[W�ZjfhZ�T£y c Y¿�qfhn[W c ToT�VX^rZ£VXn[Z c ^)Y_T£yzVXY[iok c Tofh^[gaW c Tok�� \�^_t}\]k c ^_t c T#Y[yzR}i#\ c Y[i�T�l
60◦

c ^÷½�yN�Z#\]�rY c �oRUVXe|R}Z#i#\]�rY c fhW]VXi�TS�rYd�OfhY_t}Y[^ c �r�)yzVXZ#�_µUT c ^ c T c e�n[W c �}Z#i c � fh\�Z c T#Y[i"W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c M b � ½�y[Z#\]�rY c§ �r�)T#\]�rY c fpR}g­fhW c e c ^rZSY[^ c ÑxVX^ c ^_VX^«�afhW~fhn[W c yzVXY[i"Y[^ c VXi#\ c ^rZjfhZ#\]VX^¿k c nQ�hZ#\�e c ^rZ
φ

\�^ � R}i#\ c Y[i c l
5◦

M��fhW�gai�RSZ�VXY[Z c T�t c TmW�\�ep\�Z c Tx�­W c T�fhy_y[i�V u \�e�fhZ#\]VX^_T¹k cSÄ \�i�tj�[�_Vh·��rk c W±� ½�y[Z#\]�rY c�§ �r�)T#\]�rY cSc Z��oRUVXe|R}Z#i#\]�rY ci c T�Z c ^rZ¹k c T¹VXY[Z#\�W]T¹y c i � VXi#e�fh^)Z�T c Z � fXt}\�W c T"l�e c Z#Z#i c�c ^GFoY[�)i c fx� c tok c TÂi�RUT�Y[W�ZjfhZ�T¹�rY[\�T�VX^rZ c ^«fXtUtUVXi�k�fx� c tW c Ts\�e�fhg c Tmi�R c W�W c T¾M © W � fhY[Zst c y c ^_k_fh^rZ�Z�VXYX�#VXY[i�Tsn[\ c ^�T c ijfhy[y c W c i�k c TmtUVX^_kN\�Z#\]VX^_T�k c �afhW�\]kN\�Z�RaM bdc Tmk[VXe�fh\�^ c Tk c �afhW�\�k[\�ZjRo�Xfhi#\ c ^rZ¹W]R}g¶µ}i c e c ^rZ�k�� Y[^�fhY[Z c Y[iSl%W±�OfhY[Z#i c M�M�M Ô VXYQT"fx�¶VX^_T � fh\�ZÂY_^ c T��r^rZ#�_µUT c k c W±� c ^_T c e�n[W c k c TtUVX^_kN\�Z#\]VX^_TSZ#i�VXY[�­R c TxM
ódô]ó�ô]ó�ô � 2"¨�«l¨+¯:<%°)«](Y-

ëS^�y[i�VXn[W]µ}e c e�f�� c Y[ioyzVXY[i�T#\�e�Y[W c i£W~f�y[i�VXyQfhg­fhZ#\]VX^÷R}W c t}Z#i�VXe�fhga^_R}Z�\]�­Y cpc T�Z�W c tj�_VX\ u k c ToyQfhijfhe|µ}Z#i c Tk c Tjt}i#\�y[Z#\ � T³k c T³T#Y[i � fXt c TxM § VXY[i³W~f�i#Y_g¶VaT#\�Z�Ra��\�W � fhY_kNijfh\�Z�yzVXY[�­VX\�i � fh\�i c k c T�e c T#Y[i c T³k c y[i�Vh�_W]T³T�Y[i�k c TRUtj�Qfh^rZ#\�W�W]VX^_T�k c Z'�)y c nzR}Z�VX^_Tx��t}i�R}y[\±��� c i#n c M�M�M��Gfh\]T%W~f�kN\�� c i�T#\�Z�R�k c T�T#Y_i � fXt c T c T�Z%Z c W�W c �rYd� \�W c T�Z�kN\ w t}\�W ck��Ofx�­VX\�i"Y[^ c nQfXT c k c k[VX^[^_R c T c
u �QfhY_T#Z#\�� c MbÆc T�yQfhijfhe|µ}Z#i c T|tj�_VX\]T#\]T�^ c T�VX^rZ�T�VXY[� c ^rZ � VX^_k[RUT%�rY c T�Y[i%k c T�\�^rZ#Y[\�Z#\]VX^_T c Z��rY c W��rY c T cvuNc epy[W c T%Z#i�VXY[�­RUTk_fh^_TSk c TSfhi#Z#\]t}W c T¾M © WdT c ijfh\�Z¹nzVX^�k c W c T¹�afhW�\]k c i cvu yzR}i#\�e c ^rZjfhW c e c ^rZxM� c y[W�Y_Tx�¼W±� \�^rZ c ijfXt}Z#\]VX^ c ^rZ#i c
lc

c Z
σh

c T#Z%tUVXepy[W cvu[c ��T#Y[i#Z�VXY[Z c ^ ½�y[Z#\]�­Y c �oRUVXe|R}Z#i#\]�rY c VX® W c T%tUVXY[i#n c T^ c TjVX^rZ»yQfXTÀe|VX^_VXZjVX^ c T ¦ Í�\�gaY[i c �NM Ó ª M © W c T#Z»Z�VXY[Z�l � fh\�Z»yzVaT�T#\�n[W c k c Z�i�VXY[� c i%k c T�tUVXY[y[W c T��rY[\�fh^[^rY[W c ^rZ
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�NMO�NM � �hZ#\�e c ^rZ�T»º[tUVXepyQfhi
fh\�TjVX^¿k c T"T#\�e�Y[W~fhZ#\]VX^_T£fx� c toW c T¹\�e�fhg c TSi�R c W�W c T
W~f�i�R}yzVX^_T c kNY�kN\]µUkNi c VXY��­Y[\�i c ^ � VXi�t c ^rZ�W~f«i�R}yzVX^_T c kNYáZ�VX\�ZxM © W�T#Y w Z%k�� Y[^ c Z#i�µUT�W]R}g¶µ}i c �Xfhi#\~fhZ#\]VX^�k�� Y[^yQfhijfhe|µ}Z#i c yzVXY[iÆn c fhY_tUVXY[y�e|V­k[\ � c i¼W±�Ofhepy[W�\�Z#Y_k c k c W±��VX^_k c M � \�^_T#\±� c ^ÀW±�Ofhn_T c ^Qt c k�� Y[^ c t}VX^_^Qfh\]T�Tjfh^_t cscvu fXt}Z ck c T�yQfhijfhe|µ}Z#i c TÂi�R c W]Tx�rW±�Of���Y_T#Z c e c ^rZ¹k c Tmyqfhijfhe|µ}Z#i c TÂ^ c y c Y[ZÂT c � fh\�i c Tjfh^_T�tUVX^[^Qf�¥]Z#i c W c T�\�e�fhg c T�ijfXk_fhix�Nt c�rY[\�n[\~fh\]T c W c T"T�\�e�Y[W~fhZ#\]VX^_TxMbdc tj�_VX\ u k c

a
c Z
b
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signal rétrodiffusé
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β

antenne synthétique après synthèse SAR

direction en distance

direction azimutale

Emetteur
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°r\
Ψ

c T�Z�W±�Ofh^[gaW c�c ^rZ#i c W±��VXi#\ c ^rZjfhZ#\]VX^÷k�� Y[^,VXnN� c Z c Z£W~f�Z#ijf�� c t}Z�VX\�i c kNY�yzVXi#Z c Y[i ¦ Í¼\�gaY[i c Á MOL ª �zW c e�f u \�e�Y[ek c i�R}Z#i�VrkN\�·¸Y_T#\]VX^d�¸tUVXi#i c T#yzVX^_k_fh^rZ»l|Y[^ c i�Rv´ cvu \�VX^,T#yzRUt}Y[W~fh\�i c �¸T c ijf�VXn[Z c ^rY�yzVXY[i£Y[^,fh^[gaW c k�� \�^_t}\]k c ^_t c
βZ c WÆ�rY c º

β =
π

2
− 2Ψ

¦�Á MOL ª
�oVX^_t�Y[^�VXnN� c Z"W�\]T�T c T c ijf��rY³Y_^[\]�­Y c e c ^rZ�k_fh^_T"W~f�T�VXYQT��±nQfh^_k c tUVX^rZ c ^Qfh^rZ

β
M

 m�QfX�rY c T�VXY_T#�±�rY c tUVXi#i c T#yzVX^_k�l£Y[^ c VXY[� c i#Z#Y_i c fh^[gaY[W~fh\�i c k c α
N

Ma��fh^_T�W~foT�VXY_T#�±nQfh^_k c
i
�hW c T�VXnN� c Z�T�kN\�i c t}Z#\ � T�rY[\dT�VX^rZ"�r\]T�\�n[W c T¾�[T�VX^rZ"t c Y u k[VX^rZ"W±�Ofh^[gaW c k���VXi#\ c ^rZjfhZ#\]VX^

Ψ
¦ Í�\�gaY[i c Á MOL ªÂc T#Z"Z c Wd�rY c º

β ∈ [ωi, ωi+1] ⇒ Ψ ∈ [
ωi

2
,
ωi+1

2
],

T#\
i ≥ 1

¦�Á MO� ª
β ∈ [ωi+1, ωi] ⇒ Ψ ∈ [

ωi+1

2
,
ωi

2
],

T�\
i ≤ −1

¦�Á M Árª
fx� c t

ωi = arctan( 2i
N tan α

2 )
c Z
i ∈ [−N

2 ,
N
2 ]

¦ Í¼\�gaY[i c Á MO� ª M
� \�^_T#\�W~f�k_R}tUVXepyzVaT�\�Z#\]VX^�fhÑU\�e�Y[ZjfhW c k[VX^[^ c k c T¹\�^ � VXi#e�fhZ#\]VX^_TST#Y[i¹W~fpkN\�i c tvZ�\��)\�Z�RÀk c TSVXnN� c Z�T"�rY[\dk[R}y c ^_kk c W±��VXi#\ c ^rZjfhZ#\]VX^d�­k c T�e�fhZ�R}i#\~fhY u �¶k c T�T#Y[i � fXt c T c ^r�)\�i�VX^[^Qfh^rZ c Tx� c Z�taM © W c T�Z�k[VX^_tÂyzVaT�T#\�n[W c k c kN\]T#Z#\�^[gaY c i�k c Y uZ'�)y c T"k���VXnN� c Z�T�l%yQfhi#Z#\�iSk c TST�VXY_T��±�)Y c TÀº
ÅaM¹Y[^³VXnN� c ZK®�±.-	°)¨L`Ä¸,( ¦ fhY³T c ^_TÂk c TÂT�VXY_T��±�)Y c T ªsc T#Z�Y[^³VXnN� c Z�Z#i�µUT¹kN\�i c t}Z#\ � �rY[\z^ c T c ijf»�)\]T#\�n[W c �rY c k_fh^_T�rY c W]�­Y c TST�VXY_T��±�)Y c Tx�
LNMSfhY�tUVX^rZ#ijfh\�i c �qY_^¿VXnN� c Z�-	°)¨L`Ä¸,( ¦ fhYGT c ^_T�k c T£T�VXY_T��±�)Y c T ª¹c T#Z�Y[^�VXnN� c Z�y c YGkN\�i c t}Z#\ � �­Y[\�T c ijfp�)\]T#\�n[W ck_fh^_T"Z�VXY[Z c T"W c T"T�VXY_T#�±�rY c TxM
bdc T»e|VXY[� c e c ^rZ�T%k c W±�Ofx�r\]VX^á^ c T�VX^)ZÀyQfXT»Z�VXYX��VXY[i�T»yQfhi � fh\�Z c e c ^rZ%tUVXi#i#\�g¶RUT�yzVXY[i»W c TÀ\�e�fhg c T�fXtU�­Y[\]T c Tc ^�fXR}i�VXyzVXi#Z�RaM�  c W~f¿T#\�ga^[\�� c �­Y c W c k[R}yzVX\�^rZjfhg c �Xfhi�\ c W]VrtxfhW c e c ^)Zx��t c �­Y[\my c Y[Z � fhY_T�T c i»Y[^ c fh^QfhW��NT c k c T

`bk�pry�o�mEkÂ�Esqy�ÁrmEs^m(Á-oq~{sqfhy�~�¾�m�szi9| kh�³n*pÅt�v m(|	oqp{|9|9pWt��2|	oukÂmNtlf©sqprÁ{oqfh�(| tl~r¾*pr|9t tlpÄknmNt�f©sqprÁ{oqfh�2| t�pWk5v �2|9tlpWfh|9ÁrfÂt�pr|	oqp2Ð
Ça�



Á M�ÅaMOLNMQ�¿R}Z#�_Vrk[VXW]VXga\ c º[txfhW]t}Y[WÆk c TST�VXY_T��±�)Y c T

α
ω i

ω i+11

1

N
2

N
2

�" {¡ òc�dô]ó�ö"Ä=�*�±ù*�¨û��*�[þw�8�¨û�ü û~þ)��ývþÅ& �*�;
£ü�ý �jùXü5���)ü�ÿ­ý
þoù*�;
Xü]ý
þoùhþ
þ����}ûq�
þoù��H·%þ	���­þ³#X&)�_ý
þ��,!��	�Nù*�¨û����[þ � ��� ý	� � � � �*�
TjVXY_T��±�rY c T¾M § VXY[i�Tx�Of�·¸ijfh^_tj�[\�i�k c t c y[i�VXn[W]µ}e c �Q^_VXY_T"^ c Z�ijfx�Xfh\�W�W]VX^_T��rY c T�Y[i"k c T cvu Z#ijfh\�Z�TSk c Z#ijfXt c k[VX^rZSW~fZjfh\�W�W coc T#ZÂT#Y w Tjfhepe c ^rZÂy c Z#\�Z c yzVXY[iÂT#Y[y[yzVaT c i¹�­Y c W c k[R}yzVX\�^rZjfhg coc T�Z�tUVX^_T#Zjfh^rZ¹T#Y[i�W±� c ^_T c e�n[W c k c W±� \�e�fhg c M
u��^�0��� � å·��D��W�Å�z�^�u�z�^� ¢U¥�����¥L ��"�Å��¡3¡9�) �¡mw�yc Å�¦¡

bdc k[RUtUVXY[yQfhg c»c ^�T�VXY_T��±�)Y c T c T#Z � fh\�Z c ^«y[W�Y_T#\ c Y[i�TSR}Zjfhy c T»º
ÅaM"tUVXepy c ^_TjfhZ#\]VX^�kNY«k[RUtxfhW~fhg c fhÑU\�e�Y[ZjfhW ¦ k[VXy[y[W c i�t c ^rZ#i�V��±k c¾ª kNY�T#y c t}Z#i c �
LNM"k[R}yzVX^_k[R}ijfhZ#\]VX^�kNY�T#y c t}Z#i cÀc ^¿fhÑU\�e�Y[Zx�
�NM"kN\��)\]T#\]VX^«kNY�T#y c t}Z#i cÀc ^ Ô TjVXY_T��±�rY c T"kN\]T ��VX\�^rZ c Tx�
Á M"t c ^rZ#ijfhg c k c T"TjVXY_T��±�rY c T¾�
`NM¹Ñ c i�Vh�±yQfXk[kN\�^[g¬k c tj�QfX�­Y c T�VXY_T#�±�rY c �
Ó M¹yzVX^_k[R}ijfhZ#\]VX^�k c tj�QfX�rY c T�VXY_T��±�)Y c M
b f³i�RUT�VXW�Y[Z#\]VX^ fhÑU\�e�Y[ZjfhW c k c TÀ\�e�fhg c T�k c T»T�VXY_T��±�)Y c T c T#Z»k[R}gaijfXk[R c k�� Y[^ � fXt}Z c Y[i

N
yQfhi»ijfhy[yzVXi#Z%l�W~fi�RUTjVXW�Y[Z#\]VX^³\�^[\�Z#\~fhW c M[��fh^_TÂW~f%T#Y[\�Z c �NW c T¹T�VXY_T��±�)Y c TÂT�VX^rZÂ^rY[e|R}i�VXZ�R c TSk c Ï�l

N − 1
k_fh^_T¹W c T c ^_T¹k[RUt}i�VX\]T�Tjfh^rZk c W~f � i�RU�rY c ^_t c fhÑU\�e�Y[ZjfhW c�¦ Í�\�gaY[i c Á M Á ª Mb � \�^rZ c i#y[i�R}ZjfhZ�\]VX^ c ^«�)\]T#\]VX^¿fx�Xfh^rZ c ZS�r\]T#\]VX^¿fhi#i#\]µ}i c k c W~fpÍ�\�gaY[i c Á M Á c T#Z"�XfhW~fhn[W c yzVXY[i"Y[^¿txfhy[Z c Y[i��­Y[\c T�ZÀl¬g­fhY_tj� c k c W±� \�e�fhg c|c ZÀ�rY[\sf³fXtU�­Y[\]T�W±� \�e�fhg c kNY,nQfXT�� c i�ToW c �QfhY[ZxM���fh^_T�W c txfXTÀVX®,W c txfhy[Z c Y[i»T¾� c T�Zk[R}y[W~fXtURokNY¬�QfhY[Z�� c i�TmW c nQfXTx�­W c Tm�)\]T#\]VX^_T�T�VX^rZ�\�^r� c i�TjR c T£ºrk[VX^_t�W~f»�r\]T�\�VX^³fx�Xfh^rZ c T#Z�k_fh^_T�W c nQfXTÂkNY¬T�y c tvZ�i cc Z�W~f��r\]T#\]VX^�fhi#i#\]µ}i cSc T�Z�k_fh^_TsW c �QfhY[ZmkNY�T#y c t}Z#i c M) £� c T#Z�W c txfXTsk c T�\�e�fhg c T � c i�VaT c ^_T�\�^[g c ZsP � �,°){m°zM¶�oVX^_t\�W � fhY[Z c ^³Z c ^[\�i�tUVXepy[Z c �rYQfh^_k«VX^³\�^rZ c i#y[i�µ}Z c W~f%i�R}yzVX^_T c k�� Y[^¿VXnN� c ZSkN\�i c t}Z#\ � ^QVX^³yQfhijfhW�W]µ}W c l�W~f%Z#ijfXt c M

u��^�0�@� � �������c¡l�H����¡$�[å¦¡] ����*���[¡
bdc k[RUtUVXY[yQfhg c|c ^÷T�VXY_T#�±�rY c Tx�¸T c W]VX^GW~f�kN\�i c t}Z#\]VX^áfhÑU\�e�Y[ZjfhW c �¼f¬R}Z�R|fhy[y[W�\]�rY_R|fhY u \�e�fhg c T � c i�VaT c ^_T#\�^[gc Z�fhY u \�e�fhg c TSP � �,°){m°z�_fx� c t�k c T¹i�RUT#Y[W�ZjfhZ�TST#\�ep\�W~fh\�i c TST#Y[i¹W c T"k c Y u � c Y u k c k[VX^[^_R c TxM bdc T�fhi#Z c � fXt}Z�TSk c T\�e�fhg c T � c i�VaT c ^_T�\�^_g¬T�VX^)Z c ^GkN\]T#Zjfh^_t c�¦ � ^[^ cvuNc � ª �Q\�W]T�^ c k[VX\�� c ^rZok[VX^_t%yQfXT�Z#i�VXy,f�· c t}Z c i£W c k[RUtUVXY[yQfhg cc ^¿fhÑU\�e�Y[ZxM�ofh^_T�t c Z#ijfx�afh\�W±�_W c ^_VXe�n[i c

N
k c TjVXY_T��±�rY c T c T�Z"y[i#\]T�R}g­fhW�l Á�c ZSW c T�T�VXY_T��±�)Y c TST�VX^rZ�kN\]T¨�#VX\�^)Z c TxM © W c T#Zfh\]TjR�k c e|VrkN\�� c ioW c ^_VXe�n[i c k c �)Y c T c Zok c y[i c ^_kNi c Y[^ c � c ^_�}Z#i c gaW�\]T�Tjfh^rZ c yzVXY[iÀf w ^ c ioW c T£i�RUT#Y[W�ZjfhZ�TxM � Y

Ç Á



Á M�ÅaMq°r\�ga^QfhWÆk c TST�VXY_T��±�)Y c T

Numérotation

de ψ
pour le calcul

N
2

N
2

− 

1
−1

0

N−1

Numérotation
des sous−bandes fazi

fdist

�" {¡ òc�dô�� ö"Ä �rú¤�2
��*�±ù%�¨û����÷ÿ­ý
þ�þ����rþo#�&)�_ý
þ	�

i c g­fhi�kGk c T£yQfhijfhe|µ}Z#i c T�kNYGtxfhy[Z c Y[i ¦ Ð fhn[W c fhY LNM�Å ª �qW±�Ofh^[gaW c
α3.92dB

c T#Z£R}g­fhW�l
2.43◦

yzVXY[i � c i�VaT c ^[\�^[g c ZW]R}g¶µ}i c e c ^rZme|VX\�^_TsyzVXY[imP � �G°){�°zM­ ��QfX�­Y c T�VXY_T��±nQfh^_k c tUVXi#i c T#yzVX^_k�k[VX^_t�loY[^�RUtxfhi#Z�fh^[gaY[W~fh\�i c kd� c ^)�r\�i�VX^
1.2◦

k_fh^_T£t c txfXT¾�qt c �­Y[\ c T�ZSZ#i�µUT � fh\�n[W c M bdc T£VXnN� c Z�T£tUVX^_t c i#^_RUT£yQfhi£W~f|i�Rv´ cvu \]VX^GT#yzRUt}Y[W~fh\�i c T�VX^rZ£k[VX^Qt»W c TVXnN� c Z�T"�rYQfXT#\�e c ^rZ"yQfhijfhW�W]µ}W c T£l%W~f�Z#ijfXt c Mbdc T�Í�\�gaY[i c T Á MO` c Z Á M Ó \�W�W�YQT#Z#i c ^rZ�W c T�kN\�·�R}i c ^rZ�T c · c Z�T�kNY¯k[RUtUVXY[yQfhg c�c ^¯T�VXY_T��±�)Y c T�T#Y[i�W c T|\�e�fhg c T
� c i�VaT c ^_T#\�^[g ¦¨cvu Z#ijfh\�Zmk�� Y[^�nQ�hZ#\�e c ^rZ�kNY�  Ô {�° ª�c ZmP � �,°){m° ¦¨cvu Z#ijfh\�ZmkNY�tUVXW�W]µ}g c � fx�­fhi�k ª MN½�^�^_VXZ c Z#i�VX\]Tc · c Z�T¹e�f�� c Y[i�T»º

� �£\]T#yQfhi#\�Z#\]VX^¿k c T#Z#i#Y_t}Z#Y[i c TSk_fh^_TSt c i#Zjfh\�^ c TS�rY c TÀºW~f�i�VXY[Z c � c i#Z#\]txfhW c l�kNi�VX\�Z c kNYGnQ�hZ#\�e c ^rZ�k[Y÷  Ô {m° ¦ Í�\�gaY[i c Á MO` ª i�R}Z#i�VrkN\�·¸Y_T c kN\�·¸R}i c epe c ^rZÀk�� Y[^ cTjVXY_T��±nQfh^_k c l�W±�OfhY[Z#i c M���fh^_ToW±� \�e�fhg c \�^[\�Z#\~fhW c �dt c Z#Z c T#Z#i#Y_t}Z#Y[i cpc T#Zo�)\]T#\�n[W c M¸{�W�W c kN\]T#yQfhijf�¥]Z�y_ijfhZ#\]�­Y c �e c ^rZ�k_fh^_TsW~fÀy[i c ep\]µ}i c�c ZsW~fÀk c i#^[\]µ}i c nQfh^_k c�c Z�fhy[yQfhijf�¥]Z�k_fh^_TsW~f»T c tUVX^_k cSc ZmZ#i�VX\]T#\]µ}e c T�VXY_T��±nQfh^_k c Mb ��VXnN� c Z|�­Y[\�i�R}Z#i�VrkN\�·¸Y_T c f�t c i#Zjfh\�^ c e c ^rZ|Y[^ c VXi#\ c ^rZjfhZ#\]VX^�y[i�Vrtj� c k c t c W�W c k c W~f�Z#ijf�� c t}Z�VX\�i c³c Z%\�Wc T�ZoW�\]T�T c txfhi�Z#i�µUTÀkN\�i c tvZ�\ � MÆ° c W]VX^÷W~f��­R}i#\�Z�R�Z c i#ijfh\�^d��t c Z#Z c W�\�ga^ c n[i#\�W�W~fh^rZ c tUVXi#i c T#yzVX^_k�l�Y[^,yQfhijfhy c Zt c ^rZ#i
fhW Më�^�fhY[Z�i cÀcvu[c epy[W cÀc T#Z"W c Z�VX\�Z�kNY«nQ�hZ#\�e c ^rZxM © W c T#Z"T�Y[i#e|VX^rZ�RÀk�� Y[^ c ijfhe�nQfhi�k c e|R}ZjfhW�W�\]�rY c �­Y[\d^d� c T#ZyQfXTSZ�VXYX�#VXY[i�T"�)\]T#\�n[W c k_fh^_T"W c T�T�VXY_T��±�)Y c TST c W]VX^�W c Y[i£VXi#\ c ^)ZjfhZ#\]VX^dM b fpyQfhi#Z#\ c W~f�y[W�Y_T£l|kNi�VX\�Z c kNY�Z�VX\�Z^ c i�R}yzVX^_k��rY c k_fh^QTSW~f��rYQfhZ#i#\]µ}e c nQfh^_k c Mz{�W�W c�c T�ZSW]R}g¶µ}i c e c ^rZo\�^_t}W�\�^_R c yQfhi�ijfhy[yzVXi#Z�l|W~fpZ#i
fXt c k cW±�Ofx�)\]VX^dM
� � y[yQfhi#\�Z#\]VX^¿k c k[R}Zjfh\�W�TS^_VX^«y[i�RUT c ^rZ�TSk_fh^_T¹W±� \�e�fhg c \�^[\�Z#\~fhW c ºW c T � c ^_�}Z#i c TÀkNY,nQ�hZ#\�e c ^rZ c ^ b kNY÷tUVXW�W�µ}g c�¦ Í�\�gaY[i c Á M Ó ª ��k[VX^rZ�W~f¬y[�_VXZ�V c T#Zoy[i�RUT c ^rZjR c l�W~f�Í¼\�gaY[i c�NM�Å Á ¦ n ª �[^ c TjVX^rZ¹yQfXT"Z#i�µUT"�)\]T#\�n[W c TSk_fh^_T"W~f�ÑxVX^ c k c i c tUVXY[�)i c e c ^rZ£k c W±� \�e�fhg c \�^[\�Z#\~fhW c M § fhi�tUVX^rZ#i c �c W�W c T�fhy[yQfhijfh\]T�T c ^)Z�t}W~fh\�i c e c ^rZ�T�VXY_T � VXi#e c k c W�\�ga^ c Z#i�µUTpn[i#\�W�W~fh^rZ c k_fh^_T|W~fGk c i#^[\]µ}i c T�VXY_T��±�)Y c ��t c�rY[\£tUVXi#i c T#yzVX^_k¯n[\ c ^ìl÷W±��VXi#\ c ^rZjfhZ#\]VX^ìkNY¯nQ�hZ#\�e c ^rZxM © W c T#Z�yzVaTjT#\�n[W c �rYd� Y[^ c T#Z#i#Y_t}Z#Y[i c fhy[yQfhijfh\]T�T cY[^_\��rY c e c ^rZ¹k_fh^_TmY[^ c VXY�k c Y u TjVXY_T��±�)Y c T c ZmyQfXT�k_fh^_T�W±� \�e�fhg c \�^[\�Z#\~fhW c M){�^ c · c Zx�rt c Z#Z c k c i#^[\]µ}i c£c T#ZW c e|V¾� c ^[^Qfhg c tUVXepy[W cvu[c k c To�­YQfhZ#i c \�e�fhg c T c Z£\�W¼��f�k c T£tUVX^N�_gaY[ijfhZ#\]VX^QToyzVXY[i£W c T��rY c W�W c T�W c T#\�ga^QfhWk�� Y[^ c T�VXY_T��±nQfh^_k cÀc T�Z¹^_V¾�¶RÀk_fh^_T"W c T"T#\�ga^QfhY u � fh\�n[W c T"k c T�fhY[Z#i c TST�VXY_T��±�)Y c TxM
� °rZ
fhn[\�W�\�Z�R�k c TÀt}VX\�^_TÀi�Rv´ c t}Z c Y[i�T�º�k_fh^_T�W c T�k c Y u,cvuNc epy[W c Tx��W c TÀt}VX\�^_TÀi�Rv´ c t}Z c Y[i�TÀe�Y[i î T�VXWsk c TonQ�hZ#\��e c ^rZjT£fhy[yQfhijfh\]T�T c ^)Z�^ c Z#Z c e c ^rZ£k_fh^_T�Z�VXY[Z c TSW c T�T�VXYQT��±�rY c T£fx� c tÀY[^ c fhepy[W�\�Z#Y_k c � VXi#Z c M¸  c T�VX^rZ�k c TkN\]µUkNi c TsT#Y[i�T�VXWNi#Y[gaY c Y u ºX\�W]T�i�R}Z#i�VrkN\�·zY_T c ^rZ�yzVXY[i�Z�VXY[Z c T�W c T�VXi#\ c ^rZjfhZ#\]VX^_Tsk c nQ�hZ#\�e c ^rZ�T ¦¨§ fhijfhgaijfhy[� c�NMOLNMOL ª M
bdc T%T�VXY_T��±�)Y c T%fhy[yzVXi#Z c ^rZ�k c ^_VXe�n[i c Y_T c T%\�^ � VXi#e�fhZ#\]VX^_T�T#Y[i»W~f�T�tUµ}^ c M¼{�^ ep\�W�\ c YáY[i#nQfh\�^d�¼W c ^_VXe�n[i c
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c Z
sm

c ^³Y[^�y_\ u[c W
(i, j)

�NT�Y[iÂY[^ c � c ^_�}Z#i c k c Zjfh\�W�W c
N ×M

�[Tx��RUt}i#\�Z»º

ρn,m(i, j) =

P

N

2

k=i− N

2

P

M

2

l=j− M

2

sn(k, l)s∗m(k, l)
r

P

N

2

k=i− N

2

P

M

2

l=j− M

2

|sn(k, l)|2
P

N

2

k=i− N

2

P

M

2

l=j− M

2

|sm(k, l)|2

~ klÐ l³�
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b � \�^ � VXi#e�fhZ#\]VX^³e�Y[Z#Y c W�W coc T#Z�txfhW]t}Y[W]R c£c ^rZ#i c k c Y u T�VXY_T��±�)Y c Tsy_i#\]T c T¹(;±H¨·¯eªÄ¸�® °�´�²)(qM Ð VXY[Z c TmW c Tm\�e�fhg c Tk�� \�^ � VXi#e�fhZ#\]VX^�e�Y[Z#Y c W�W c TjVX^rZ c ^_T#Y[\�Z c � Y_T#\]VX^[^_R c Tof��_^�k���VXn[Z c ^[\�i£Y[^�t}i#\�Z�µ}i c Y[^[\]�rY c yzVXY[i�Z�VXY[Z c T�W c T�T�VXY_T#��)Y c TxM)��fh^_T�W c txfXTÂkNY�tj�QfhZ�VX\ c e c ^rZ¹y[W c \�^ c e c ^rZ"k[R}� c W]VXy[yzRa�)W~f�y[�QfXT c k�� Y[^ c T�VXY_T��±nQfh^_k c ^d�Ofhy[yzVXi#Z c fhY_t}Y[^ c\�^ � VXi#e�fhZ#\]VX^¯º c W�W c|c T#Z�\]k c ^rZ#\]�rY c e c ^rZ%kN\]T#Z#i#\�n[Y_R c T#Y[i
[0, 2π]

M¼½�^÷y c i�k÷k c W±� \�^ � VXi#e�fhZ#\]VX^ T#Y[iÀW c TÀZ#i#\]µUkNi c TVXY,T#Y[iok c ToT#Y[i � fXt c ToVX®GW~f�y[�QfXT c%c T�Z£tUVXi#i�R}W]R c ºzk_fh^_Tot c txfXT¾�qW c T#\�ga^QfhW�tUVXepy[W cvu[c�c T#Z£n[\ c ^Gy[W�Y_T£i#\]tj� c �­Y cW±�Ofhepy[W�\�Z#Y_k c M[�Gfh\]T�k_fh^_TmW~f»e�f��#VXi#\�Z�R£k c TÂtUfXT¾�­W±�Ofhepy[W�\�Z#Y_k c T#Y w ZÂl»n[\ c ^�txfhijfXt}Z�R}i#\]T c iÂW c TÂVXnN� c Z�TxM){�^ � fh\�Zx�­W ctj�_VX\ u k c tUVX^_T c i#� c i�Y[^%T#\�ga^QfhWNtUVXepy[W cvuNc VXY�i�R c WNk[R}y c ^_k%T#Y[i#Z�VXY[Z�k c W~fSk[Rv�_^[\�Z#\]VX^pk�� Y[^%yzVX\�^rZ�T#Zjfhn[W c Ma°r\r^_VXY_T^_VXY_TmfhZ#ZjfXtj�_VX^_T�loe c Z#Z#i cSc ^�fx�Xfh^rZ�W~f�T#Zjfhn[\�W�\�Z�R c ^�fhepy[W�\�Z#Y_k c loZ#ijfx� c i�T�W c TsT�VXY_T#�±nQfh^_k c Tx�­fhW]VXi�T�W±�Ofhepy[W�\�Z#Y_k cT�Y w Zon[\ c ^,R}�)\]k c epe c ^rZxM bdc T»fx�Xfh^rZjfhg c T c ZoW c To\�^_tUVX^r�­R}^[\ c ^rZ�TÀk c TÀk c Y u e|R}Z#�_Vrk c T»T�VX^rZoi�RUT#Y[e|RUTÀk_fh^_ToW cÐ fhn[W c fhY Á M�Å
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 �VXi#i�R}W~fhZ#\]VX^�tUVXepy[W cvuNc ²�YQfh^rZ#\�Z�R»k�� \�^ � VXi#e�fhZ#\]VX^�k c °r�Qfh^[^_VX^
� �Xfh^rZjfhg c T ��Z#ijf¾�Xfh\�WÆT#Y[i¹W c T#\�ga^QfhWtUVXepy[W cvu[c

��^ c k[R}gaijfXk c yQfXT"W~f%i�RUTjVXW�Y[Z#\]VX^�stxfhijfXt}Z�R}i#\]T c W c T¹yzVX\�^rZ�TST�Zjfhn[W c Tc Z¹\�^_T#Zjfhn_W c T
© ^_tUVX^r�­R}^[\ c ^rZ�T �mk[R}gaijfXk c W]f�i�RUT�VXW�Y[Z#\]VX^�s^ c � fh\�ZSfhy[yQfhijf�¥]Z#i c �­Y cW c T"yzVX\�^rZ�TST#Zjfhn[W c T

��Z#ijfx�afh\�WdT�Y[i¹W±�Ofhepy[W�\�Z#Y_k cY[^[\]�­Y c e c ^rZ

�Æô �¸ô �¸ô¨õ �=¨·¸bµ�´[¸�²"( ¸�W5®�±)\^¬'«9¯ ¨ °�®@¬�± ¯ ´z°�´.(8¸b¸,(
°)VX\�Z

pX
W~f � VX^_t}Z#\]VX^�k c y[i�VXnQfhn[\�W�\�Z�R�k c W~f¬�afhi#\~fhn[W c fhW]RxfhZ�VX\�i c

X
¦ fx� c t

x
�rY[\�y[i c ^_k÷T c T��XfhW c Y[i�T»k_fh^_T

Ω
ª Mq°)VX^ c ^rZ#ijVXy[\ c

HX
c T#Z"k[Rv�_^_\ c yQfhi»º

HX =
∑

x∈Ω

−pX(x) log2(pX(x))
¦�Á M É ª

§ VXY[i¼k c Y u �afhi#\~fhn[W c T
X1

c Z
X2

�UW±� c ^rZ#i�VXy[\ c ��VX\�^rZ c
H(X1,X2)

c T#ZÆk[Rv�_^[\ c lÂyQfhi#Z#\�i¼k c W~f � VX^_t}Z#\]VX^�k c y[i�VXnQfhn[\�W�\�Z�R�#VX\�^rZ c
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k c e�fh^[\]µ}i c T#\�ep\�W~fh\�i c M © W c ^�k[RUtUVXY[W c W±� \�^ � VXi#e�fhZ#\]VX^�e�Y[Z#Y c W�W c º
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(
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p(X1,X2)
ý��
pXi

�

r(X1,X2)
© ^rZ c i#y[i�R}ZjfhZ#\]VX^� VXi#Z c �afhW c Y[ita� c T�Z��'l��¢kN\�i c º¦

p(X1,X2)
� VXi�Z"VXY

pXi

� fh\�n[W c¾ª yzVX\�^)ZST#Zjfhn[W c
� fh\�n[W c �afhW c Y[ita� c T#Z��'l��¢kN\�i c¦
p(X1,X2)

� fh\�n_W c¾ª yzVX\�^rZS\�^_T#Zjfhn[W c

�Æô �¸ô �¸ô � �z´.-l®@¬�± ²"($°)¬'´)-¤¸�($-/«]9Y-�´[¸@°)¨ °P-
b fpT�VXepe c fXT�T�Vrt}\~fhZ#\�� c T#�re|R}Z#i#\]�rY cÀc T#Z"k[Rv�_^[\ c yQfhi Ã � W]Vrtj�d�ÆÅxÇaÇ Ó Êmº

f(r1, r2) =
r1r2

1 − r1 − r2 + 2r1r2

¦�Á M�ÅaÅ ª
fx� c t

r1
c Z
r2

W c T|k c Y u �afhW c Y[i�T�l � Y_T#\]VX^[^ c i�fhy[yQfhi#Z c ^Qfh^rZ�l
[0, 1]
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ª M
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Z c ^_k_fh^rZ�� c i�T»W±� \�^N�_^[\ c Z»� c i�T»Y[^ c ��fhepe�f© ^r� c i�T c yzVXY[i
L

Z c ^_k_fh^rZS� c i�T¹W±� \�^N�_^[\±MÍ[i c i#� c Z"fhW±M Ã Í_i c i#� c Z"fhW±M��¸ÅxÇaÇ¶É ÊdVXn[Z#\ c ^[^ c ^rZ¹W c e|Vrk[µ}W c kNY�tj�qfhZ�VX\ c e c ^)Z c ^�e�Y[W�Z#\�y[W�\~fh^rZ"W~f ��fhY_TjT#\ c ^[^ c© ^r� c i�T c yQfhiÂY[^ c ��fhepe�fNM_ £� c T#Z¹k[VX^_t£Y[^ c W]VX\�l��rYQfhZ#i c yQfhijfhe|µ}Z#i c TxM[{�W�W c i c tUVXY[�)i c y[W�Y_T#\ c Y[i�TÂW]VX\]TÂtUVX^[^rY c TyzVXY[i�t c i#Zjfh\�^ c Tm�XfhW c Y[i�T�k c T�yQfhijfhe|µ}Z#i c T¾�rk[VX^rZmW~f�W]VX\ K c ZsW~f�W]VX\qk c Í�\]T#� c i Ã  mi#\�nQfhi#\�� Ô£c Z�V c ZÂfhW M��)LaÏaÏaL Ê¢MrëS^ cfhY[Z#i cscvu Z c ^_T#\]VX^»k c t c e|Vrk[µ}W c �xW~fw��fhY_T�T�\ c ^[^ c�© ^r� c i�T c ^_VXi#e�fhW�\]T�R c ��f¹R}Z�R�y[i�VXyzVaT�R c yQfhiÆ{�W�Z�V � Z Ã {�W�Z�V � Zx��LaÏaÏa� Ê¢M{�W�W c»c T#ZSfXk_fhy[Z�R c fhY � VXY[W�W�\]T¹Z#ijµ}T"�_R}Z�R}i�VXg¶µ}^ c �_Z c WdW c ep\�W�\ c Y�Y[i#nQfh\�^d�_e�fh\]T c W�W c i c �rY[\ c i#ZS�rYQfhZ#i c yQfhijfhe|µ}Z#i c T¾M
¯�ô¨õQô �¸ô � �S¶�¨ °)¬'®,(;¯w(;±�° ±z¬�± ªÄ¸,(;®�±.(8¯:(8±�°/²)9Y^¦(8¸@¬'ª�ªc9

ëS^ c fhY[Z#i c �r�)yzVXZ#�_µUT coc T�ZÂ�rY c W c tj�QfhZ�VX\ c e c ^rZ"^d� c T#Z¹yQfXTÂy[W c \�^ c e c ^rZSk[R}� c W]VXy[yzRa�_t c �­Y[\ � fh\�Z¹T c ^_T�yzVXY[ik c T|t c W�W�Y[W c T�k c i�RUT�VXW�Y[Z#\]VX^�k c y c Z#\�Z c Zjfh\�W�W c M § W�Y_T�\ c Y[i�TpW]VX\]Tx��\]T�T�Y c T�k�� Y[^ tj�_VX\ u�c epy[\�i#\]�rY c ��y c Y[� c ^rZ|�}Z#i cY[Z#\�W�\]TjR c T¾M
¨$®,-	°)«�®,`[´z°�®b¬'±ËO�¬�8�a(±z¬'«9¯e¨+¸�(b fpkN\]T#Z#i#\�n[Y[Z#\]VX^¿k c W±� \�^rZ c ^_T#\�Z�R c T#ZÀº

pI(u) =
1

σ
√

2πu
exp

(

−(log u− µ)2

2σ2

)

, σ > 0
¦ `NMOÈ ª

b f¬W]VX\ b VXgX�±^_VXi#e�fhW c�Ã °rÑ¾f���^_V � T#Ì)\±��ÅxÇ¶ÉaÉ � � c W�\�ga^_VX^ c Z»fhW±M���ÅxÇaÇ¶É Ê ¦ Í¼\�gaY[i c `NM�Å ¦ n ª ªoc T#ZÀk[RUkN\]R c fhY u T#Y[i � fXt c TZ#i�µUT��_R}Z�R}i�VXg¶µ}^ c T c Z�T�VXY[� c ^rZ�fhY u T#Y[i � fXt c T�Y[i#nQfh\�^ c T Ã °r\�e|VX^ c Z#Z�V[�­LaÏaÏaL Ê¢M b fhY[i Ã b fhY[i¾�[ÅxÇaÈaÇ ÊQT�VXY[W�\�ga^ c �­Y c W c T�[\]T�Z�VXgaijfhepe c T c T#Z#\�e|RUT c Z£W c T£�[\]T#Z�VXgaijfhepe c Toi�R c W]T£^ c T�VX^rZ£yQfXT£yQfhi � fh\�Z c e c ^)Z�T#Y[y c i#yzVaTjfhn[W c T¾�¸fhYGT c ^_T£kNYZ c T�Z"k cÀÄ VXW�e|VXg¶VXi�V¾�r� °rep\�i#^QV¾�¸�_e|�}e c T#\dW c T"i�RUT�Y[W�ZjfhZ�TST�VX^rZSTjfhZ#\]T � fh\]Tjfh^rZ�TxMq  c Z#Z c W]VX\ÆT�Y[i c T#Z#\�e c W~f�y[i�RUT c ^_t ck c � VXi#Z c T¹�XfhW c Y[i�T¾M Ô VXZ�VX^_T"�rY c W~fpkN\]T#Z#i#\�n[Y[Z#\]VX^¿k c Í�\]T#� c i"T¾� c ^�fhy[y[i�Vrtj� c n c fhY_tUVXY[ydM
¨$®,-	°)«�®,`[´z°�®b¬'±�²"(ÌÉ
(8®�`Ä´[¸b¸b f�W]VX\Æk c T¹\�^rZ c ^_T#\�Z�RUT c T�Z ¦ Í�\�gaY[i c `NM�Å ¦ � ª ª º

pI(u) =
η

µ

(

u

µ

)η−1

exp

(

−
(

u

µ

)η)

, η > 0
¦ `NMOÇ ª

b f%W]VX\Æk c � c \�n[Y[W�W c T#Z"k[RUkN\]R c T c Y[W c e c ^rZ�fhY u � fh\�n[W c T¹�_R}Z�R}i�VXg¶R}^_R}\�Z�RxT Ã ½�W�\�� c ix�ÆÅxÇaÇa� Ê¢M
ÅaÅx�



`NM�ÅaMOLNMQ�¿Vrk[µ}W c T"^_VX^N�±g­fhY_T�T�\ c ^QT
¨$®,-	°)«�®,`[´z°�®b¬'±�²"(ÎÍ ¨oÏ ¨L8'¨·¯ ® aB­ø®bµ[(²�YQfh^_k�\�WÆ�«f|T c Y[W c e c ^rZ£Y[^ � VXi#ZSijR
´ c t}Z c Y[i ¦ k c T c t}Z#\]VX^¿ijfXk_fhi cvw txfXt c

A0
ª k_fh^_TSY[^ � VXY[\�W�W�\]TS�_VXe|VXg¶µ}^ c¦ k c i�Rv´ c t}Z#\��)\�Z�RÀe|V¾� c ^[^ c

R
ª �[W c T¹\�^rZ c ^_T#\�Z�RUTST�Y[\�� c ^rZ"Y[^ c W]VX\dk cÀÔ fhÌXfhg­fhep\��¢P"\]t c�¦ Í¼\�gaY[i c `NM�Å ¦¨c¾ª ª º

pI(u) =
1

R
exp

(

−u+A2
0

R

)

I0

(

2

√

uA2
0

R

) ¦ `NM�ÅxÏ ª

I0
c T#Z¹W~f � VX^_t}Z#\]VX^¿k c �Âc T�T c W�e|VrkN\��QR c k c y[i c ep\]µ}i c»c T#yzµUt c|Ã § VXY[W~fhi#\�ÌafXTx�ÆÅxÇaÇaÇ Ê¢Mb f�W]VX\zk cSÔ fhÌXfhg­fhep\��¢PS\�t c�c T�ZmT#Y[i#Z�VXY[ZmY[Z#\�W�\]T�R c�c ^�tUVXepe�Y[^[\]txfhZ#\]Va^_T�^rY[e|R}i#\]�­Y c T�e�fh\]T c W�W c fÀR}g­fhW c e c ^rZÂR}Z�Rfhy[y[W�\]�rY_R c l�W~f�k[R}Z c t}Z#\]VX^¿k c t}\�n[W c TSk_fh^_T"W c � VXY[\�W�W�\]T"g­fhY_T�T#\ c ^ Ã �ofh^Qf c Z Ä ^ c y[yd�ÆÅxÇaÈ Ó Ê¢M
b � cvu fhe c ^Òk c T�T#ZjfhZ#\]T#Z#\]�rY c T|k c T|\�e�fhg c T�P£°[½ lG�QfhY[Z c i�RUTjVXW�Y[Z#\]VX^ c ^ ep\�W�\ c Y�Y[i#nQfh\�^�e|VX^rZ#i c �­Y c W~fy[i�VXnQfhn[\�W�\�Z�Rok��Ofx�­VX\�i�k c Ts\�^)Z c ^_T#\�Z�RUT � VXi#Z c T c T�Z�fXT�T c Ñ�gaijfh^_k c M[  c t}\ c T#ZmkL¼¬lÀW~fÀy[i�RUT c ^_t c k c � VXi#Z�Tmi�Rv´ c tvZ c Y_i�Tx�Z c W]TÀW c T��­VX\�Z#Y[i c Tx��W c TÀtUVX\�^_T»k c e�Y[i�Tx��W c TÀnQfhW]tUVX^_Tx� c Z�taM¼  c W~f³T c Z#ijfXkNY[\�ZÀyQfhi»k c T��[\]T�Z�VXgaijfhepe c T%l�¡'�rY c Y cW]VXY[i�k cv¤ fx� c t|Y[^ c k[RUt}i�VX\]T�Tjfh^_t c y[W�Y[Z�¾XZ�W c ^rZ c M b f³^_VXZ#\]VX^ k c ¡'�rY c Y c W]VXY[i�k cv¤ tUVX^_kNY[\�Z�l«k c T�k[kNy�^d�Ofx�rfh^rZ�rYd� Y[^�^_VXe�n[i c W�\�ep\�Z�R�k c e|VXe c ^rZ�Tx��tUVXepe c W~f�W]VX\"��fhepe�f © ^r� c i�T c M��oVX^_t�Y[^�nzVX^ e|Vrk[µ}W c T#ZjfhZ#\]T#Z#\]�rY cT c ijfh\�Z�Y[^�e|Vrk[µ}W c txfhyQfhn[W c k c i c Z#ijfh^_T�t}i#\�i c t c Z#Z c yQfhi#Z#\]t}Y[W~fhi#\�Z�RaM���fh\]T�W~f�y[W�Y[yQfhi#Z�k c T�e|Vrk[µ}W c Toy[i�RUtURUk c ^rZ�T^ c T c tUVXepyzVXi#Z c ^rZ�yQfXTmk c W~fÀT�VXi#Z cSc Zm\�W]Ts^ c yzVXY[i#i�VX^)ZmyQfXTsyQfhi � fh\�Z c e c ^rZ�i c y[i�RUT c ^rZ c i�W~fÀkN\�� c i�T#\�Z�R�k c Ts�r\�W�W c TxM

� Y¿tUVX^rZ#ijfh\�i c �zW]f|W]VX\ b VXgX�±^_VXi#e�fhW c fpY[^ c T�VXi#Z c k c �­Y c Y c ¡¢W]VXY[i�k c
¤ Md  c Z#Z c W]VX\ c T#ZSZ#i�µUT�yQfhijfXk[V u fhW c txfhi c W�W cyzVaTjT�µUk c Z�VXY_TsT c T�e|VXe c ^rZ�T�fhW]VXi�Ts�rYd� c W�W c ^d�OfoyQfXTsk c � VX^_t}Z#\]VX^�tUfhi
fXtvZjRvi�\�T�Z#\]�­Y c Mr�Gfh\]T�t c Z#Z c W]VX\qfhY[Z�VXi#\]T c Z#i�VXyk c � VXi#Z c T¹�XfhW c Y[i�T c Z"^ c y c Y[ZS�}Z#i c Y[Z�\�W�\]TjR c �­Y c k_fh^_T"k c T"ÑxVX^ c T"i c T#Z#i c \�^rZ c T c ZST#yzRUt}\��Q�rY c TxMbdc e|Vrk[µ}W c \]k[RxfhW c T#Zsk[VX^_t¹Y[^�tUVXepy[i�VXep\]Tmk c Z�VXY_Tst c T�e|Vrk[µ}W c T º k c t c Z#Z c tUVX^_T#ZjfhZjfhZ#\]VX^¬k[RUtUVXY[W c ^rZmk c Y uTjVXW�Y[Z#\]VX^_T»º
� Y[^áe|V­k_µvW c yzVXY[i�tj�QfX�rY c t}W~fXT�T c k c W±� \�e�fhg c y c Y[Z��}Z#i c Y[Z#\�W�\]T�R Ã Íq�#ÎXi#Z�Î � Z c Z%fhW±M��¼LaÏaÏa� � ²�Y c W�W c�c Z%fhW±M��ÅxÇaÇa� � � c W�W±� � tU�­YQf c ZSfhW±M��QLaÏaÏaL Ê¢�
� Y[^ c Y[^[\]�­Y c � fhep\�W�W c k c W]VX\]T��­Y[\)y c Y[Z�k[RUt}i#\�i c Z�VXY[Z c T�T�VXi#Z c T�k c T#Y[i � fXt c T�kNY%ep\�W�\ c Y�Y[i#nQfh\�^ ¦ k c T c T#yQfXt c T� c i#Z�TSfhY u Z�VX\�Z�T"W c T¹y[W�Y_TSkN\]T�tUVX^rZ#\�^rY_T ª MÔ VXY_T�fx�­VX^_T�tj�_VX\]T#\�W~f¬k c Y u \]µ}e c TjVXW�Y[Z#\]VX^GyzVXY[i»fx�¶VX\�ioY[^Ge|Vrk[µ}W c Y[^[\]�rY c M¸{�^ c · c Zx�zW~f�i�R}Z#i�VrkN\�·¸Y_T#\]VX^÷k c TVX^_k c T»R}W c t}Z#i�VXe�fhga^_R}Z#\]�rY c T c ^,ep\�W�\ c Y÷Y[i#nQfh\�^ c T#ZÀT#\�tUVXepy[W cvu[c �­Yd� \�W c T#ZÀkN\ w t}\�W c k�� c ^�k[RUkNY[\�i c Y[^,Y[^[\]�rY ce|Vrk[µ}W c T#ZjfhZ#\]T#Z#\]�rY c i c W c �Xfh^rZ¬k c tUVX^_T#\]k[R}ijfhZ#\]VX^_T¬y[�r�)T�\]�­Y c TxM Ô VXZ#i c t}i#\�Z�µ}i c T c ijf÷k[VX^_t�e�fhZ#�_R}e�fhZ#\]�rY c�c Zc epy[\�i#\]�rY c M b f%y[i�VXy[i#\]R}Z�RÀy[i#\�^_t}\�yQfhW c l%i c T#y c t}Z c i c T#Z"fhW]VXi�T¹W~f%y[i�RUT c ^_t c k c � VXi#Z c T¹�XfhW c Y[i�T¹^_VX^³^_R}gaW�\�g c fhn[W c T¦ �[\]T�Z�VXgaijfhepe c l��­Y c Y c W]VXY[i�k c¾ª MN  c T��afhW c Y[i�Tsk[RUtUVXY[W c ^rZ�k c �rY c W]�rY c TskN\�·zY_T c Y[i�T�i�R}yQfhi#Z#\]TmT#Y[i�W±� c ^_T c e�n[W c k cW~f�T�tUµ}^ c M � Y�i c g­fhi�k³k c t c Z#Z c tUVX^rZ#ijfh\�^rZ c �[W c TÂW]VX\]T¹k c Í�\]T#� c i¹T�VX^rZÂY[^«txfh^_kN\]k_fhZ¹\]k[RxfhW±�[�rY[\�T#Y[\�Z cvu fXt}Z c e c ^rZW±�OfhW�W�Y[i c k c TÂT�ZjfhZ#\]T#Z#\]�­Y c T�i�R c W�W c T¹tUVXepe c ^_VXY_T�W c k[R}e|VX^rZ#i�VX^_T"k_fh^_T�W~f�T#Y_\�Z c�¦ Í¼\�gaY[i c `NM�Å ¦ k ª ªmc ZÂ�rY[\z^ c T�VX^rZyQfhijfhe|R}Z#i�R c T¹�rY c yQfhimZ�i�VX\]Tmgaijfh^_k c Y[i�T ¦ Y[^ c gaijfh^_k c Y[i¹k c Z'�ry c ¡¢e|V¾� c ^[^ cv¤�c Z�k c Y u � fXt}Z c Y[i�T�k c � VXi#e c¾ª M b fk[kNy�k c T"\�^rZ c ^_T#\�Z�RUT c T#ZÀº

pI(u) =
Γ(L+M)

Γ(L)Γ(M)

L

Mµ

(

Lu
Mµ

)L−1

(

1 + Lu
Mµ

)L+M
, L > 0,M > 0

¦ `NM�ÅaÅ ª

b f � VXi#e c k c T»W]VX\]T%k c Í�\�T�� c i c T�Z»Z#i�µUT%T�VXY[y[W c º c ^áyQfhi#Z#\]t}Y[W�\ c ix��W~f��­Y c Y c k c W~f«W]VX\my c Y[Z%�}Z#i c y[W�Y_T%VXYe|VX\�^_T�W]VXY[i�k c¬¦ W c yQfhijfhe|µ}Z#i c
M

fhY[Z�VXi#\]T c Y[^Gf�� Y_T�Z c e c ^)Z ª t c �rY[\Æy c i�e c Zok c tUVXY[�)i#\�i�Y[^�gaijfh^_k c ^_T c e�n[W ck c Z cvu Z#Y[i c TxM6Ð"±Hª�¨�«l°�®bµ�´[¸b®,(;«ESu¬�±H¯ ¬'±�°)«](01u´.(øªÅ¬'´�«
M

°P(8±z²[¨·±�°±^�(�«]-
+∞ Sz¸b¨d¸@¬�®Ä²"(G��®,-�¶.(;«�°P(8±z²

^�(�«]- ´[±.(³¸@¬�®xuø¨·¯ ¯e¨�M� £� c T#Z%W±�Ofx�Xfh^rZjfhg c e�f�� c Y[i�k c t c Z#Z c � fhep\�W�W c¬c ^�tUVXepyQfhijfh\]T�VX^ fx� c t�W c T�e|Vrk[µ}W c Ty[i�RUT c ^rZ�RUT�fhY[yQfhijfx�Xfh^)ZxM�� c y[W�Y_Tx��W~f�W]VX\"k c Í�\]T#� c i c T#Z|T�VXY_T�����fXt c ^rZ c l¿y[W�Y_T#\ c Y[i�T|e|Vrk[µ}W c T|k[R ��l¿y[ijVXyzVaT�RUTk_fh^_TmW~f�W�\�Z#Z�R}ijfhZ#Y_i c º¶W c e|V­k_µvW c£Ä ë � �ék c � c W�\�ga^_VX^ Ã � c W�\�ga^_VX^d�zÅxÇaÇa� Ê¸VXY�W c e|Vrk[µ}W c lÀ�rYQfhZ#i c yQfhijfhe|µ}Z#i c Tk c Í_i c i#� Ã Í_i c i#� c ZSfhW±M��dÅxÇaÇ¶É Ê¢M
ÅaÅ Á



`NMOLNM_��Vrk[µ}W c T#ZjfhZ#\]T#Z#\]�rY c k c Í�\]T#� c i
¾ C�Ê Ñ I,T�Ñ$��V P·M'LNM¦Î�P·M¦Î%�,RSV�T�VÀÒ£Î�PÔÓSVÄG

� ^_VXZ#i c tUVX^[^Qfh\]T�Tjfh^_t c �¶W c T�kN\]T�Z#i#\�n[Y[Z#\]VX^_Tmk c Í�\]T#� c i�^d��VX^rZmfhYQtvY_^|W�\ c ^�fx� c tÂW~f § �r�NT#\]�­Y c k c y[i�VXyQfhg­fhZ#\]VX^k c T�VX^_k c T c Z c W�W c T�VX^rZmijfhi c e c ^rZÂR}Z�R�Y[Z#\�W�\]T�R c TmyzVXY[ime|Vrk[R}W�\]T c i�W c tj�QfhZ�VX\ c e c ^rZ c ^�ijfh\]T�VX^¬k c W±� \�epyzVaT�T�\�n[\�W�\�Z�Rk c W c T c T�Z#\�e c i%fx� c t|W c T»e|R}Z#�_Vrk c T%T�ZjfhZ#\]T#Z#\]�­Y c T�t}W~fXT�T�\]�­Y c TxMÆë�^ c T�VXW�Y[Z#\]VX^ c T#Z�k c tj�Qfh^[g c i%k c ¡¢e|VX^_k c k cT�ZjfhZ#\]T#Z#\]�­Y c T ¤ gaij�Xt c loW~foZ#ijfh^_T � VXi#e|R c k c � c W�W�\�^ c Zsk c yqfXT�T c imfhY u T#ZjfhZ#\]T#Z#\]�rY c Tsk c T c tUVX^_k cSc T#yzµUt c»Ã Ô \]tUVXW~fXTx�LaÏaÏaLhn Ê¢M­  c Z#Z c Z#ijfh^_T � VXi#e�fhZ#\]VX^pY[Z#\�W�\]T c W±��RUtj� c W�W c W]VXg­fhi#\�Z#�[ep\]�rY c¹c Z c T#Zx�afh\�^_T#\±�hyQfhi#Z#\]t}Y[W�\]µ}i c e c ^)Z�n[\ c ^|fXk_fhy[Z�R cfhY u T�\�ga^qfhY u T#ZjfhZ#\]VX^[^Qfh\�i c T�l|n[i#Y[\�Z�e�Y[W�Z#\�y[W�\]txfhZ#\ � Ã {�y_T#Z c \�^d��ÅxÇ Á È Ê¢�zk[VX^_t%fhY u \�e�fhg c T£Po°[½%MQ�Gfh\]T c ^¿y[W�Y_Tx�c W�W c �af�^_VXY_TSy c i#e c Z#Z#i c k�� c T#Z#\�e c i�W c T"W]VX\]T�k c Í¼\]T�� c ixMQ{�W�W c»c T#Z�k��Ofh\�W�W c Y[i�T�Y[Z#\�W c yzVXY[iSW±� c T#Z#\�e�fhZ#\]VX^�k��OfhY[Z#i c TW]VX\]TStUVXepe c W c e|VX^rZ#i c k c T¹Z#ijfx�afhY u i�RUt c ^rZ�T Ã ��VaT c i c Z�fhW±M��QLaÏaÏ Á Ê¼T#Y[i¹W c T"��fhY_T�T#\ c ^[^ c T"�oR}^_R}ijfhW�\]T�R c TxM
ÄW���Ä�^� �[�����%��¡��%�·v� Å�¦¡ �Å�¶¡l�¦¥ �z�����H��¡9����¥ �
¯�ô �¸ô¨õQô¨õ æ�«9¨·±.-�\^¬+«�¯:9$($²"( ; (;¸�¸�®b±

§ VXY[i"Y[^ c � VX^_t}Z#\]VX^
f

k[Rv�_^[\ c T#Y[i
R

+ �[T�\¸W±� \�^rZ�R}gaijfhW c
MT [f ]

cvu \]T#Z cpÃ § VXY[W~fhi#\�ÌafXTx�ÆÅxÇaÇaÇ Êmº

MT [f ](s) =

∫ +∞

0
us−1f(u)du
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+ c Z"�¶R}i#\��qfh^rZSyQfhi"k[Rv�_^[\�Z#\]VX^

∫∞
0 f(u)du = 1

�ÆW c Y[i�T%Z#ijfh^_T � VXi#e|R c T�k c � c W�W�\�^ cvu \]T#Z c ^rZ�T#Y[i�Y[^ \�^rZ c i#�afhW�W c tUVX^rZ c ^qfh^rZ�W~f«�afhW c Y[i
s = 1
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f

c T#ZsW~f�Z#ijfh^_T � VXi#e|R c k c ÍQVXY[i#\ c imk c T
f�k[kNydM bdc
nième e|VXe c ^rZc T�Z�W~fok[R}i#\��¶R c

nième k c T
f � VX^_t}Z#\]VX^�txfhijfXt}Z�R}i#\]T#Z#\]�rY c º W c T�t}Y[e�Y[W~fh^rZ�TsT�VX^rZ�W c T�k[R}i#\��­R c T
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f
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φx(s) = MT (px) =

∫ +∞

0
us−1px(u)du

¦ `NM�Åx� ª
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m̃r =

drφx(s)

dsr
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∣

∣

∣
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=

∫ +∞

0
(log u)rpx(u)du
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∣

∣

∣
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`NMOLNMOLNM b VX\Æk c Í¼\]T�� c i c ZSkN\~fhgaijfhepe c k cÀ§�c fhi�T�VX^
 �VXepe c yzVXY[i"W c T¹e|VXe c ^rZ�T�k c y[i c ep\]µ}i c»c T#yzµUt c �[^_VXY_T�fx�¶VX^_T Ã Ô \]tUVXW~fXT c Z Ð Y[y[\�^d�QLaÏaÏaL Êmº

k̃1 = m̃1
¦ `NM�Å¾É ª

k̃2 = m̃2 − m̃2
1

¦ `NM�ÅxÈ ª
k̃3 = m̃3 − 3m̃1m̃2 + 2m̃3

1

¦ `NM�ÅxÇ ª
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  c T cvu y[i c TjT#\]VX^_T ¦ {��rYQfhZ#\]VX^_T `NM�Å¾É � `NM�ÅxÈ c Z `NM�ÅxÇ ª y c i#e c Z#Z c ^rZ«k c k[Rv�_^[\�i�W c T c T�Z#\�e�fhZ c Y[i�T³k c T¬Z#i�VX\]Ty[i c ep\ c i�TSW]VXgX�¢t}Y[e�Y[W~fh^rZ�TxM § VXY[i
N

RUtj�Qfh^rZ#\�W�W]VX^_T
yi

�NW c T c T#Z#\�e�fhZ c Y[i�T�Tx��RUt}i#\�� c ^rZ»º
ˆ̃
k1 =

1

N

N
∑

i=1

[log(yi)]
¦ `NMOLaÏ ª

ˆ̃
k2 =

1

N

N
∑

i=1

[

(

log(yi) − ˆ̃
k1

)2
] ¦ `NMOLNÅ ª

ˆ̃
k3 =

1

N

N
∑

i=1

[

(

log(yi) − ˆ̃
k1

)3
] ¦ `NMOLaL ª
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bdc T � VX^_t}Z#\]VX^_T�k c k c ^_T�\�Z�Rmk c y_i�VXnQfhn[\�W�\�Z�RUT�y c Y[� c ^)Z��}Z#i c t}W~fXT�T�R c T�k_fh^_T¼W c T#�NT#Z�µ}e c k cm§�c fhi�TjVX^ c ^�Z#ijfXíxfh^rZW c Y[i�yzVaT#\�Z#\]VX^,k_fh^_ToY[^,k[\]fhgai
fhepe c k��Of u[c ToW c n_\]fh\]T ¦
β1

ª�c ZoW±�Ofhy[W~fhZ#\]TjT c e c ^rZ ¦
β2

ª»Ã � c W�\�ga^_VX^d��ÅxÇaÇa� � ²�Y c W�W cc Z�fhW±M��dÅxÇaÇa� � °rZ#YQfhi#Z c Z Ä�c \�Z#�d�dÅxÇaÈ¶É Ê¢M

β1 =
M2

3

M3
2

¦ `NMOLa� ª

β2 =
M4

M2
2

¦ `NMOL Árª
fx� c t

Mn
W c e|VXe c ^)Zok c y[i c ep\]µ}i c�c T#yzµUt c �¸t c ^rZ#i�R%k���VXi�kNi c

n
M § VXY[io�rY c

β2
cvu \]T�Z c �Q\�W � fhY[Zo�­Y c W±� cvu \]T#Z c ^_t ck c

M4
T�VX\�Z�fXT�T#Y[i�R c Mbdc kN\~fhgaijfhepe c

(β1 × β2)
c T#Z»W~f³i c y[i�RUT c ^rZjfhZ#\]VX^�t}W~fXT�T#\]�rY c kNYáT#�NT#Z�µ}e c k c�§�c fhijT�VX^dM� m�QfX�­Y c � fhep\�W�W cc T�Z�W]VrtxfhW�\]T�R c yQfhipijfhy[yzVXi#Z�l�t c T|k c Y u yQfhijfhe|µ}Z#i c T¾M Ô \]t}VXW~fXT Ã Ô \]tUVXW~fXTx��LaÏaÏaLhn Ê£f�y[i�VXyzVaT�R³k c tj�Qfh^[g c i�t ckN\~fhgaijfhepe c yzVXY[i"W c kN\~fhgaijfhepe c¬¦

k̃2 × k̃3
ª M[��fh^_T"t c gaijfhy[�[\]�rY c �[W c TSkN\�·¸R}i c ^rZ�T"Z �ry c T"k cÀ§�c fhi�T�VX^ � VXi#e c ^rZY[^ c yQfhi#Z#\�Z#\]VX^¿k c W±� c T#yQfXt c�¦ Í�\�gaY[i c `NMOL ª Mb f�Í�\�gaY[i c `NMOL e|VX^rZ#i c �rY c W c T%W]VX\]T b VXgX�±^_VXi#e�fhW c � Ô fhÌafhg­fhep\ c Z K © t}VXY_�ri c ^rZpY[^ c T#yQfXt c i�RUkNY[\�Z|kNYkN\~fhgaijfhepe cá¦

k̃2
�
k̃3
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k̃2

c Z
k̃3

k_fh^_TSW c T"\�e�fhg c T�k��Ofhepy[W�\�Z#Y_k c e|VX^_Vh�±�)Y c f|R}Z�R�i�RxfhW�\]T�R c¦ Í�\�gaY[i c `NMO� ª Mr m�QfX�­Y c yzVX\�^rZskNY|gaijfhy[� c i c y_i�RUT c ^rZ c W c T�yQfhijfhe|µ}Z#i c T c T#Z#\�e|RUT�yzVXY[i�Y[^|y[\ u[c W±�aT�Y[i�Y[^ c � c ^Q�vZ�i c
11 × 11

Ô M bdc n[\~fh\]T�k c W±� c T#Z#\�e�fhZ#\]VX^ c T#Z"ep\�^[\�e c e|�}e c fx� c t�Y[^ c y c Z#\�Z c � c ^_�}Z#i c�Ã Ô \]tUVXW~fXTx�qLaÏaÏaLaf Ê¢Mz �VXepe c
ª »;p{y'kh�(fÂy

K
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Γ(L+ 1
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√
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m2 = µ2
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√
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√
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κ̃1 = log(µ) + (Ψ(L) − log(L))

−(Ψ(M) − log(M))

∀r > 1, κ̃r = Ψ(r − 1, L)

+(−1)rΨ(r − 1,M)

L > 0,M > 0

m1 = M
M−1µ,M 6= 1

m2 = L+1
L

M2µ2

(M−1)(M−2)

M > 2

IKJL 4 6. 0 < J J 5 1 : 6 02M 5 4=4 N4 .O . / P1 4=Q :M 5 3 / 0 < J .AN4 M 5 0 > 04 k̃n

U

L V M 4 / µA

∀M > 3,

µ = m1
2(R1−R2)

4R1−3R2−1
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Z\[�]\[�^\[`_badcdegfihjcdelknmporqsautlknvnwBfxknfxqymzc{a

ÄW���Ä�@� |�¡l�%�X�¹�'�%�q�z�U�Å�¦¡ �q�u� wb�¹�.�¹�+���[¡
}b~ qsadcdegfihjcdelknm��r��hjcdel����q�qsadc�ad�r��qy�d��ela{�sqb��hj��tlqsa�egfihjv�qsa�a{knmzc�cd�{kn���sknf��rtlq��\qsa���kn�r��hj�rc{kn�dela{qy���rm�q�fx�ycd��kzorq

c{knc�hjtlqyfxqymzcxhj�rc{knfihjcdel�z��q���tlqi�r�{kn�rtl�yfxq��yc�hjmzc�t�h�a{�ytlqs�ycdelknm orqi¡�knm�qsa��{qy�r�{�sa{qymzc�hjcdeg��qsa¢orq£���`hn����q¤�yt�hna{a{q¦¥�[
}�~ hj�r�r�{qymzcdela{a�hjv�q�m�q�orknegc�§ycd�{q£¨Bhjegc¢�z� ~ �rm�q�a{qy�rtlq£¨©knelaª��kn�r�¢��m«c­¬���q¤orq���hj�rc{qy�r�xorknmrm��®[ } qsa¢�r�degm��yeg�`hjtlqsa
�yc�hj��qsa¯orq°t ~ qsadcdegfihjcdelknmporq°t�h¢o�o\�±a�knmzc¯hj�±m�knf��r�{q²orq²�z�`hjcd�{qx³

� a��ytlqs�ycdelknm±fihjmz��qytgtlq´orq°¡�knm�qsau�{qy�r�{�sa{qymzc�hjmzcµ���`hn�z��q²�ytlhna�a{q®¶
� ��hjtl�y�rt·orqsaitlknvnw¸�y�rf��rt�hjm�c{a�orq����`hn����qp�yt�hna{a{qp¹º�`hj�dcdeg�¤orq±c{kn��aitlqsai�re»�rqytlai�r�{��w¸a{�ytlqs�ycdelknmrm��sa�qyc£orqsa
_����`hjcdelknm�a Z\[�]®¼ ¶ Z\[�]\½ qyc Z\[(]®] ¶

� or�yc{qy�df�egm`hjc{elknm¾orq�t�h£��k®adegcdelknmºorq¢���`hn����q¢�yt�hna{a�qªo�hjm�a·tlq¢o\e�hjv®��hjf�fxq
(k̃2 × k̃3)

[�¿ze�tlqsaÀadc�hjcdela{cdel����qsa
orq²t�hx�yt�hna{a�q´hj�r�`hj�dcdelqymrm�qym�c°hj�porknfihjegm�q�orq´ÁÂq�hj�{a{knm «ÀÃ ¶rtlq´����kne»��o\��fxkzor�ytgqªorq²ÄÂelad�`q��µqsa{cu�®hjtgelor�®¶
a{egm�knmÅegt�¨Æhj�rcu�rcdegtgela{qy�u�rmphj�rcd�{q°fxkzor�ytlq£�BÇ°hjf�fih�kn��ÁÂq�hj�{a{knm Ã ¥�¶

È ��hjtl�y�rt�orq
L
¶
M

qyc
µ
qym±�rcdegtgela�hjmzcutlqsa¯�s���`hjcdelknm�aµo\�±ÉÂhj�rtlq�hj� Z\[g½ [

Ä�Ê���Ê�u �9�^�X Z¡l���%���%���z� ��  �¹�W�Å�+�^�È¡� �� �Å�¦¡ �Å�����cå+��¡ �[å·�+�-�q��¡
} qsaiorknmrm��sqsaiËuqy�{k®a{qym�adegmrv¾a{knmzc��rcdegtgela{�sqsax��kn�r�xegtgtg��adcd��q��it ~ qsadcdegfihjcdelknmÌorqsa��`hj��hjfx�ycd�{qsa¦[bÉ��{knelai�yt�hna{a�qsa

o ~ egmzc{�y�{§yc�knmzc±�yc{��elorqymzcde»Í`�sqsa¾³ÎtlqsaÅ�`Ïjcdegfxqymzc{a�¶Ðt�hÑ���yv��yc�hjcdelknmÒqyc�tlqºa{kntB[ÔÓ�hjelaÅ�sqsaÅ�yt�hna�a{qsaÅorkneg��qymzc±§ycd�{q
a{�r��o\eg�zela{�sqsa£��kn�r�¤kn�rc{qymreg�¤orqsa¤�yt�hna{a{qsai��knfxknv��ym�qsa�o\�Ì��knegmzc¤orq��z��qporqsa£adc�hjcdela{cdel����qsa º �sqs�ye·qsadcx¨Bhjegc£qym¨Æknm��ycdelknmÕo\�pc­¬z��q�orq´a{�s�ym�qª¹x�ycd��o\elqy��[�Ëµ�±Í�m`hjtB¶Öade»�±�yt�hna{a{qsaµa{knm�c¯�{qyc{qymz��qsaª³�×lØ´ÙsÚn×2ÛÜ×gÝ0&jÞBß�ÞyàBÝ®à©áÆÚnâºÙsÚnã���ä{ØåÛ
×gÝ_&jÞBß�ÞyàBÝ®à©áÆÚnâçæy×gÝnáèä{Ø�ÛÀ×lØåÙÅàBÚná�à�Ù£ÙyÚ®ãÀ�yä{ØåÙ�Û°×gØ�Ù�àBÚná©à�Ù£ãxÚ���Ø�â�ÙÅØyà²×gØåÙÅàBÚná©à�Ù�æy×gÝná�ä�ÙXÛêésÚnä�à�Ù¤ä{Þ²OÐØ{æsà¸Ø�ë�äåÙ�[Î¿�knf��r�{q®¶
fxk¦¬�qym qyc¢�yt�hjeg�¢a{knmzc¢orqsaª�z�`hjtge»Í`��hjcde»¨©a�orqit�h���hno\elknfx�ycd�delq�fxk¦¬�qymrm�q�orqsaª�yt�hna{a�qsaªqyc�egtlaªm�q¤a{qi�{��¨©�y�{qym�c�¶Âqym
hj���y�rmp��hna¦¶`¹¢t ~ hj�r�`hj�{qym��sq�kn�rcdel�z��q´orqsa¯kn�\ìíqyc{a¦[ } q²É�hj�rtlqshj� Z\[�] �{�sad�rfxq°tlqsa¯oreïî��y�{qymzc{qsaµ�yt�hna{a{qsa¯����kneladelqsa¦¶rtlq
m�knf��r�{q�o ~ �s���`hjmzcdegtgtlknm`a·qyc¯tlqsa¯�`hj��hjfx�ycd�{qsa·qsa{cdegfx�sa�[`ÁÂkn�r�µc{kn�rc{qsa¯tlqsaµ�yt�hna{a{qsa�¶�tlqsau�`hj��hjfx�ycd�{qsaÀa{knmzcµqsadcdegfx�sa
qym±�rcdegtgela�hjmzc¯É¯ð·ñÀ¿¤tlqsaÐ�re»�\qytlaÐtg�re�hj�r�`hj�dc{qym`hjmzc�[`ñµm�q°o\eladcd�deg�r�rcdelknmporq°ÄÂelad��qy�uqsadcu����kneladelq º qym±q�î�qycÐc{kn��aÐtlqsa�skn�r�rtlqsa

(k̃2, k̃3)
hj�r�`hj�dcdelqymrm�qymzc¢¹�ÁÂq�hj�{a{knm «·Ã ¶ò�sqx���reb�sknm\Í��dfxqxt ~ �ycd��orq��r�{�ytgegf�egm`hjeg�{qifxqym��sq�tlkz��hjtlqyfxqymzc

�©ÄÂegv®�r�{q Z\[�^ ¥�[�óÎqycdc{q�¨Æknela�tlqÜ�re�hjela�orqÜt ~ qsadcdegfihjcdelknm�qsa{c�cd�{�sa�¨Bhjeg�rtlqÎ��hj�Â�rmªv®��hjm�oªm�knf��r�{qÔorqÜ��knegmzc{a�qsadcÂ�rcdegtgela{�·³
egt�m ~ ¬Åhª�rtg��a¯orq°�yt�hna{a�qsauo�hjm�auÁ�qshj��a{knm Ã [

ô qsaÂ�{�sad�rtgc�hjc{a�adegf�egt�hjeg�{qsa�a{knmzcÂkn�rc{qym���aÂ��kn�r�Âc{kn�rc{qsaÂtlqsaÂcd��hn�sqsa�orqsaÂegfihjv�qya�orqÎÉ�kn�rtlkn��a{q®¶êfihjela��yv�hjtlqyfxqymzc
��kn�r�utlqsaÔegfihjv�qsa¯õ¯Ë·Ó�¿\_Ü¿£orq ô �rmrö�qy�{����q°�z�re�knmzc¯�yc{�²hn�s���rela�qya¯h���qs�·��mÅ��hj�rc{qy�r�µo\e»îò�y�{qymzc�[ } h¢or��Í�m�e»c{egknm
orqsaÎ�yt�hna{a{qsaÜ�{qsadc{q¯�®hjt�hj�rtlq¯��kn�r�Ô�yqµo�q��r��el�yfxq�ìdqy�£orqµorknmrm��sqsa�[�÷·knc{knm�aÎ�yv�hjtlqyfxqymzcÔ�z��qut�h²�®hjtlqy�r�Îqsadcdegfx�sq·o\�
�`hj��hjfx�ycd�{q

L
¶r���re�qsadcÐtlq·m�knf��r��q°orqÀ����qsa�¶\qsa{cÔc{kn�nìdkn�r�{aÐ�r�{kz����q²orq�½®[`ðµ�Ðm�kn��aÐcd��h��nhjegtgtlknm�a¯ad�r�uorqsaÔegfihjv�qsa

fxknm�kjwB����qp³�t ~ qsadcdegfihjcdelknm«qsadc�orknm��£�skn���y�{qymzc{q¤h���qs�xtlqx�{�sad�rtgc�hjcªhjcdc�q�m`o\��[ } qx��elhjelaªad�r�²t ~ qsa{cdegfihjcdelknm«orq
Lqsa{cu�sknf���qym�a{��o�hjm�aut ~ qsadcdegfihjcdelknmÕorq

M
��kn�r�ut ~ hjtgtg�r�{q²Í�m`hjtlq´orq°t�h¢tlkneB¶��sqsa¯orqy�\�Å�`hj��hjfx�ycd�{qsa¯¨©knm��ycdelknmrm`hjmzc

orq°�`hjeg�{q²��kn�r�ÐÍr�\qy�ut�hª¨©kn�dfxq²orq°t�h�oro\��[ ô knm��°egt��nhj�rcuf�elqy�\�Åv�hj�{orqy�utlq°�`hj��hjfx�ycd�{q
L
c{qyt�����qyt��rtg�rc�¾ncµ����q

orq´tlq²¨Ækn�{�sqy�À¹ia�h��®hjtlqy�r�µ�{�sqytgtlqª���`hjm�opknmpt�hi�sknmrm`hêølc�¶��sq��z�re�fxknmzc{�{q´�relqym�����q´m�kncd�{qªor�yfihj�{����q�m ~ qsadcµ�`hna
¨Æknm�or�sq²ad�r�uorqsau�r�degm��yeg��qsa¯orq°�r�z¬\adel����q®[Í±ù�ú�ùÖû)-�1�ücWlý©þ�û�W (�ÿ�ý,-súP(����L-��)(��:9�ú	�ný,1�ü.(��
�"9Y1�ü��rúm(�����û.-¢þ�W�(Y-	���
�[(

(L,M, µ)
S���ü
�¾ùÖý©û.-��bùÖü���þ�(

�¾ù��w(zû�ú�S��[(�1�ü�ýZ(����cà����.(��"(3-P9����
�](��¤þ,($-���þ��L-P-P($-�����û.-��[(�úÀ($-	���
�[(��
Ë t�hpÄÂe»v®���{q Z\[ � ¶�tlqsaª�skn�r�rtlqsa

(k̃2, k̃3)
qsadcdegfx�saª��kn�r�¢���`hn�z��q¤�yt�hna{a{q®¶�a�qytlknmÑt�h�fx�ycd��kzorq�q����rtgel�z���sq�hj�

�`hj��hjv®��hj�r��qÅ�r�{�s�s�sorqymzc�¶�a{knmzc¢�{qy�r�{�sa{qymzc{�saxo�hjm�a�tlq�o\e�hjv®��hjf�fxq±orq�ÁÂq�hj�{a�knm�[�É�kn��a¢tlqsa��skn�r�rtlqsaxa{knm�c¢�relq�m
o�hjm�a·tlq�orknfihjegm�qªorq�ÁÂq�hj�{a�knm «·Ã ¶®ì ��a{cde»ÍÖhjmzcµt ~ �rcdegtgela�hjcdelknmºo\�pfxkzor�ytlqªorq�ÄÂelad��qy��[�óÎqy��qym�o�hjmzc°orqy�\���yt�hna{a�qsa
��&nÞÆßzÞyàBÝ®à©áÆÚnâ ÙyÚ®ãÀ�yä{ØiqycpàBÚná©à²ÙyÚ®ãÀ�yä{Ø{¥xa{knmzc¤¹ t�hºtgegf�egc{qporqsa£o�knfihje»m`qya�orq�Á�q�hj�{a{knm «ÀÃ qyc¤orq�÷Àhjönhjv�hjf�eB[
Á�kn�r�¢�sqsa¢�yt�hna{a�qsa�¶�t�hp�r�{�s�yega{elknm orq£t ~ qsadcdegfihjcdelknm m ~ qsadcª�`hna¢ad���ia�hjmzc{q¤��kn�r�¢or�yc{qy�df�egm�qy�xadeÔ�sq¤a{knmzcª�rtg�rc�¾nc
orqsa´o\eladcd�deg�r�rc{egknm`a�orqxÄÂelad��qy�´kn� �rtg�rc�¾nc�orqsa´o\eladcd�deg�r�rcdelknm�aªorqx÷·hjö®hjv�hjf�eB[ } q��r�{kn�rtl�yfxq£qsadc�hjtlkn�{a²�rtg��a´orq
a ~ hna{ad�r�{qy�b�z��q®¶n��kn�����sqÐc­¬z��quorqu�yt�hna{a{qsa�¶ntlqsa�orqy�\�¢fxkzor�ytlqsaÜorknmrm�qymzcÜorqsa��{�sa{�rtgc�hjc{a��sknf��`hj��hj�rtlqsa�¶zhj�rcd�{qyfxqymzc
o\egc�¶��z� ~ egtbq���eladc{q¢�rm�q��sknmzcdegmz�regc{�xqymzcd�{q�tlqsa°orqy�\���{qy�r�{�sa{qymzc�hjcdelknm�a�[.¨�(:\��oª�ùÖûÍ8�9zû)9�� ��þ,(PSuþ,($-���þ��L-P-P($-��"(
^�9Y8¦9�ú	�\ú¦ý�ùÖû -�ù�û�ú!��þ�ü�ú	"�ú#���jù$���.($-!�Âü%�Âù�����ý©û.(&�)(@Í'�oÏ��L8����¾ý�S��[(â1�ü�ý0(Y-sú (zû(�
����ù)� �*�[^�(��
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Ë t�hxÄÂegv®�r�{q Z\[ � ¶`egtÂhj�r�`hj��hêølc·�yt�hjeg�{qyfxqymzcÀ�z��q°tlqsaµorqy�\���yt�hna{a{qsa j ÞBß�ÞyàBÝ�à©á©ÚnâºÙsÚnãXf�ä{Ø¯qyc�àBÚná©àbÙsÚnãXf�ä{Ø¯a{knmzc
cd�{�saÐ�r�{kz����qsa¯qycu�z��q°�sqycdc{qÀ�r�{k��\egf�egc{�²a{qy��h¢�sqy�dc�hjegm�qyfxqymzc¯�rm`q°a{kn�r�{�sq²orq°�sknm\¨���adelknm�qymzcd�{q²�yqsauo�q��r���yt�hna{a{qsa¦[

ñ¯m�q²¨©knelaµt�hxa��ytlqs�ycdelknmÕo ~ �rm�q�tlkneÂorq�ÄÂelad��qy�µ��kn�r�·���`hn�z��q��yt�hna{a{q�q�îòqs�ycd���sq®¶ÖegtÂqsadc¯��k®a�adeg�rtlq�orq´�sknf��`hj��q��
t ~ �reladc�knv®��hjf�fxq¢�{�sqyt�h���qs�ªt ~ �reladc{knv®��hjf�fxqxqsadcdegfx�±�©ÄÂegv®�r�{q Z\[�Z ¥�[ } h¤oro\� qsadcdegfx�sq�qya{c·c{kn�nìdkn�r�{aÀcd�{�saÀ�r�{kz����q
orq¯t�h°tlkneÖ�{�sqytgtlq®¶z�z��qytgtlqµ����q¯a�knegc�t�h°m`hjcd�r��qµorqut�h´�yt�hna{a{q®[�÷·knc{knm�aÎ����qutlqsaÎ����qy��qsaÎorqsaÜo\eladcd�deg�r�rcdelknm�aÔa{knmzcÜ�`hj�íw
cdel�y�rtgel�y�{qyfxqym�c¯�relqymÅfxkzor�ytgela{�sqsa�[ÖóÎqycdc{q°�r�{qyf�el�y�{q´q������y�delqym��sq®¶��relqym±�z��q°���`hjtgegc�hjcdeg��q®¶r�r�{kn�r��q²����qÀtlqÀfxkzor�ytlq
orqsaÜtlknelaÎorqµÄÂelad��qy�Îa{qyf��rtlq¯��egqymÅhno�hj�rc{�Àhj�\�x��egtgtlqsaÜ�z�`hjm�o£knm¤a�kn�r�`hjegc{q¯�rcdegtgela{qy�Î�rm¤a{qy�rtÖfxkzor�ytlq·adc�hjcdeladcdel�z��q®[

0 5 10 15
0

0.05

0.1

Sol

0 10 20 30
0

0.02

0.04

0.06

0.08
Vgt sombre

0 10 20 30
0

0.02

0.04

0.06

0.08
Vgt claire

0 10 20 30
0

0.02

0.04

0.06

0.08

Toit sombre

0 50 100 150 200
0

0.01

0.02

0.03

0.04

Toit moyen

0 50 100 150 200
0

0.01

0.02

0.03

Toit clair

Amplitude
Fisher

�@�^� G��0�J�
K���ÚnâÖæsà©áÆÚnârÙ�O�Ø�UÖädÚ�f{Ý�fyáè×ïá�à¸ÞpØåÙ�à©á�ãiÞ�ØåÙ±Øyà@ezá�Ù�àBÚ�ßnä{Ýnã¢ãxØ�Ù£ãiØåÙ�ëzä{ÞåÙ�U\Ú®ëzä¤×lØåÙ£ÙåáVQ æy×gÝjÙåÙsØåÙ	_�L�e�ÝlNyë�Ø
ßnä{ÝuU)e�ápNyërØ�æ�Únäåä�ØåÙ�UrÚnâ�O+v¢ë�â�Ø²æy×gÝjÙ�ÙsØ8_�a�Ý¢×»Ú®á�ØåÙyà©áèãiÞ�Ø´ØåÙ�àbà©ädmåÙ2UÖädÚ¦æ/e\ØiO�ØÀ×gÝ¢×gÚnáÂä{Þ{Øy×è×gØiNsërØy×è×gØ�Nyë�Ø
ÙsÚná�à�×»Ý¤æs×»ÝjÙåÙsØªæ�ÚnârÙ�á-O�Þyä{Þ�Ø	_

} hpad�regc{q¤o\�«���`hj�regcd�{q�qsadcª�sknm�aåhn�y�{�sq�¹±t�h��®hjtgego`hjcdelknm o\�«fxkzor�ytlq¤qym«�{�y��knm�o�hjmzcxhj�\�Ñorqy�\�Ñ�z��qsadcdelknm�a
a{�reg�nhjmzc{qsa²³\t ~ qsadcdegfihjcdelknm±�`hj�utlqsaÔtlknvnwBfxknfxqymzc�a¯qsadcíw¸qytgtlq°�rtg��aÐ�r�{�s�yela{q²����qÀtlqsaÐfx�ycd��kzorqsa¯�yt�hna{adel�z��qsaÐo�hjm�aÐtlqsa
o\e»î��y�{qymzc{a���hna´orqsa²egfihjv�qsa�õ·¿rð ¹��`hj�rc{qx���ya�kntg�rcdelknmÑqym f�egtgelqy�Ñ�r�d�`hjegmM�£_ba{cíw¸�sqx�z��q�tlqsa´o\eladcd�deg�r�rcdelknm�aªorq
ÄÂelad��qy�ufxkzor�ytgela{qymzc¯�relqym±tlqsauadc�hjcdela{cdel����qsa¯orqÀc{qytgtlqsauegfihjv�qsau�`hj�u��hj�r��kn�dc·¹¢orqsautlknelaÐ�rtg��a¯�yt�hna{adel�z��qsa��

�|�w� �¡ D¢d£d¤� H¥�£d¦P§¨¤�©«ª¬¦|¤�­®¢d¯±°�¥� H¥�£d°�¥�£%�T©�¯

} hÀ�®hjtgelo�hjcdelknm£o\�xfxkzor�ytlq¯qsa{c�¨Bhjegc{quad�r��orqsa�orknmrm��sqsaÜadegf��rtl�sqsa�qycÜorqsabo�knmrm��sqsab�{�sqytgtlqsa�[�ÁÂkn�r�Üa{egf��rtlqy��orqsa
�s���`hjmzcdegtgtlknm�aÀa{qytlknm��rm�q´�sqy�dc�hjegm�q´tlkne�orq°�r�{kn�`hj�regtgegc{�®¶Öt�h�fx�ycd��kzorq�orq²�{� ìíqs�ycdelknm¡² ¿zcd�`hj�dc·qycD³°qyegcd��¶�½	�`�l� ´Âqsadc
�rcdegtgela��yq®[ÂóÎqycdc{q�fx�ycd�`k�o�qx��qy�dfxqyc´o ~ kn�rc{qymreg�ªorqsa²�s���`hjmzcdegtgtlknm�aªa{qytlknm c{kn�rc{qsa´a{kn�dc{qsa´orq�tgknela´orq��r�{kn�`hj�regtgegc{�®[
} qsa°�`hj��hjfx�ycd�{qsaªorq¢¨©kn�dfxqxqyc´orq���knelora´a{knmzc´����kneladela´hjtl��hjc{kneg�{qyfxqsmzcªo�hjm�a´orqsa°egmzc{qy�d�®hjtgtlqsa²�r�{�sor��Í�mrela¦¶�qyc�¹
½�]®]



Z\[�^\[
�Ühjtgelo�hjcdelknmpo\�Åfxkzor�ytlq´adc�hjcdeladcdel�z��q

���`hn�z��qx¨©knela¦¶b½�¼®¼®¼��s���`hjmzc{e»tgtlknm�a�a{knmzc´v��ym��y�{�sa�[�óÜ�`hn����q²ìdqy�Ño ~ �s���`hjmzcdegtgtlknm�a�¶Â�{qy�r�{�sa{qymzc�hjmzcª�rm�qi�{��hjtgela�hjcdelknm
orq´t�h�tlkneB¶Öqsadc¯�rcdegtgela{�´��kn�r�µqsa{cdegfxqy�¯tlqsaµ�`hj��hjfx�ycd�{qsa·orq´t�hxo\eladcd�deg�r�rcdelknm�a{qytlknmp�rtg��adelqy�r�{aµfx��c{��kzorqsa�[ÖË¯Í�mporq
�{qy�r�{�sa�qymzc{qy�Ðc{kn�rc{qsaÐtlqyaua{kn�dc{qsaÐorqÀad�r�í¨Bhn�sqsaÔqymÅf�egtgegqy�±�r�d�`hjegm�¶rorqsaÂìíqy�\�¤o�qÀorknmrm��sqsaÐv��ym��y�{�saÔ�`hj�uorqsaÔtlknelaÐorq
÷Àhjö®hjv�hjf�e�q�c¯orqsautgknela¯orq²Ä�ela{��qy�ua{knmzcu�rcdegtgela{�sa�[

µ �`hjcd�{q£fxkzor�ytlqya¢a{c�hjcdeladcdel����qsaªa{knmzc�c{qsadc{�sa���kn�r�ª���`hn�z��q£qym�a{qyf��rtlq¤o ~ �s���`hjmzcdegtgtlknm�a±�©�z��qytgtlq£�z��qia{knegc�t�h
���y�degc�hj�rtlq²o\eladc{�deg�r�rcdelknmÖ¥°³

È Ó«½i¶ tlkne�orq²÷Àhjönhjv�hjf�e��skn�r�rtl�sq�h���qs�Àt�h¢fx�ycd��kzorq²o�qyaufxknfxqymzc{a�¶
È Ó�]�¶ tlkne�orq²÷Àhjönhjv�hjf�e��skn�r�rtl�sq�h���qs�Àt�h¢fx�ycd��kzorq²or�Åfihê�\egf��rf orq°����hjela{qyf��rt�hjm��sq®¶
È Ó�^�¶ tlkne�orq²÷Àhjönhjv�hjf�e��skn�r�rtl�sq�h���qs�Àt�h¢fx�ycd��kzorq²o�qyautlknvnwBfxknfxqymzc{a�¶
È Ó��+¶ tlkne�orq²ÄÂelad��qy�¯�skn�r�rtl�sq´h���qs�Àt�h¢fx�ycd��kzorq´orqsaÐtlknvnwBfxknfxqymzc{a¦¶

qycutlqsauo\e»î��y�{qymzc{au�{�sad�rtgc�hjc{a¯a{knmzc¯�sknf��`hj�{�saµh���qs�°tgqsa¯adegf��rt�hjcdelknm�a�[
÷µkn��a¯hj�r�{knm�a¯orknm��²orqsaÐ�{��hjtgela�hjcdelknm�a¯orq°tlknelauorqÀ�r�{kn�`hj�regtgegc{�²�r�{k¦��qym`hjmzc¯orq°a{egf��rt�hjcdelknm�kn�±orq°���y�degc�hj�rtlqsa

egfihjv�qsa�[ê_bm´�rcdegtgelaåhjmzc�tlqsa�fxkzor�ytlqsaÂ�yegc{�sa��ye»w¸orqsa{a{��a�¶��rtg��adelqy�r�{a�tlknela�adc�hjcdela{cdel����qsa�¶���q����{�sa{qymzc�hjmzc��sqsa��{��hjtgela�hjcdelknm�a�¶
a�knmzc¯kn�rc{qymz��qsa�[ } q°�r�{kn�rtl�yfxq�qsadcµhjtlkn�{aµorq²fxqycdcd�{q´qym±�rt�hn�sq²�rm��r�{kz�s�sor��orq²�sknf��`hj��hjela{knmÕqymzcd�{q²c{kn�rc{qsaµ�sqsa
qsa{cdegfihjcdelknm�a�[�Á�tg��a{elqy�r�{aufx�ycd��kzorqsaµa{knmzcÐ��k®a�adeg�rtlqsa²³

È } qsa°�`hj��hjfx�ycd�{qsa�qsadcdegfx�sa
µ̂
¶
M̂

qyc
L̂
��qy�r��qym�c²§ycd�{qx�sknf��`hj�{�sa�h���qs���sqy�\���rcdegtgela{�sa°��kn�r�²tlqsa²adegf��rtlqy��[

óÎqs�yeÎ¨Ækn�r�dmregc¢�rm �re�hjela¢ad���ªt ~ qsadcdegfihjcdelknm orqsaª�`hj��hjfx�ycd�{qsa�[�Ó�hjtg��qy�r�{qy��a{qyfxqymzcxm�kn��a�h���knm�a¢�sknm�adc�hjc{�
�`hj�Åq������y�delqym��sqº����qpt ~ qsadcdegfihjcdelknmçm ~ qya{c¤�`hna¤�{kn�r��adc{q�hj� �r�d�regc�orqpfxqsad�r�{q®[u¿�qytlknm t ~ qym�a{qyf��rtlq�orqsa
�s���`hjm�cdegt»tlknm�a¦¶Üorqsax�®hjtlqy�r�{axcd�{�sa£o\e»îò�y�{qymzc{qsai��kn�r�

µ
¶
M

qyc
L
��qy�r��qymzc£§ycd�{q�kn�rc{qymz��qsa£fihjelaxc{kn�rc�qya

orknm�m`hjmzci�rm �{�sad�rtgc�hjci�zela{��qytgtlqyfxqymzc£adegf�egt�hjeg�{q±��kn�r�xt�h oro\��[Üó ~ qsadc£qym q�îòqycxt ~ egmzc{qy��hn�ycdelknm qymzcd�{qÅtlqsa
cd��knegau�®hjtlqy�r�{au�z�re�qsadcuegmzc{�y�{qsa{a�hjmzc{q²qycum�knm����`hn�z��q°�nhjtlqy�r�u�r�dela{q°egm�or�y��qym�o�hjf�fxqym�cµorqsaµhj�rcd�{qsa�[

È } qsauoro\��a¯adegf��rtl�sqsa¯qyc¯qsadcdegfx�sqsau��qy�r��qymzc¯§ycd�{q²�sknf��`hj�{�sqsa¯�zelad��qytgtlqyfxqymzc�[
È } qsa´oro\��a´adegf��rtl�sqsa´qyc´qsadcdegfx�sqsa²��qy�r��qymzc´§ycd�{qi�sknf��`hj�{�sqsaªh���qs�xorqsa²fxqsad�r�{qsa´orqxo\eladc�hjm��sq®[ Ã t�q���eladc{q
�rtg��a{elqy�r�{aÔfxqsad�r�{qsa°³��`hj�Ðq��rqyf��rtlq®¶\tlq·c{qsadcÐo\�

χ2 ¶�t�hªo\eg��q��{v�q�m`�yq²orqT³À�rtgtg�`hn��ö�w } qyeg�òqy��¶rt�hªo\eladc�hjm��sq°orq
³µkntgfxknv�kn�{k¦�zw ¿zf�el�dm�k¦�²kn�²qym��skn�{qbt ~ qy�d�{qy�r�����`hno\��hjcdel�z��q�fxk¦¬�qymrm�q¯�©_ µ Óº¥�[ } hÔo\ela{c�hjm��sqborq®³µkntgfxknv�kn�{k¦�zw
¿zf�eg�dm`k¦��m�q´orknmrm�q²�`hna¯orq²�{�sad�rtgc�hjc{aµa�hjcdelaí¨Bhjela�hjmzc{a¯��hj�µqytgtlq´qsadcucd�{kn�±¨Æhjeg�rtlq´o�hjm�a¯t�h¢�rtg�r�`hj�dc·orqsa¯��hna�¶
�sq²�z�re�m�q°��q��{fxq�c¯�`hna¯orq°o\ela{�y�degf�egm�qy�¯tlqsautlknela�[

÷µkn��auh���knm�aÔ����knela{eòt ~ q��rhjfxqymÅ��elad��qyt�orqsaÐoro\��aÐqycÔt�hª�sknf��`hj��hjela{knm±v®tlkn�`hjtlq°orqsaÐoro\��aÔ�`hj�Ôt ~ _ µ Ó«[r_�c�hjmzc
orknmrm��

N
�s���`hjmzcdegtgtlknm�a�¶Öt�hxoro\�p��qy�rcµ§ycd�{q�or�so\�regc{qªorq²t ~ �reladc{knv®��hjf�fxqªorqsa¯�®hjtlqy�r�{aµ�s���`hjmzcdegtgtlknmrm`�sqsa�[�¿�knelqymzc

un
tlqsa²�®hjtlqy�r�{a´o\ela{�y�{�yc{qsa�orq�t ~ qsad�`hn�sqiorqsaªhjf��rtgegcd��orqsa�¶

p(un)
t�hÅoro\�¾cd���skn�del����q£qyc

p̂(un)
t�h±oro\�¾qsadcdegfx�sq

�Æhj�r�r�{k��\egfx�sq²�`hj�ut ~ �reladc{knv®��hjf�fxq¦¥�¶`t ~ _ µ Ó qsadcu��hjtl�y�rtl�sq²�`hj�´³

EQM =
1

N

N
∑

n=1

||p(un) − p̂(un)||2 �ÆZ\[�]®Z�¥

} h�fx�ycd��kzorq´o ~ qsa{cdegfihjcdelknmÕqsadc¯o ~ hj��kn�{o±�®hjtgelor�sq£�B¿�qs�ycdelknm Z\[�^\[g½ ¥¯h��nhjmzcµorq²�sknf��`hj�{qy�µtlq²�sknf���kn�dc�q�fxqsmzc
orqsautlknelauorq²ÄÂelad��qy�¯h���qs�Àtlqsautlknelauorq²÷Àhjönhjv�hjf�eÜ�B¿�qs�ycdelknm Z\[�^\[�] ¥�[
Ä�Ê9·�Êw¸ ¹Xº$»w¼�½\º�¾l¼�¿�À&½\ÁÂ»�º#ÃÅÄ
¾lÆ2¿®½\Á
½PÇ�Á)È4¾l¼�ÃÉº�¾l¼�¿�À

} qsa·tlknela·orqªÄÂelad��qy�·m�q���qy�r��qymzc·�`hna·§ycd��q��rcdegtgela{�sqsa·��kn�r�·�r�{kn�r��qy�·tlq����ym���Í`�sq�hj�r��kn�dc{�ª�`hj�·t�hifx�ycd��kzorq
orqsabtlknvnwBfxknfxqymzc{a�[z_�miq�î�qyc�¶��sqsa�tlknelabm�qua{knmzcb�`hnabc{kn�nìíkn�r�{aÜqsadcdegfihj�rtlqsab�`hj�bt�hÀfx�ycd��kzorq¯orqsabfxknfxqymzc{aÜkn�io\�
fihê�\egf��rf orqµ����hjela{qyf��rt�hjm��sq®[rÁ�hj�u�sknmzcd�{q®¶\tlqyaÔtlknelaÐorq·÷Àhjö®hjv�hjf�eò�{�y��knm�orqymzcÐ�`hj�í¨Bhjegc{qyfxqymzc¯¹´m�k®auhjcdc{qymzc{qsa�[
�$��Ê$�-1)�-1 A|��þ©ý����\ú¦ýèù�ûÉ3¦ü��+��6�3�3¦ý-��ü�þ��\ú¦ý�ùÖû�3

_�m²�rcdegtgelaåhjmzc�orqsa��s���`hjmzcdegtgtlknm�aÂadegf��rtl�sa�a�qy�rtlq�fxqym�cÂ¹Î�Öhj�dcdeg��orqsa�o\eladcd�deg�r�rcdelknm�aÂorqb÷·hjö®hjv�hjf�eB¶�m�kn��a�c{qsadc{knm�a
tlqsa�cd�{knela�fx�ycd��kzorqsaÂo ~ qsadcdegfihjcdelknm¢ÓÑ½®¶¦Ó�]uqyc�ÓÕ^\[jóÜ�`hn�z��q�fx�ycd��kzorqÜorknmrm�q��rm�q��nhjtlqy�r�Âo ~ _ µ Ó ��kn�r�Â���`hn�z��q
qym�a�qyf��rtlqµo ~ �s���`hjmzcdegtgtlknm`a�[�÷·knc{knm�aÎ�sqsaÎ_ µ Ó ³�_ µ Ó �©Ó«½¦¥�¶z_ µ Ó«�©Ó�]�¥bqycÎ_ µ Ó �©Ó�^�¥�[z÷·kn��aÔhjt»tlknm�aÔ��hjtl�y�rtlqy�

½�]®^



Z\[�^\[g½®[���hjtgelo�hjcdelknmporq°t�hªfx�ycd��kzorq´o ~ qsadcdegfihjcdelknm

tlqsa�o\e»îò�y�{qym��sqsaªqymzcd�{qi���`hn�z��qi_ µ Ó ³
∆(M1 −M3) = EQM(M1) − EQM(M3)

qyc
∆(M2 −M3) =

EQM(M2)−EQM(M3)
[ } qsa��reladc{knv®��hjf�fxqsa�orqsa�o\e»î��y�{qym��sqsa�a{knmzc��r�{�sa{qymzc{�sa�hj�\�°ÄÂegv®�r�{qsa Z\[��r�Æh�¥ qyc Z\[��r���Ö¥ [

¿z�r�ÜtlqsaÎorqy�\��Í�v®�r�{qsa�¶zt�h²o\eladc{�deg�r�rcdelknm�qsadcÜqsa{a�qymzcdelqytgtlqyfxq�m�cÎ��k®adegcdeg��q®¶�fxknmzcd��hjmzcÔ�yt�hjeg�{qyfxqymzcÔ�z��qut ~ qsadc{e»fihjc{egknm
orqsa�tlknvnwBfxknfxqymzc{a¢qsadc´�rtg��a��r�{�s�yela{q®[�ðµmÑ��qy�rcª�yv�hjtlqyfxqymzc¢or�so\�reg�{q¤orqxt�h±�{�y�`hj�dcdegcdelknm orqsaªorknmrm��sqsaªad�r�´tlqsa
Í�v®�r�{qsaÐ�r�{�s�s�sorqymzc{qsa�¶��z��q·t�h�fx�ycd��kzorq²o\�Åfihê��egf��rf orq·����hjela{qyf��rt�hjm��sq°qsa{cÔfxqyegtgtgqy�r��q°�z��q·t�h�fx�ycd�`k�o�q°orqsa
fxknfxqymzc{a¦[
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�@�^� G��0��ËÂK�a�ØåÙ�Oná yµÞ�ä{ØyâÖæåØåÙ�O�ØåÙ j Ýn×lØ�ë�ä�Ù�O�Ø
∆(M1 −M3)

S�v±ß�Ýnëræ/e\Ø^]¾ØyàiO�Ø
∆(M2 −M3)

S^vzO®ädÚná©à¸Ø�]
ÙsÚnâ`à²Ú�fyà¸Ø�â�ë�ØåÙ�v7UrÝnäyà©áèä'OzØ�ä{Þ{Ýn×ïáèÙyÝ®à©áÆÚnârÙ'O�ØÅ×»Ýº×gÚná|OzØXÌ´Ý ÍjÝ�ß�Ý®ãªá�_H�Î×ïë�Ù�áÆØyëzäåÙ j Ý®×gØ�ë�äåÙ�OzØåÙ�U\Ý��
ädÝ®ã�msà©ä{ØåÙ

L
Øyà
µ
ÙyÚnâ`àµë�à©á�×KáèÙsÞ�ØåÙ¤ÝÏÎbâ!O�c Ú�fyà¸Ø�â�á�äxë�â ßnä{Ýnâ�OºÞ j Ø�â`àBÝná�×FO�Ø£ä{Þ{Ýn×ïá�ÙsÝ®à©áÆÚnârÙs_\Ð´Ý®ârÙx×gØ�ÙO�Øyë�Qºæ�ÝjÙåÛu×lØiãxÚ8O�m�×lØ7O�c ØåÙ�à©á�ãxÝ®à©áÆÚnâ

M3
S¸ãiÞyà�e�Ú8O�Ø7O�Ø�Ùx×»Ú�ß��­ã�Ú®ãxØyâ`à�Ùw]ÕØåÙyà¯×lØ|UÖ×ïë�ÙTU�Ø�ä�éyÚ®äåãxÝnâ`à

æ�Ýnä²×dc ezá�Ù�àBÚ�ßnä{Ýnã¢ãxØªØ�Ù�àFOnáèÙ�Ù/ÑjãiÞyà©ä�ápNyërØ¢ØyàÜáè×$Ñ¤Ý|UÖ×KëzÙ�O�Ø j Ýn×gØyëzäåÙqU\ÚnÙåá©à©á j Ø�Ùs_
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Z\[�^\[
�Ühjtgelo�hjcdelknmpo\�Åfxkzor�ytlq´adc�hjcdeladcdel�z��q

�$��Ê$�-1)�JI A|��þ©ý����\ú¦ýèù�ûÉ3¦ü��+��6�3iý����
;)6�3��4>�6zþ©þ�6�3
} qsaÂc{qsadc{a�knmzc��yv�hjtlqyfxqymzcb�yc{��¨Æhjegc{a�ad�r��orqsa�egfihjv�qsa��{�sqytgtlqsa�¶nqym¢qsadcdegfihjmzc�a{qy�rtlqyfxqymzc�orqsaÂtlknelaÂorqÎ÷Àhjö®hjv�hjf�e

hj��or�y�`hj�dc�[\÷·kn��aÜ��kn�rtlknm�aÎc{qsadc{qy�Ît ~ egmzc{�y�{§ycÐo ~ qsa{cdegfxqy�ÎtlqsaÎ�`hj��hjfx�ycd�{qsaÐqym¤�rcdegtgela�hjm�cÎtlqsaÎfx�ycd��kzorqsaÐÓÑ½®¶�Ó�]´qyc
Ó�^\[�ÁÂkn�r�µ���`hn����q´�yt�hna{a{q®¶r�rm±�reladc{knv®��hjf�fxq�qyf��reg�del����q�qsadcu�sknf��`hj�{�ªhj�\���reladc{knv®��hjf�fxqsa·orqsautgknela¯qsa{cdegfx�sqsa
�`hj�£tlqsaicd�{knelaifx�ycd��kzorqsa��©ÄÂegv®�r�{qsa Z\[�� qyc Z\[�� ¥�[ÜÁÂkn�r�£tlqsa£a{�r�í¨Æhn�sqsaim`hjcd�r�{qytgtlqsa�¶Ütlqsaiqsa{cdegfihjc{qy�r�{a¤a{knmzcicd�{�sa
a{egf�e»t�hjeg�{qsa±qyc�egtÀm ~ ¬ h hj���y�rm�qºo\e»î��y�{qym��sq�fihêìíqy�r�{qºqymç����kneladela{aåhjmzc��rm�qÕfx�ycd��kzorq��rtg�rcdÒnc±�z� ~ �rm�qºhj�rcd�{q®[
Á�hj�°�sknmzcd�{q®¶���kn�r�°tlqsaÀad�r�í¨Bhn�sqsa·m�knm\wBm`hjcd�r�{qytgtlq�a�¶òt ~ qsadcdegfihjc{qy�r�²orqsaÀtlknvnwBfxknfxqymzc{a²qsa{c�¶�a�hjm�aÀo\ela{�y��a�adelknm�¶��relq�m
fxqyegtgtlqy�r��[ } h�c{§yc{q·qycÎt�h��z��qy��q·orqµt�h�o\ela{cd�deg�r�rcdelknmÅa{knmzc�¶zc{kn�rc{qsaÔtlqsaÔorqy�\�ò¶��relqym¤fxkzor�ytgela{�sqsa�¶\�sqÀ���re�m ~ qsadcÎ�`hna
tlq·��hnaÐh���qy�·Ó«½µqycÔÓ�]\[ } h��yt�hna{a{qªàBÚná©à�ã�Ú`Ñ�Øyâªegtgtg��adcd�{q·�rm���hnaÎk�Ó�tlq¯fxkzor�ytlqÀÓ«½µqsa{cÜegm�q/�i��hn�sq�³�t�h´�r�{�sa{qym��sq
orq²�z��qytl����qsau�nhjtlqy�r�{aucd�{�saÔ¨Ækn�dc{qsaÐ��qy�dcd�r�d��q²��q�hj���skn�r��t ~ qsadc{e»fihjc{egknmÕorqsaÐ�`hj��hjfx�ycd�{qsa�[
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�@�^� G��0��ÔÕK�Ö°á�ÙyàBÚ{ßnä{Ýnã¢ãxØ�Ù�O�Ø�×gÝ j Þ�ä�á�àBÝ�fy×gØ7OnáèÙ�à©ä�ápf�ë\à©áÆÚnâ ØyàMO�Ø�Ù�à©ädÚnáèÙ:O®á�Ù�à©ä�á�f�ë�à©áÆÚnârÙiØåÙ�à©á�ãiÞ�ØåÙMUrÝnä¢×lØåÙxà©ädÚná�Ù
ãiÞyà�e�Ú8O�Ø�Ùs_ba�ØÔä{ÞåÙåë�×»àBÝ®à�Ú�fyà¸Øyâ�ëMUrÝnäÎ×gÝÀãiÞyà�e�Ú8O�Ø

M2
S-Ì²Ý ÍjÝ¦ß�Ýnã¢á�Ý j Ø{æu××c ØåÙ�à©á�ãxÝ®à©áÆÚnâ�×gÚ{ß`�¸ãxÚnãiØ�â`àØ]ØåÙyàÔàBÚnë/ÙsÚnëzäåÙªà©ädm�ÙqU�ädÚ�æoe\Ø�O�Øª×gÝ¤ä{Þ{Ýn×ïá�à¸ÞxØsàÜÙsÚnë j Ø�â`àÔãiØ�á�×è×lØ�ë�änNsërØ¢×lØåÙnO�Ø�ë`Q�Ýnë\à©ä{ØåÙxØåÙ�à©á�ãxÝ®à©á©Ú®ârÙ�Û

Ø�â�UrÝnäyà©á©æsëz×ïáBØ�ä£Ýnë â�á j Ø{ÝnëÕO�Øi×»Ý�NsërØ�ë�Ø�OzØx×gÝ�Oná�Ùyà©äåá�f�ë\à©á©Ú®â�_MS-Ì²Ý ÍjÝ¦ß�Ýnã¢áuãxÚnãiØ�â`à�Ù�Ú ãiÞyà�e�Ú8O�Ø
M1

��Ì²Ý ÍjÝ�ß�Ýnã¢áb×gÚ{ß��­ãxÚnãiØ�â`à�Ù�Ú ãiÞsà�e�Ú	OzØ
M3

�2Ì²Ý�ÍjÝ�ß�Ýnã¢á®tkg¡Ú ãiÞyà�e�Ú8O�Ø
M2

]

_�m �sknm��ytg��adelknm�¶�tlh�fx�ycd��kzorq�o ~ qsa{cdegfihjcdelknmÌorqsaxtlknvnwBfxknfxqymzc{a£qsa{c��`hj�dcdel�y�rtgel�y�{qyfxqsmzc�hj�r�r�{kn�r�del�sq±��kn�r�
t ~ hj�r�r�{qymzcdela�a�hjv�q�orqsa�tlknela¢adc�hjcdeladcdel�z��qsaªor�Ñf�egtgelqy� �r�d�`hjegm o�hjm�aªtlqsaªegfihjv�qsaªfxknm�kjwB����q®[ } qsa��rela{c{knv®��hjf�fxqsa
a�knmzcÎqsadcdegfx�saÔh���qs�¯�rm�qµv®��hjm�orqµ�r�{�s�yeladelknm�[\_�m�q�îòqyc�¶zt ~ �s����qytgtlqµtlknv�hj�degcd�rf�el�z��qÀqsadcÜfxknegm�aÔa{qym�a{e»��tgqÀ¹´�z��qytl����qsa
¨Ækn�dc{qsa��nhjtlqy�r�{aÜqycÜ�sqyt�h°��qy�rcÎq����rtgel�z��qy����kn�r�{�z��kneÖ�sqycdc{q¯fx�ycd��kzorqµqsadc��rtg��aÜq/�i��hn�sqµad�r�Ü�sqÐc­¬���q¯o ~ egfihjv�qsaÎ����q
tlqsaufx�ycd��kzorqsa¯orqsaufxknfxqymzc{a¯qyc¯o\�±fihê��egf��rf orqÀ����hjela{qyf��rt�hjm��sq®[

½�]®Z



Z\[�^\[g½®[���hjtgelo�hjcdelknmporq°t�hªfx�ycd��kzorq´o ~ qsadcdegfihjcdelknm

1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
x 10−5 Erreurs quadratiques moyennes

Classes

E
Q

M

Nakagami (log−moment)
Nakagami (moment)
Nakagami (MV)

7.4x10−5

�@�^� G��0��ÛÂK�xÎä�ä{Ø�ë�äåÙZNyërÝlOnädÝ®à©ápNyë�ØåÙ²ã�Ú`Ñ�Øyâ�â�ØåÙ°æ�Ýn×gæyë�×gÞ�Ø�ÙFUrÚnëzä²æoe�ÝlNyë�Ø�æy×gÝjÙåÙsØ�Øyà0U\Únë�ä²æ/e�Ý�NyërØ´ãxÚ	O�m�×gØ8_0aic ØåÙu�
à©á�ãxÝ®à©á©Ú®â�UrÝnä·×lØ°ã�Ú8O�m�×lØ

M3
S�Ì´Ý ÍjÝ�ß�Ý®ãªábÝ j Ødæ´×lØåÙ·×gÚ�ß��¸ãxÚnãiØ�âÖà�Ùw]�ÝxàBÚnë/ÙsÚnëzäåÙÀëzâòØDx Ú t ésÝnápfy×gØ�Û

j Ú®áèä{Ø¢×gÝ�UÖ×KëzÙÜésÝná�f�×lØåÛÐÝn×gÚnäåÙnNyë�Ø¢×lØåÙ:O�Ø�ë`Q�Ýnë\à©ä{ØåÙªãiÞyà�e�Ú8O�ØåÙxØyâ`à©ädÝ�r�â�Ø�â`àÔëzâòØZx Ú t ÝjÙ�Ù�Ød�iÞy×gØ j Þ{ØUrÚnë�ä²×gØ�Ù´æy×gÝjÙåÙsØåÙ�O�ØnfdÜ®à©á�ãxØyâ`à�Ùs_
x®Q/UÖ×KáÆæ�Ý®à©á©Ú®âÂO�Øi×»Ý�×lÞBß�Ø�â�OzØ7O®ë�ß®ädÝuU)e\Ø'Ý®Ì²Ý ÍjÝ�ß�Ýnã¢áiSBãxÚnãiØ�â`à�Ù�]�Ú ãxÞsà�e�Ú	OzØ

M1
�MÌ²Ý ÍjÝ¦ß�Ýnã¢á

S¸×»Ú�ß��­ã�Ú®ãxØyâ`àØ]XÚ ãiÞyà�e�Ú8O�Ø
M3

��Ì²Ý ÍjÝ¦ß�Ýnã¢áDSptkg�]XÚ ãiÞyà�e�Ú8O�Ø
M2

_
a�ÞBß�Ø�â�O�Ø~O�ØåÙpæs×»ÝjÙåÙsØåÙ~ÝZYÕÚ ÙyÚn×KÛZÞ!Ú j ÞBß�ÞsàBÝ®à©á©Ú®â ÙyÚnãXf�ä�ØåÛ�ßÂÚ j ÞBß�ÞsàBÝ®à©á©Únâ æy×gÝnáèä{Ø�ÛMàáÚ àBÚná©à
ÙsÚnãXf�ä{ØåÛFâ7Ú àBÚná�à�ãxÚ�Ñ�Ø�ârÛFã+Ú àBÚná�àÎæy×gÝnáèä
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Z\[�^\[
�Ühjtgelo�hjcdelknmpo\�Åfxkzor�ytlq´adc�hjcdeladcdel�z��q

ä�Ê9·�Ê9å ¹Xº$»w¼�½\º�¾l¼�¿�À&½2æçÃÅ¿®½\è�»�Á¡½\ÁÂé|¼wÈ�Æ\Á)ê
÷µkn��a¯�ycd��o\elknm�a¯o�hjm�a¯�sqycdc{q²�`hj�dcdelq°t ~ hjfx�ytgelkn��hjcdelknm�hj����kn�dc{�sq²�`hj�utlqÀfxkzor�ytlq´orq²ÄÂelad��qy�u�`hj�u��hj�r��kn�dc·hj�\�

o\ela{cd�deg�r�rcdelknm�a¯�yt�hna�adel����qsa¦[
�$��Ê$�JI0�-1 A|��þ©ý����\ú¦ýèù�ûÉ3¦ü��¤þ96�3iý-�,�
;�6�3�3¦ý-��üÂþ9>�6�3

ËuÍ�m«o ~ h���kneg���rm�q£fxqsad�r�{q£�z�`hjmzcdegc�hjcdeg��q£orqit ~ egmzc{�y�{§yc�orqsa�tlknela�o�q£Ä�ela{��qy����kn�r��t ~ qsadcdegfihjcdelknm orqsaªoro\��a�¶
m�kn��aÀ�sknf��`hj�{knm�a°t�h£���`hjtgegc{�¢orqsa·qsa{cdegfihjcdelknm�a²h���qs�ªorqsaÀorknmrm��sqsaÀela{ad��qsa·orqsaÀadegf��rt�hjcdelknm�a°orq�tlknelaÀorqªÄÂelad��qy�
qyc�orq£÷·hjö®hjv�hjf�eB[�Ë m�kn�r��q�hj��¶�t ~ _ µ Ó qsadc´�rcdegtgela{�sqx��kn�r�¢h���kneg�´�rm�qxfxqsad�r�{qiv®tlkn�`hjtlq£orqxt�h±o\e»î��y�{qym��sq£orqsa
fxkzor�ytlqsa�[róÎknf�fxq¯m�kn��aÔh���knm�aÜor� ìd¹²fxknmzcd�{�µ�z��qut ~ qsadcdegfihjc{qy�r�Ôorqsa�tlknvnwBfxknfxqymzc{aÔqsa{c�tlqufxqyegtgtlqy�r�Ôo�hjm�a�m�kncd�{q
�sknmzc{q��\c{q®¶bm�kn��ai�sknf��`hj�{knm�a£a{qy�rtlqyfxqymzcitlqsaxfxkzor�ytlqsa£ÓÕ^ºqyciÓ���[ÜóÎknf�fxqym�ësknm�a£�`hj�x�rm�qÅ���y�de»Í`��hjcdelknmÌorq
t�hÅ��knmrm�qifxkzor�ytgela�hjcdelknm orqsa´tlknela�orqi÷Àhjö®hjv�hjf�e��`hj�´�rmÑfxkzor�ytgq¤orqiÄÂelad��qy�¤�©� ~ qsadc��sqi�z�reÜa{q��`hna�a{qxa{�r�²tlqsa
a{�r�í¨Æhn�sqsaÐm`hjcd�r�{qytgtlqsa�¥�[ ô hjm�a¯�sqÀ�r�rc�¶�orqsa¯�s���`hjmzcdegtgtlknm�aµorq°tlknelauorq²÷·hjö®hjv�hjf�e�a{knmzcuv��ym��y�{�sa�[

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

x 10−5

50

100

150

200

250

300

350

400

450

H
is

to
gr

am
m

e

Histogramme de ∆(M
3
−M

4
) (échantillons selon Nakagami)

�@�^� G��0��ìÂK�Ö°á�ÙyàBÚ{ßnä{Ýnã¢ãxØ:O�Ø
∆(M3 −M4)

_�a�ØåÙ�O®á yµÞ�ä{Øyâ`à¸ØåÙ j Ýn×lØ�ëzäåÙ:O�Ø
∆(M3 −M4)

ÙsÚnâ`àÐÚ�fyà¸Ø�â�ë�ØåÙ:v
UrÝnäyà©áèä�O�ØqUÖ×ïëzÙåáBØ�ëzäåÙ´ä{ÞdÝ®×KáèÙyÝ®à©áÆÚnârÙ�O�Ø´×»Ú®á�ÙiOzØTÌ²Ý ÍjÝ¦ß�Ýnã¢áp_��ÐÚnë�ä�æoe�ÝlNyë�Ø�ä�ÞdÝ®×KáèÙyÝ®à©áÆÚnârÛ�OzØåÙ j Ýn×lØ�ë�ä�ÙOná yµÞ�ä{Øyâ`à¸ØåÙ~OzØ

L
Øyà
µ
ÙyÚ®â`à�ë\à©áè×ïá�Ù�Þ�ØåÙÕÝ×Îbâ�O�c Ú�fyà¸Øyâ�áèäpë�âç×»ÝnäBß�Ø Þ j Ø�â`àBÝná�×TO�ØÕä{Þ{Ýn×ïá�ÙsÝ®à©á©Únâ�Ùs_Da�Ý

æ�Únë�äsf�Ø�ÞyàBÝ®â`àHUÖädÝ®à©ápNyë�Ø�ãiØ�â`à²ÙuÑnãiÞyà©ä�ápNyërØ�Û°×lØåÙ�O�Ø�ë`Q Ø�Ù�à©á�ã�Ý�à¸Ø�ëzäåÙ�ÙyÚ®â`àFUÖä{ØåÙsNyë�Ø�Þ×Nsëzá j Ýn×lØ�âÖà�Ù�æåØNyë�á�Ù�á»ß®â�á ÎÔØzNyërØº×gÝ ×gÚná:O�Ø���á�Ùue\Ø�ä ØåÙyàxæ�ÝuUrÝ�f�×lØ�O�Ø�ãxÚ8O�Þ�×ïá�Ù�Ø�äºæ�Únä�ä{Ø{æsà¸Ø�ãiØyâ`àxëzâòØÕÙåë�äèésÝ�æåØ,O�Ø
æ/e\Ý®àBÚnáBØ�ãiØ�â`à�UÖ×lØ�á�â�Ø�ãiØ�â`àZO�Þ j Ø�×gÚuUlU�Þ	_HxÎâÌØ-yµØyàFU\Únë�ä

M
à¸Ø�â�O�Ýnâ`à j Ø�äåÙ +∞ Û·×»Ý�×»ÚnáTO�Ø���áèÙíe\Øyä

à¸Ø�â�O j Ø�äåÙ²×gÝi×»Ú®áPhuÝnã¢ãxÝ�S��ÐÝ¦ß�Ø YlYoà ]`_

} h¢ÄÂegv®�r�{q Z\[�� �r�{kn�r��q²����qÀt�hªtlkne�orq²Ä�ela{��qy�uqsadc¯hj��a{ade��r�{�s�yela{q°�z��qÀt�hªtlkne�orq°÷Àhjö®hjv�hjf�e���kn�r�ufxkzor�ytgela{qy�
�rm�qÀtlkne�orqÀ÷·hjö®hjv�hjf�e�ad�r�ÔtlqsaÔa{�r�í¨Æhn�sqsaÔm`hjcd�r�{qytgtlqsau�sknf�fxqÀtlq·fxknmzcd�{qÀt�h�tgegf�egc{qÀorq·t�h�tlkne�orqÀÄÂelad��qy�Ô��kn�r�

Mc{qym�o�hjmzcÔ��qy�{a
+∞ �©Á�hjv�q ½®½o� ¥�[�óÎqyt�hªhj�rc{kn�dela{qÀorknm��À¹´�rcdegtgela{qy�ÎtlqsaÎtlknelaÎorq·ÄÂelad��qy�Îfx§yfxq·a{e�knm�a�hjegc�¶\h²�r�delkn�deB¶

�z��qÀtlq²���`hjc{knelqyfxqymzcµqsa{cÐ�rtlqyegm�qyfxqymzcµor�y��qytlkn�r���®[ î
ô hjm�aÎ�rm¤orqy�\�\el�yfxqµc{qyf���a�¶ztlqsaÎ�s���`hjm�cdegt»tlknm�aua{knmzcÜv��ym��y�{�saÐ¹²�`hj�dc{e»�Ðo ~ �rm�qµtlkne�orq·ÄÂelad��qy��[z÷·kn��aÜ���y�de»Í`knm�a

�z��qÀtlq°fxkzor�ytlq²Ó��xqsadcu�rtg��aÐ�r�{�s�yela¯�z��qÀtlq°fxk�o���tlq´Ó�]Å�©ÄÂegv®�r�{qsa Z\[g½�¼r�Æh�¥ qyc Z\[g½�¼r���Ö¥ ¥�[
ïÏð�ñ®òqó	ô4õÏö�ñ®ô4ñ®÷ �uøu�uù/� òqúVû�üsý ú � ý þ4ñ0ÿ�ý�����ú���� � ��ú�ó/þ	��
��
�pú�üsý ñ��póuö�ú ô8ñ/û�ñ�������������������ñ�� � ýTòqó	ô4õÏö�ñ\ô8ñ���ú���
 ñ���üsý ú�þ � � üsý � ý4þ ñ

ÿ-ý�����ú���� � ��ú�ó/þTò � ��
��Ïò � ��ú�üsý4ñ�üsý � þ�ôDóuþ!��� �#"u� ú�ö�ö�ñ\ý4þ ú�üsý ñÏòqñÏþ$� �%" ñ��\ô8ñ��'&Ïóuþ ñ���ô4ñ��(
 � ��óuú�ñÏòqñÏþ��'� ö�ñÏú�þ4ñÏòqñÏþ���ô
� " ñ^ö�ó)���*�,+
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�@�^� G��0�-1.-
K�Ö°á�ÙyàBÚ{ß®ädÝnã¢ãiØåÙzO�Ø
∆(M2 − M4)

S Ý/] Øyà
∆(M3 − M4)

SÏf�]`_Ta�ØåÙzOná yµÞ�ä{Ø�â`à¸Ø�Ù j Ýn×lØ�ë�ä�Ù�O�Ø
∆(M2−M4)

Øyà
∆(M3−M4)

ÙyÚ®â`àbÚ�fyà¸Ø�â�ë�ØåÙZv@U\Ý®ä�à©á�äTOzØ�UÖ×KëzÙåáBØ�ë�ä�ÙÀä{Þ{Ýn×ïá�ÙyÝ�à©á©Únâ�ÙTO�ØÀ×»Ú®á�ÙTO�Ø
��áèÙíe\Øyäs_=�ÐÚnë�äªæ/e�ÝlNsërØªä�ÞdÝ®×KáèÙyÝ®à©áÆÚnârÛFO�ØåÙ j Ýn×gØyëzäåÙ�O®á yµÞ�ä�Ø�â`à¸ØåÙ�O�Ø

L
Û
M

Øyà
µ
ÙsÚnâ`à�ë\à©áè×ïáèÙsÞ�ØåÙ�ÝÏÎ�â

O�c Ú�fsà¸Ø�â�á�ä´ë�â�×gÝnäÆßzØ�Þ j Ø�â`àBÝ®áè×�O�Øªä{Þ{Ýn×ïá�ÙyÝ�à©á©Únâ�Ùs_0/�â Ý j ÝnâÖàBÝ�ß�ØªâòØyàÔÝ/UlU\Ý®ädÝná©àÎàBÚnë/ÙsÚnëzäåÙ�Ø�â�éyÝ j Ø�ëzäOzØ²×dc ØåÙ�à©á�ãxÝ®à¸Ø�ë�ä°ë\à©á�×KáèÙyÝnâÖàb×»ÝiãxÚ8O�Þ�×ïáèÙyÝ®à©áÆÚnâ~OzØ@��áèÙíe\Ø�ä	_
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Z\[�^\[
�Ühjtgelo�hjcdelknmpo\�Åfxkzor�ytlq´adc�hjcdeladcdel�z��q

�$��Ê$�JI0�JI A|��þ©ý����\ú¦ýèù�ûÉ3¦ü��¤þ96�3��ÂùÖû�û�>�6�3��4>�6zþ©þ�6�3
} qÔfxkzor�ytlqÐÓ�^¢�©�z�rerqsadc�tlqÔfxqye»tgtlqy�r�b��kn�r��t ~ qsadcdegfihjcdelknm£orqsa�tlknela�orqÐ÷·hjö®hjv�hjf�eè¥Âqsadc�fihjegmzc{qym`hjmzcÜ�sknf��`hj�{�

hj��fxkzor�ytlquÓ��²ad�r��tlqsa�egfihjv�qsa��{�sqytgtlqsa�[ } hÀ�sknf��`hj��hjela{knmiqsa{cÂ¨Æhjegc{qÐad�r��tlqsa��reladc{knv®��hjf�fxqsa·�©Ä�egv®�r�{q Z\[g½�] ¥Âqycbqym
��hjtl�y�rt�hjmzc�tlqsa�_ µ Ó �©ÄÂegv®�r�{q Z\[g½®½ ¥�[ ô qÜt ~ q��rhjfxqym�orqsa��{�sad�rtgc�hjc{a�¶êm�kn��aÂ��kn�r��knm�aÂ�sknm��ytg�r�{qÔ�z��qÜad�r��tlqsa�ad�r�í¨Æhn�sqsa
m`hjcd�r�{qytgtlqsai�����yv��yc�hjcdelknm�¶�a{kntè¥�¶Ötlqsa°o\e»îò�y�{qym��sqsa°a�knmzc·cd�{�saÀf�e»m`q����{qsaÀfihjela°ad�r�·tlqsaÀadc{�d���ycd�r�{qsaÀm�knm\wBm`hjcd�r�{qytgtlqsa�¶
tlq°fxkzor�ytlq²Ó��xqsadcu�relqym±fxqyegtgtlq�����[
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�@�^� G��0�-1�1,K�xÔäåä{ØyëzäåÙZNyërÝlOnä{Ý®à©á-NsërØ�Ù°ãxÚ�Ñ�Ø�â�â�Ø�Ù°æ{Ý®×»æyë�×lÞ{Ø�ÙHU\Únë�ä²æ/e\ÝlNyë�Ø�æy×gÝjÙ�Ù�Ø�Øyà�UrÚnë�äZOná yµÞ�ä{Ø�â`à¸Ø�ÙZOnáèÙ�à©ä�á�f�ë��
à©áÆÚnârÙ	_�a�Ý�ãxÞsà�e�Ú8O�Ø7O�c ØåÙ�à©á�ãxÝ®à©á©Ú®â ØåÙ�àµ×»Ý�ãiÞyà�e\Ú	O�Ø�O�ØåÙx×gÚ{ß��­ãxÚnãiØ�â`à�Ù¤Øyà¯×lØiãxÚ	O�my×gØ7OzØx×gÚnáµØ�Ù�à
ÙsÚná©à���á�Ùue\Ø�äåÛbÙyÚ®á�à®Ì²Ý ÍjÝ�ß�Ýnã¢áp_�a�c ØåÙyà©áèãxÝ®à¸Øyëzä�O�Ø|�báèÙíerØ�ä�Ý¤àBÚ®ëuÙsÚnë�ä�Ù´ë�â�Ø|x01Ft*UÖ×ïë�Ù�ésÝnápf�×lØnNyë�Ø
æåØ�×�×gØnO�ØTÌ²Ý ÍnÝ�ß�Ýnã¢á�_
a�ÞBß�Øyâ�O�Ø�O�Ø�Ù�æs×»ÝjÙåÙsØåÙ�ÝMYzÚ ÙyÚn×KÛ@ÞÕÚ j ÞBß�ÞyàBÝ®à©áÆÚnâ ÙsÚnãXf�ä{ØåÛ|ß�Ú j ÞBß�ÞyàBÝ®à©áÆÚnâ æy×»Ý®áèä{Ø�ÛHà#Ú àBÚná©à
ÙsÚnãXf�ä{ØåÛFâ7Ú àBÚná©àbãxÚ�Ñ�Ø�ârÛFã+Ú àBÚná©àÜæy×gÝná�ä

_�m��sknm��ytg��adelknm�¶�tlqsaÀadc�hjcdeladcdel�z��qsa·orqsa·egfihjv�qya°õ·¿rð ¹i�`hj�rc{q��{�sa�kntg�rcdelknm�qymÕf�egtgelqy���r�d�`hjegm�a{knmzc·fxkzor�ytge»w
aåhj�rtlqsa��`hj�ÎtlqsaÜtlknegaÔorqµÄÂelad��qy�32\óÎqsaÜtlknelaÜm��s�sqsa{adegc{qymzcÎt ~ �rcdegtgela�hjcdelknmÅo ~ �rm�qµm�kn�r��qytgtlqµfx�ycd��kzorq·o ~ qsadc{e»fihjc{egknmº³�t�h
fx�ycd��kzorquorqsa�tlknvnwBfxknfxqymzc{a
2�÷µkn��abh���knm�a��r�{kn�r���Ô�z��qÔ�sqÎfxkzor�ytlquqsadc��relqymihno�hj�rc{�Ð��hj��egt\fxkzor�ytgela{quhj��a�ade\�relq�m
tlqsaÐad�r�í¨Æhn�sqsaÎmÖhjcd�r�{qytgtlqyau�z��qµtlqsaÔad���í¨Æhn�sqsaÎm�knm\wBm`hjcd�r�{qytgtlq�a²³�a�h���hj�`hn�yegc{�²¹´fxkzor�ytgela�qy�ÔtlqsaÔo\ela{cd�deg�r�rcdelknm�au¹�c{§yc{q
tlkn�r�{orq£kn�«¹±�z��qy��qxtlkn�r�{orq£qsadc´�rmrel����q*2 Ã tÜhj�r�`hj��hêølcªorknm��£�sknf�fxqi�rm�qiq��\c{qym�adelknm«orqsa²tlknela��yt�hna�adel����qyfxqymzc
�rcdegtgela��yqsa���qy�dfxqycdc�hjmzc¤¹pt�hp¨©knela�orq��{qy�r�{�sa{qymzc{qy�xtlqsa�ad�r�í¨Bhn�sqsa�orknmzc�tlqsaxadc�hjcdeladcdel�z��qsa�a{knmzc��relqym �sknmrmz��qsaxqyc
orq²�{qy�r�{�sa{qymzc{qy�¯tlqsa¯a{�r�í¨Æhn�sqsau��kn�r�¯tlqsa{�z��qytgtlqsautlqsaufxkzor�ytlqsa¯�r�{kn��k®a{�saµ�s����kn��qymzc32Ö÷µ��hjmrfxknegm�a¦¶rt�h��rtg��auv®��hjm�orq
�`hj�dcdelq´orq°t ~ hjfx�ytgelkn��hjcdelknm�hj�r��kn�dc{�sq²�r�{k¦��elqymzcu�rtg��a¯orq°t�h¢fx�ycd��kzorq´o ~ qsadcdegfihjcdelknmp�z��q°o\�±fxkzor�ytlq´orq°tlkne�tg�re»w
fx§yfxq*2\_�m¤q�î�qycÜtlqsaÜtlknelaÔorqµ÷Àhjönhjv�hjf�eòqsadcdegfx�sqsaÎ�`hj�Üt�h²fx�ycd��kzorqÀorqsaÜtlknvnwBfxknfxqymzc{a¦¶z¨©kn�dfxqymzcÎ�rm�qµ�r�{qyf�el�y�{q
qsa{cdegfihjcdelknm±cd�{�sa¯�skn�d�{qs�yc{q´orqsauad�r�í¨Bhn�sqsaÐ�r�d�`hjegm�qsa32

} qµfxkzor�ytlqÀo�qyaÎtlknelaÐorq·ÄÂelad��qy��¶�qsadcdegfx�sqsaÔ�`hj�Ît�h´fx�ycd��kzorqÀo�qyaÎtlknvnwBfxknfxqymzc�a�¶rqsadcÜ�`hj�dcdel�y�rtgel�y�{qyfiqymzcu�relq�m
hno�hj�rc{�¯¹·t�hµfxkzor�ytgela�hjc{egknm£orqsa�tlknela�a{c�hjcdeladcdel����qsaborqsa�e»fihjv�qsauãxÚnâÖÚ�� j ë�ØåÙÂ�`hj�rc{qÔ�{�sa�kntg�rcdelknmxo\��f�egtgelqy�x�r�d�`hjegm'2óÎqsa�adc�hjcdela{cdel����qsa´�{qycd��hjm�a{�y�deg��qymzc�¶�orq�¨Bh�ësknm¾fihjcd���yfihjcdel����q®¶�tlqsa´��hno\elknfx�ycd�delqsaª�r�{�sa{qymzc{qsaªo�hjm�a´tlqsa²egfihjv�qsa32
Á�hj�À�sknmzcd�{q®¶ò�sq�fxkzor�ytlqªm ~ hj�r��hi�rtg��a·tgelqy�ºo ~ §ycd�{qªade��sqya·egfihjv�qsa°a{knmzc·�r�{��wÆÍ�tgcd�{�sqsa32 ô hjm�a·tlq���hnaÀo ~ �rm�a{egf��rtlq
Í�tgcd�{q�f��rtgcde»wB����qsa�¶Ötlq´�`hj��hjfx�ycd�{q

L
��kn�r�d��hi�{qym�o\�{qª�sknf��rc{qªo\�pÍ�tgcd��hjv�qª��hj�µegtÂqsadc·�yv�hjt�hj�Õm�knf��r�{qªorq´�z��qsa

qycitlqÅfxkzor�ytlq�orq±ÄÂelad��qy�i�{qsadc{qy��h hnor�s�z�`hjc32�Ó�hjela�cd�{�sai�zegc{q¾�©� ~ qsadcíw­¹êw¸o\eg�{qpq��\���y�degfxqymzc�hjtlqyfxqym�c¤or�sai�z�`hjcd�{q
����qsaå¥�¶`tlqsa·adc�hjcdela{cdel����qsaµc{qym�orqymzcÀ��qy�{a·orqsaµtlknelaÀo ~ hjtgtg�r�{qªorq´��t»�`a·qymp�rtg��aÀad¬zfx�ycd�del�z��q�qycÀorknm���fxkzor�ytgela�hj�rtlqsa
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I¡K�Ö°á�ÙyàBÚ{ß®ädÝnã¢ãiØåÙ~O�ØåÙzO�Únâ�âòÞ{ØåÙÕä{Þ�Ø�×è×lØåÙ Øsà�O�ØåÙzOná�Ùyà©äåá�f�ë\à©á©Ú®ârÙ�ØåÙyà©áèãiÞ�ØåÙ
SBãxÚ8O�m�×lØåÙ�t�ß Øsà�t+à�]`_
L�e�ÝlNyë�Ø·ßnädÝuU�e\Øªæ�Únä�ä{ØåÙwU\Ú®â�O�viëzâòØ�æy×gÝjÙåÙsØ	_

�`hj�iorqsa�v�hj��a{adelqymrm�qsaiqyc�t ~ �rcdegtgegc{��o ~ �rm fxk�o���tlq�adc�hjcdeladcdel�z��q���h4�xm��Åm�q±a{q£¨Bhjegc��rtg��axa{qym�cdeg�32�¿zeÐtlqsa�egfihjv�qsa
a�knmzcªÍ�tgcd�{�sqsa��`hj���rm Í�tgcd�{q±hjmzcde»w¸ad��qs��ö�tlq ���`hj�xq��rqyf��rtlq®¶�tlq¤Í�tgcd�{qÅorq } qsqz² } qsq±qyc65®�r�{ö�qy��el����¶Ð½	�`�`� ´¯kn� tlq
Í�tgcd�{q�orq�³À�`hjmá² ³À�`hjm qyc�hjt�2g¶Ô½	�`�l� ´�¥�¶Ât�hÕadc�hjcdeladcdel�z��q¤o�qya¢egfihjv�qsa�qsadc¢���`hjmrv��sq*2 } q¤fxkzor�ytlqÅorq�Ä�ela{��qy�ªm�q
a ~ hj�r�rtgel����qµ�rtg��a32 }b~ egmzc{�y�{§ycÐorqµ�sqsaÜÍ�tgcd�{qsaÎqsa{cÜo�qµa{q¯��hjfxqym�qy�u¹´orqsaÎadc�hjcdeladcdel�z��qsaÎo�hjm�aÎtlqsaÜegfihjv�qsaÎ�r�{kz����qsaÔorq
�sqytgtlqsaÔorqsa�egfihjv�qsaÔkn�rcdel����qsaÔkn�¤o ~ hjfx�ytgelkn�{qy�Ît�h´�z�`hjtgegc{�¯��elad��qytgtlqµorqsaÜegfihjv�qsa32zÓ�hjelaÜ�sqs�yeòa{qÐ¨BhjegcÎhj�¤or�ycd�degfxqymzc
orqÅt�h��{�sa{kntg�rcdelknmÌorqsa�egfihjv�qsa
2 } h�fxkzor�ytgelaåhjcdelknmÌorq±ÄÂelad��qy�x��qy�{o �yv�hjtlqyfxqymzc£orq±a{knm egmzc{�y�{§yc£o�hjm�a�tlq±��hna
o\��Í�tgcd��hjv�q�f��rtgcde»wB����qsa32�ÁÂkn�r�°�rmºm�knf����{q�orq¢����qsa°ad�r���y�delqy�r��¹7��¶òt�h£tlkneborq�÷Àhjönhjv�hjf�e�ad���xc32�Ó�hjelaÀm�kn��a
�r�{��¨Æ�y�{knm�a¯cd��h��®hjegtgtlqy�À¹¢�rtlqyegm�q´�{�sa{kntg�rcdelknmÕor�saµ����q´� ~ qya{c¯��k®a{adeg�rtlq´qyc·hj�r�rtgel����qy�·orqsa¯cd��hjegc{qyfxqymzc{a·ad���s�ye»Í`�z��qsa
hj�\�ºegfihjv�qya´��hno�hj��qym fxkzor�ytgela�hjmzc´tlqsa´adc�hjcdeladcdel�z��qsa°�`hj��orqsa°tlknela´orqxÄÂelad��qy�32�óÎqyt�hÅ��qy�dfxqyc�orq�m�q��`hna²cd�{kn�
a ~ �y��hj�dc�q��Ðorq¯t ~ egm\¨Ækn�dfihjcdelknm��r�z¬�a{el����qµorqsaÜegfihjv�qsaÔqycÔo ~ h���kneg�Ît�h´fxqye»tgtlqy�r�{q·�r�{�s�yela{egknm���k®a{adeg�rtlq*2 } h´�{�sa{kntg�rcdelknm
a�qy��h¢or�yv®��hnor�sq�hj��orqy�dmrelqy�ufxknfxqymzcµ�z�`hjm�o�egt�¨Bhj��o\��h�¨©��adelknmrm�qy�µh���qs�Àtlqsaue»m�c{qy�í¨©�y�{knv®��hjf�fxqsa
2

½�^®¼
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7 ¦D§98�¢d©�°�£d¦P§

ô hjm�a¯�sqycdc{q°�`hj�dcdelq®¶�cd�{knelaÐmreg��q�hj�\�Åo ~ hjm`hjtg¬\a{q²orqsaÐegfihjv�qsaÀ¿�ËµõÒknmzc¯�yc{�²or�s�y�degc{a´³
È ¹´t ~ �s����qytgtlq°orqµt�h��sqytgtg�rtlq°�ytl�yfxq�m�c�hjeg�{q�³zt�h�adegf��rt�hjcdelknmÅ�ytlqs�ycd�{knfihjv®m`�ycdel�z��qx��cd���skn�delqÀo�qµt�h´�r�{kn�`hjv�hjcdelknm
�ytlqs�ycd�{knfihjv®m`�ycdel�z��q¦¥�¶

È ¹¢t ~ �s����qytgtlq´orqsaukn�\ìdqyc{a²³rtgq²or�s�skn�r�`hjv�q´qym�a{kn��aíwB�`hjm�orqsa���c{��hjegc{qyfxq�m�cµo\��adegv®m`hjtè¥
È ¹¢t ~ �s����qytgtlq´orqsauad�r�í¨Bhn�sqsa²³\fxkzor�ytgelaåhjcdelknmpadc�hjcdeladcdel�z��q²orqsaÐc{q��\cd�r�{qsa´��cd��hjegc{qyfxqymzc·orqsaÐegfihjv�qsa�¥,2

óÎqsaxcd�{knelax�s����qytgtlqsax��qy�dfxqycdc{qymzc£o ~ �ycd��o\elqy�£�sqÅ�z�reua{q��`hna{a{q±hj� mreg��q�hj� orq�t�h��sqytgtg�rtlq®¶�orq�t ~ kn�\ìdqycxqyciorq�t�h
a{�r�í¨Æhn�sq*2�Á�tg��aªknmÑqsadc²�r�{kz����q£orqxt�h±�sqytgtg�rtlq®¶�fxqyegtgtlqy�r�{q¤qsadc²t�h±�sknf��r�{�y��qym�a{egknm o\�¾�r�`��m`knfx��m`qi�r�z¬\adel�z��qi¹
t ~ kn�degv®egm�qÀorqµt ~ egfihjv�q·fihjelaÎ�rtg��aÎt ~ �ycd��orqÀqsadcÔad���s�ye»Í`����qÀqycÎm�q¯��qy�rcÐ§ycd�{q·�yc{qym�o\��q°¹´c{kn�rc{qµt ~ egfihjv�q*2\Ë �sknmzcd��hêw
�delkr¶rtlq°cd��hjegc{qyfxqymzcµo ~ egfihjv�qsa¯m�qÀ��qy�rc�¶Ö¹ªtg�re�a{qy�rtB¶rq��\�rtgel�z��qy�Ðtlqsa¯��hj��a{qsau�r�z¬�adel�z��qsauo\��adegv®m`hjt�õ·¿rð:2
} qsa¤�`hj�dcdel�y�rt�hj�degc{�sa±o\� f�egtgelqy� �r�d�`hjegmçknmzcÅ�yc{��hjegm�a{e°hjm`hjtg¬\a{�sqsaÅh���qs�pcd�{knela��s�yt�hjeg��hjv�qsa±o\e»îò�y�{qymzc{a±hêÍ�mçorq
�sknf��r�{qym�o\�{q´tlq²a{egv®m`hjt���hno�hj�·¹¢�`hj�dcdeg�µo\������qyt�tlq²Óp÷°¿£�r�d�`hjegmporknegcµ§ycd�{q²��hjtl�y�rtl�®¶Öqyc¯orq²or�yv�hjv�qy�µorqsa¯��hj��hn��w
c{�y�dela{cdel����qsa¯�sknf�f��rm�qsa·¹¢���`hn�z��q°�`Ïjcdegfxqymzc32

} qsa�a{e»fª�rt�hjcdelknm�aª�ytlqs�ycd�{knfihjv®m��ycdel�z��qsa¢knmzcª�yc{��¨Bhjegc{qsaª¹Å�`hj�dcdeg�ªo\�Ñfxkzor�ytgq£�r�{kn��k®a{�i�`hj�ªÄr��hjm��sqsa�����qycdcde
² Ä���hjm��sqsa{����qycdcde�qycÐhjt�2g¶.;®¼®¼*; ´b�BóÜ�`hj�regcd�{q < ¥,2róÎqµfxkzor�ytlqµ��qy�dfxqycÐorq·adegf��rtlqy�Ô��hj�relorqyfxqymzcÔt�h´�{�y��knm�a�q·�ytlqs�ycd�{kjw
fihjv®m��ycdel�z��q´o ~ �rm��`Ïjcdegfxqymzc·adegf��rtlq®¶`qym±�r�{qym`hjmzcµqymp�sknf��rc{q²tlqsa¯orkn�r�rtlqsa¯�{�,=`q���elknm�a¯f��r�)>ja�kntÜ��f��r�¯tgela{a{q²qyc
a�knt��d�rv®��qy�\�`¥,2 Ã t�qsadcÀ��t»�`a²hj�r�r�{k��\egfihjcde»¨Ð�z� ~ �rm�q¢fx�ycd��kzorqxq���hn�yc{q®¶ò�`hj�²q��rq�f���tgqxÄ ô É ô ² ?Üqsq®¶�½	�`�`� ´�fihjela
�relqym fxknegm�aitlkn�r�{o ¹�fxqycdcd�{qpqymA@À�r���{q*2�Ó�hjelaxegtu�{qsa{c{q±orqsaitgegf�egc{qsa¤¹º�sq±fxkzor�ytlq®¶Üqym �`hj�dcdel�y�rtgelqy��ad�r�xtlqsa
orknfihjegm�qsaµorq°�nhjtgelo\egc{�®¶`���re�m�q²a{knmzcu�`hnaÐcd��hjegc{�sqsauel�ye�2
} qsabadegf��rt�hjcdelknm�aÜknmzc��yc{�u�sknf��`hj�{�sqsaÎh���qs�Ðtlqsaborknmrm��sqsab�{�sqytgtlqsa�qycbt�hÀ���y�degc{�Ðc{qy�d��hjegm'2�óÎqs�yeÖh·��qy�df�ela�orqÐfxqycdcd�{q
¹²ìíkn�r�µ�rtg��a{elqy�r�{a·�`hj�dcdel�y�rt�hj�degc{�sa°orqsaµegfihjv�qsaÀõÀ¿rð orq ô �rmrö�qy�{�z��q£³`t�h£adegv®m`hjcd�r�{qªorqsaÀ�sknegm�aµ�{�,=`qs�yc{qy�r�{a°orqsa
�`Ïjcdegfxqymzc{a�orknmzcªt ~ qyf��r�{qyegmzc{q±hj� a{kntÎqsadcªv®��hjm�orq®¶�h±�rm�q�hjf��rtgegcd��orq��ytlqy���sq¤o�hjm�aªt�h±v®�åhjm�orq£fihêìdkn�degc{�¤orqsa
��hna¦¶Ö�z��qytgtlqª�z��qªa{knegc·t ~ kn�delqymzc�hjcdelknm o\���`Ïjcdegfxqymzc32òÓ�hjela·c{kn�rc{qsa·tlqsa·tgegv®m�qsaÀ�r�degtgt�hjmzc{qsaÀm�qªa�knmzc·�`hnaÀorqsaÀ�sknegm�a
f��r�)>ja�kntCB } h²�rtg�r�`hj�dcÎorqsab�`Ïjcdegfxqymzc{aÔknmzcÜorqsabc{knegc{a�cd�{�sa���qymzcd��a·³®tlqy�r���{�y��knm�a�q¯qsadc�cd�{�sab¨©kn�dc{q¯qyc���qy�rc�fx§yfxq
fihna�����qy�u�sqytgtlq²o\�±�skne»mD2 }b~ egmzc{qy�í¨Æ�y�{knv®��hjf�fiq²��qy�dfxqyc¯orq°o\ela{�y�degf�egm�qy�utlqsaÐc{knegc{auorqsaÐ�{�y��knm�a{qsaÐf��r�)>ja{knt�2�Ó�hjega
�sqyt�hÕfxknmzcd�{q±�yv�hjtlqyfxqymzcxt ~ egf���kn�dc�hjm��sq±orq�t�hp���y�degc{��c{qy�d��hjegm a�hjm�a¢t�hn�z��qytgtlqÅorq¤fihj�r�®hjela{qsa�egmzc{qy�d�r�{�yc�hjcdelknm�a
a�knmzcÔ¨Æhjegc{qsa
2

Ã t·m ~ qsadc¤�`hna¤��k®a{a{eg�rtlqÕo ~ egmz��qy�{a�qy�¤tlqsa�adegf��rt�hjcdelknm�aÅ�ytlqs�ycd�{knfihjv®m`�ycdel�z��qsa±qym ��hjela{knmço\� v®��hjm�o m�knf��r�{q
orq£�`hj��hjfx�ycd�{qsa¢v��sknfx�ycd�del�z��qsa�¶��ytlqs�ycd�{knfihjv®m��scdel�z��qsa�qyc¢ad�r�í¨Bhn�yel����qsaªf�elaªqympìdqy�'2Âñ¯m«�sknf��r�{knf�ela���k®a{adeg�rtlq
qymzcd�{q¢tlq¢cd��hjegc{qyfxqymzc´o ~ egfihjv�q�qycÀt ~ �ytlqs�ycd�{knfihjv�m��ycdela{fxqxqsadcÀtlq¢or�s�skn�r�`hjv�qxqym a{kn��aíwB����qsa32 }b~ q����rtlknegc�hjcdelknmÑo\�
�sknmzc{qymz��o\�¤ad��qs�ycd�{qu¨��{�s�z��qymzcdelqytÖ��qy�dfxqycÔorqu�{qycd�{kn�r��qy�Ütlqµ�sknf���kn�dc{qyfxqymzcÐorqsaÜkn�\ìdqyc{aÜa�qytlknmit ~ hjmrv®tlqÀhj¡segf��rc�hjt
o ~ egm��yelorqym��sqÀorqµt ~ knm�orq*2�_�m£�Öhj�dcdel�y�rtgegqy��¶r�sqµor�s�skn�r�`hjv�q·�r�{kn�r��q®¶\¹²m�kn�r��q�hj��¶��z��q¯tlqsaÎo\el�so\�{qsaÎ�sknm�a{cdegcd���saÎo ~ hj�
fxknegm�ax�rm�qÅad�r�í¨Bhn�sq��d�rv®��qy��a{q±knmzc��rm o\e�hjv®��hjf�fxq�o ~ hjmzc{qymrm�q±cd�{�sa�t�hj�dv�qÅqycxa�knmzc�orknm`����eladeg�rtlqsa¢��kn�r�x�rm
egmzc{qy�d�®hjtgtlq°cd�{�saut�hj�dv�q²o ~ hjmrv®tlqsaµo ~ egm��yelorqym��sq*2
ñµmÕkn�rcdegt�o ~ hjm`hjtg¬�a{q�hj�rc{knfihjcdel����q�orqsa·a{kn��adwB�z��qsaÀh£�yc{���r�{kn��k®a{��hêÍ�m�o ~ elorqymzcde»Í`qy�°tlqya·��knegmzc{aÀa{c�hj�rtlqsa·qyc·tlqsa
��knegmzc{aµegm�adc�hj�rtlqsa¢�BóÜ�`hj�regcd�{q � ¥,2 Ã t��{qy��k®a{q�ad�r�¯�rmp�y�degc{�y�{q��sknm�adc{�d�regcÀ¹��`hj�dcdeg�·orq²t�hx�z�`hjmzcdegc{��o ~ egm\¨©kn�dfihjcdelknm
orqª¿z�`hjm�m�knm'2 Ã t���qy�dfxqyc·orq´�sknm�a{qy�d��qy�¯t�h��{�sa�kntg�rcdelknmpegmregcde�hjtlq�orqsa¯egfihjv�qsa¯fihjelaµegt�m�q²�r�{qym�opq�mÕ�sknf��rc{q�����q
t ~ egm\¨Ækn�dfihjcdelknm«o ~ hjf��rtgegcd��orq*2�ñµm¾hê�rq�orq�cd��h��®hjegt�¨©�rcd�r�´a{qy��hjegc´orqxcd�{kn�r��qy�´�rm�qx�sknf��regm`hjela{knm«�sknf��rtlq��\qiorqsa
a�kn��aíwB�z��qsa¯hêÍ�m�o ~ hjfx�ytgelkn�{qy�µtlqsaÐegfihjv�qsauegmregcde�hjtlqsa32

} qµorqy�dmrelqy�Ôhnad��qs�ycÎorqµ�sqycdc{q¯�`hj�dcdelqµqsadc�t�h²fxkzor�ytgela�hjcdelknm�orqsa�c{q��\cd�r�{qsaÎorqsaÜad�r�í¨Bhn�sqsa32 } qsaÎadc�hjcdeladcdel�z��qsaÜorqsa
egfihjv�qsa�õÀ¿rð a{knmzc��relqym��sknmrmz��qsaÂqym²f�egtgelqy�´mÖhjcd�r�{qyt�¹Ô�`hna�a{q��{�sa{kntg�rcdelknm�fihjega��sqsa�fxkzor�ytlqsaÂ�s����kn��qymzcÂqym²f�egtgelqy�
�r�d�`hjegm¾¹£�`hj�rc{qª�{�sa{kntg�rcdelknm'2 } qªfxkzor�ytgq�orq¢ÄÂelad��qy�²h£�yc{�ª�®hjtgelor�¢o�hjm�aÀtlqxóÜ�`hj�regcd�{q 4 qycÀegt�qsadc·�rcdegtgela{�ª��kn�r�
�yt�hna{a{e»Í`qy�Ît ~ egfihjv�qÀõÀ¿rðÒq�m�¡�knm�qsaÔo ~ egmzc{�y�{§yc´�����yv��yc�hjcdelknm�¶ra{kntB¶z�`Ïjcdegfxqymzcå¥Îo�hjm�aÎt�h����`hêølm�qÀorq·�{qs�sknm�adcd�d���ycdelknm'2
óÎqy��qym�o�hjmzcÐegtÖfihjm��z��q·orqy�\�£o\eladc�hjm��sqsaÐ¹´�sqµfxkzor�ytlqµ��kn�r�Ð��� ~ egtòa{knegcÜ�`hj�í¨Bhjegc{qyfxqymzcÐ�sknf��rtlqyc°³��rm�qµ�r�{qyf�el�y�{q
o\ela{c�hjm��sq²qymzcd�{qÀtlqsautlknega¯orq°ÄÂelad��qy�uqytgtlqsadwBfx§�fxqsaµ�z�re���qy�dfxqycdcd��hjegcµorq°�sknf��`hj�{qy�¯tlqsauo\eladcd�deg�r�rcdelknm�aµqymzcd�{q²qytgtlqsa
qyc·��m�qªorqy�\�\el�yfxq¢o\eladc�hjm��sq¢o�hjm�a·t ~ qsad�`hn�sq¢orqsa·�`hj��hjfx�ycd�{qsai�

L
¶
M
¶
µ
¥µ�z�re���qy�dfxqycdcd��hjegc´orq���k®adegcdelknmrm�qy�°�rm�q

qym�a�qyf��rtlq²orq°�`hj��hjfx�ycd�{qsa¯�`hj�u��hj�r��kn�dcµ¹¢t ~ hj�rcd�{q²qym±�r�{qym`hjmzcµqym±�sknf��rc{q²tlqy�r�{au�{qyt�hjcdelknm�auegmzcd�degm�a��s����qsa32
ËÒt ~ ela{ad��q°orq²�sqycdc{q°�`hj�dcdelq®¶rtlq°�sknmzc{qymz�po\�±adegv®m`hjt�õ·¿rð qym±f�egtgelqy�±�r�d�`hjegmp¹ª�`hj�rc{q°�{�sa�kntg�rcdelknm�qsadcÐf�elqy�\�

�sknmrmz�¾�r�rela{�z��q¢m�kn��a´aåh���knm�a°fihjegmzc{qym`hjmzc�fxkzor�ytgela{qy���sqy�dc�hjegm�qsa�adcd�d���ycd�r�{qsa´qyc²tlqy�r�²c{q��\cd�r�{q*2 ô qsa°������knm`a{qsa
½3<\½



4.2�<.2�;.2���hjtgelo�hjcdelknmpo\�±fxkzor�ytlq²orq²ÄÂelad��qy�

v��ym��y�del�z��qsa�orqb�`Ïjcdegfxqymzc{a�qym�knmzc��yc{��or�so\�regc{qsa32¦ñµm´�sknegm´�{�,=`qs�yc{qy�r��¶jhjegm�ade��z� ~ �rm�q�knf��r�{q®¶¦a{knmzc��rm�q�egm�o\el��hjcdelknm
¨Ækn�dc{q¢orqªt�h£�r�{�sa{qym��sq�o ~ �rm��`Ïjcdegfxqymzc32 ô qª�rtg��a�¶�tlq¢or�s�skn�r�`hjv�qxqymºa{kn��aíwB����qsa°hifxknm�cd�{�¢�z��qªtlq�fxkzorq�orqªt�h
�r�`hna�qªegmzc{qy�í¨©�y�{knfx�ycd�del�z��qxo ~ �rm�q�adcd�d���ycd�r�{q�qsadcÀ�rtg��a·ÍÖhj�rtlq��z��q¢a�h£fxk¦¬�qymrm�q*2�É�kn�rc{qsa²�sqsaÀegm�o\el��hjcdelknm�a²��knmzc
§ycd�{q°egm��ytg��a{qsa¯o�hjm�aut�h����`hêølm�q²orq°�{qs�sknm�adcd�d���ycdelknmE< ô ���re�qya{cÐ�r�{�sa{qymzc{�sq´o�hjm�aÐt�h¢�`hj�dcdelq²ad�reg�®hjmzc{q*2

½3<*;
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� �U�L���%�%���P�X�#�������X�$���#�g�g���$�%�6�����X�������6�X�#�$�N�.�#�����P�������#�$�����.� �%��¡*�L���²õ0¢rð£�$���6�������$� �X�%¤L����� �$�
�¦¥ ���X�$���%��§L�$�¨�X���9�3���©���$�#�$�%���%�%��ª��N���:�%�©���%���#�%��ª �N���9�$�9�%�%�%�N�$�%�X�#�$�������:���©�#�$���%���$�������:«¬�­���X���#�$�%���X�%�����®�X���­���#���$�N�*2
� ¥����%�%���¯���%�������X�	�­�:�L���X�#�$�X�!�3¥����X�X�X���W�%�X�i�����i�����N�#�©���©���%�����N�32

° �±�%�N�����%���*²|�����%�.³��´�¦¥ ����µ �$�#�#�$����¥ �����#�$��¶��$�#��¡*�©���6�¯�·�����X���#�$�������#�$�i«]�­�W�L���X�#�$�X�3².�%�X�%�#���X�´�$�¸���$�#�������%�#�
��Ó¹��¥������%���%�N�X�9�¦¥����9¤X��¡*�Xº��#�:���%�i�#�$�����Wª��'¥ ���'�'¥ »��¨�L���!�X�	�#�$�X�����$���$���·�X�	�X�L���©�]�$�¹�6�������$�¹�X�%¤L�����®¼������$�D�'¥����%�
�$µ|���X�$�6���$���±�L���¯µ��©���!�%�½�­��µ|�������¹���%�¾�����N�%�%�%�X���#���#�X���X�L���������©��¡*�N�
¿,2 ° �x�X�©���%��ª��N�*²���¥ �����#�$��¶��$�#��¡*�©���6�¯�
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� �¬���$�%�N���X�±�X���?>�Ö��$�%�¯���N�$���¯¢|�3���%�#�$�#�$�#�%@ A ² �L�$�%�#�$�%�%���$�:����2�²�;6565.� ² �N�$�%�#�$�%�#���$�:����2�²Ã;656565�¤ ² �L�$�%�#�$�%�%�´�,�¨����2�²
;656565*� ´L���%���­�!�X���N�`�#���Xµ �$�����$�6�X���
» ���´�3���`�$���������$�%���$���¦¥��3µ �����`�X�����3���%�#�����X�#���$���#���
2 ° �6�,ðî�$�3²������X�#��¤X���$���Å�.�
�#�X��µ��Ò�X�½�#�$�%�©�����¸���%���¦¥�ñ$�%�#�!�CBX�Áª��N�i�­�]�L���X�#�$�X�´�¦¥ �X�¾�X��ÀX�$�î«]�X�¯���N�#�©�����

t
���%��§Ò��¤X���0�$�Á���$�X��ñ$�%�#�!�����6�L���#���

«����,�����¾�X�����6��ñ$���¯�X��À.�$��«¸�X�c���L�%�©�����
t + 1

2'Ö����X�:���,�­�.²Ã�N�$�%�#�$�%�#�Á�$�9����2'�X�#�����*�#�$���9�X�¯�#�$�����$�%�����X�N�$�9�����
���������#���X�����`�­�!�#�$�����N�#�Å���%�`�%�©��¤X���´�N���N�������#�$�6�N�
²������D>�Ö��$�%�¯���N�$���´¢|�3���%�#�$�#�$�#�%@©²*�$�`�N�´�����N�%�%�%�X���#�´�­�0�3���%�#�Å�X�
�X�$�X�­�����$���$���©�`«i�L���%�%�����X�Á�����D�������|�#�32�Æ����6���Á���$�X�Ã�#�$�����N�#�Á�$�¨���6�X�����%�N�X�´���%�Ã�%�©��¤X���*²
���|���%�Ã�X�#���#ª �N�Á��BX��ª �N�
�*¥����%���#����Â%���X�#�����½��ñ$���·�$���$���$���Å�X�!�­�W���$�����X���·�X�!�#���#�����X�%�����¬ª �X���#�$�����N�¦28&½�N�·���X�%�#�!���$�%�N���X�n² ÆÁ�L�*��¤L���N�*²
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µ �L���%�#�!¶����6���������Å�X�!���$�%�N���X���´�����N�´�3�����$�X���$�Å�����´�3���%�#���´�¦¥��$���$µ*���%�����N�Å�$�±�6�������$�¸�X�%¤L������«9�L���X�#�!�#���©�����8�
�%�����¹�#���|�i�X�$µ �$�����N���$���!�N���N�i�­�:�����%�#�$�©���%�X�©�¯Ð

H ���I>��%�L��������¶��#���!�(�%�L���X�#JK@©²���Ó���¥��$�6�X�#�$�����#�½�X����¤LÇ��%�����$���#�Á���%�����%�%�������½«·�L���%�%�����X�������9¤X�#�����X�Å��¥ ���¯��¡C�
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Ë'ô�õLô¹¸îô�õ º¼»¾½À¿1ÁÃÂUÄÆÅ�ÇÈº¼»¾½ÀÉRÅ�Ê
� ¥ ° ª��L���%����� ;.2 7 �������#�#�·���·�����$���$���%�#�	�­�:�©���������	�.�¬¤LÇ��%�����$���½�$�Å�­�:�©���������]�X�	�#���¬���9¤X�#�*2ÒÆ��$�%�#�]�X�$�%�X���$�#�

�X���X�N�9�$¡ �����$���$���!�X�N�]���N�.���3���%�����P�%�X�i�­�¨¶����%���]�X�X���#ª��N�W�#���¹�������#���X�0�%�X���½���	¤����©�¹�.�¹�#�����½���	�X���N�!�$������¡*�N�
�.�¯�3���X�#�$�X�32 Ä·���N�*² �3µC���Åª��L���%�#�Å���¯��¡C����Ó0¢XòÑ�%�X��µ�������ª �L���%�#�Å�%�©�����������%�%�N��¡C���L�������Á�$�����X���*�#�����3²*���������9¤X�#���
�#�$�%�©���N�©�$�%��µC�$���½�#���N�i�����Å¤����#�X�½�X���Å¤LÇ��%�����$���#�
2

� �6�%�%�©���#�$¡*���]�%�X��µ|���·�L���i×´�����#�$�½�$�!����2'¼KË ×´�����#�$�½�$�iÖ����XÍC²'�ÍÌ6Ì6Î ² ×´�����#�$�!�$� � �$¤��$�%��²Ò;656565*� ² ×´�����#�$�3²Ò;656565 ÏÙ¿
���#�DÂ��N�%�#�$���$���Å�¦¥��,À|�X�������#�$�i���$�%�#�·�����N�%�©���©���%�����'2XÖ����Å�������%�#�*²|�­�W�L���X�©�,�N�Å���%�´���%�%�������0�N���¸�L���Å«W�L���%�%���Å�X�!�­�
�©���������W�X���i���9¤X�#���i�¯�����!«:�L���%�%���!�¦¥ �X�������#�$��¶��$�#��¡*�©���6�¯�]�����X�0�����$�������#�$�!�­�:�X�#���$���%�����'2
Ø����Å�.���#���*�#�$���i�X���N�]�X�]ª �L���%�#�	�L���#�#���Å�����#�$��¶��$�#�����$�%�%��ª �N���!�#�X�Å�X�N�·��ñ$���	Í3���N�*²N�N���N�i�#���X�#���i�����i�.���#���$�%�����N�
�3���#�.���L�������
2 ° � �����9¤X���L�����¾�����6ª��L���%�#�¸µ|�N���3²������6¤LÇ��%�����$���#�¯�#�����6�L����¶������#�$���$���¯�X�$�#���$�#���¾«��L���%�#���¯�X�¸�­�
¶����%���6�X���]���9¤X�#���32 � ¥�����¡C���%���%�X���¯�X�¨�#�������N�%�%�%�N�$�%�����g���%�]�,À|�X����ª��N�6�N���N�ÐË ×´�����©�,�W�$� � �$¤��$�%��²D;656565�¤ Ï(2'ÎÃ���X�
�¦¥���¤����#�U�����¨���9¤X�#���¨�#�����:���#���������32�Ö����X�¨���$�­�.²������:�������#���X�#�6�#�����¨�X�$�#���$�#���6«¹�L���%�%���¨�X�±�#�$��Í3�¾�¯���#ª��N���:�X�
�©���������

[7 × 7]
²Ò��¤X�#�$���N�!�L���0�#���©���%�����'²î���X�X����ª �N���·�$���©�L��ª��N�W�X��ÀX�$���X�]��¥ ���¯��¡C�*2 � ���!¤����#�X�0�X���!���9¤X�#���·�#�����

�X�,§N�X���!�L���!�X�E�������%�©���%�#�W���6�����%�©�����32 � ���!�©�$��Í��W�¯���#ª��N���½���$�%���$�%�#�$���·�X�W�#���%�#�$�!�#���X�#���!�����!�.���#���$�%�����N�32�&½�
�©�$�X�����­��¡C�W���%�i�$�N�%�X���#�W�)ð¦���$�%�N�	�X�X���i�����iª��L���%�#�	µ��N���i�©�����i�����9¤X���N�����½�����X�i�#�$�%�#���Xµ �$�i��¥��$�6�X�#�$�����#�9�$���%���$�#�*2

� ���¯�#���%�X���©���#�±��¤X�#�$���N�¯�������%�#�$���¸ª �N����¥��$�6�X�#�$�����#�E�X���¯¤LÇ��%�����$���#�±���%�¯�6���$�.À �X�$�#���$�#���Eª �'¥��3µ �����X�N�
�#���6�X���9���L����».�#�W�N�$�0�X���X�N�����!�����#�$��¶��$�#�����$�%�%��ª �N���¨Ð

RMS = ±27.80m2 ���������$�E�X� ±109.6m2 ¼��$�%�#�$�X�0�%�X�
�­�6�%�X��¶������]���¹�#��� ¿,2
� ¥��$�%�#�$�X�±�%�X����¥����%�%���¯���%�����u�X���­�P�L���N�#�$�X�¾���%�¯�X���N�6¶�����¤X�����$�x�����9¤X���L�����¸�3µ ���¬��¥ �����#�$��¶��$�#��¡*�©���6�¯��ª��'¥��$�
�X�%�������)�����½�#�$�X���$���$���½�­�:�©���������]�X���½���9¤X�#���WÐ

RMS = ±1.56m
���������$�¹�X� ±1.86m

2
×´�����#�$�	�,�	����2������·�$¡ �����$���$���	�6���	�����������|�0�X�P�%���9�X�­���#�$�X�	�¦¥ ���¯��¡C���W¢ � Æe�$�0�¦¥ �����©�,�%¶��$�#��¡*�©���6�¯���ÐË ×´�����#�$�
�$� � �$¤��$�%��²¦;656565*� Ï��©�$�����E�­�¯���$�%�N���X�6�X�9�­���N���$�	�X�9�)�3»C���P�$�	�©���N�·�������%�©�������#�¨�$�����$�%�#���¯��¡*�L�$�%��ª��N�6ª��X�����$�X�
���$�%���$�!�X�	µ��������X�$�i���$�X�#�i�#���%�X���©���#�32

Æ��$�%�#�Å���$�%�N���X�i�%���#�Å�L���%�%�Ò«0�­�0¶��������X�������¯��¡C�����¦¥����6�X�����%�N�X�½�����X���#�$�%�#���XµC�$���­�!¶����%���i�X���`¤LÇ��%�����$���#�Á�$�
�X���i�����#�$��¶��$�#��¡*�©���6�����!�����X�½���%�%�����$�i�­�¨�L���X�#�$�X�!�X���i¤LÇ��%�����$���#�32�Æ��$���$�N�N�����½���D���%�i�%�#���Å�©���#�W�¦¥��3µC�����½�X�$�.À
�L���©�#���i���$�%���$�N�.���$�X�­�����#���3²��$�!�$�N�����#�W�X���N�!�'¥��
µC�����0ª �L���%�#�W�L���#�#���!�%�X�½�­�6��ñ$���WÍ3���N�*2�Æ��$�%�#�W���$�%�N���X�9�'¥����%�
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¥���ð��©���N�©�X���¯�X���¨Í3���N�����X�
�#�������Xµ|�#�$���$���!�$�½�X���i���9¤X�#���32

7N2iÉ!���$�������©���%�����¹���#�$�©���%��µ �
Ä	���N�Á�­�]�X�#�$�6���$�#�0���#�$�©���%�����'²|�#�$�X�����X���Á¤LÇ��%�����$���#�´�#���,�)���X¡*�X�­�����#���Å�#�����Á�#���©�N�$�#�©�N���3².�$�N�%�X���#�!�X���´��¡*�#���
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�����X�N�$�Á�L�����©���X�����%�´«]�X�������������#�Á�X�i�#�$���$�#�!�����X���N�32 � ���Á�X���X�N�����ÁÉi�$�#�*�#�$�N�%���X¡9�#�����Á������ë$�N���Á�����X�������Xµ �����
¶������#�i���$�%�#�Å¶��N�%�������¯�������­�·�¯���Xµ*�����#�½ª �L�������#�½�X���������#�$��¶��$�#��¡*�©���6�����·¼�É!�X�N�,À.� É ¿��N���N�Á�·�¯�����N�$�X�#�$�N�©�,�������
�$�6��ñ��©�N�W�X�	�#���%�#�$�½���$�%�#�	���$�%�N���X�W�$���6�������,�¹�X�%¤L�����'2

�=<?> @9A��CBDA��FEHG�IJE��FKG���"BHLMI
� ¥���¤.Â����$�%��¶`�X�	���0�%�©�3µ*�����¦���#�Å�X�·�3�����$�X���$�i�X�N�·�3���%�©�·�'¥ �$���$µ*���%������«9�L���%�%���i�¦¥ �X���#�$�X�'�����X�X���·�����#�$��¶��$�#�������

�%�%��ª��N�*2¦Æ��:�3���.�#�:�%�#���0�#���%�%�%���$�%��¶Á�����X�%�©�¾�­�����#�#�$�·���%���$�#�$�	�X�9���$�������$�X�#�·�#���%�X���©���#�·�N���N�0���:�3���·�¦¥ �X���%»|�#�#�$���
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��¥ �����#�$��¶��$�#��¡*�©���6���¾�$�	�­�¸�����N�$�#�$�N����º � ���9�3µ������©��¡C���W�X���	�%�#�����]�3���L���.À��©�����	�#���%�X�����W����Î���¤X���3��� ·7º¼» º ° �
�©���%�%���*²L���D»¹�¾«��N���XµC�3���P�%��À¹�$�­���#�#���9Ð¼�<��û�²¾ç�õ�ù(õ$ý�ø*ý�ü/�
�L²�ýN��üÙý �<�*÷ÐÝ<�#ú$²ÃýN�*üÙý�÷Ð�(� ú��L²j���
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ç�ø
�Lý�ø3ù�úØ�0ú$ýDü	�ã���
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�����X�$���%��§L�3���%�����E�.�¹�#���
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Æ����N�$�#�$�N���
�������N�$�#�$�N���T�%�#���e¶�����¤X��� �N���N�}�����
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�������N�$�#�$�N���]�%�#���Å¶����%�#�]�%�X�Å�����i�#�����#�
�c�����N�$�#�$�N��� ���$¡C�$�#�$���$���A���.¶��,�#���$�X�©�
�%�X�Å�­�¨µC�$¡C�$�©���%�����
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¡C�$�©���%�������$�i�����Å�#�����#�½�#���9¤X�#���
�¯�������N���#��ÌL���$�#�$�X�#�E���N�#�%�]�����N�$�#�$���#�
ª��N�·�����Å�#�����#�

Ø����#�$��¶��$�#��¡*�©���6��� ���.��ð¦�$�#�$�N�����X�Ñ�L���X�#�$�X�A�#�$�����í�����
�%�%�%�N�$�%�X�#���

���­���X�L���#�9���|�#�$��¶��$�#�����$�%�%��ª��N�¨�.�E�#���
���$�X�iµ*���%���$�½�%�X�Å�X�N�	¡*�©���N�X�]�©���$�N�
�����#�%���¯���%�������¯�����N�$�����W�.�¹�#�$�X���

� ���¬�%�#�������3���L���.À��#�����¸¶Ù�L�%�����X�N���¬�©�$�������X� �#�©�N�$�¯�U�¯���%Õ �
µ����$� Ë Ä·���#�����9¤����3²	�ÍÌ6Ì�Á ² ÎD�#���Xµ �*²	�ÍÌ6Ì6· Ï;º
� ¥ ���.¶����%�¯���%�����A���X�����%�#���±�L���¨�©�L��ª��N�±�3���L���´�%�X�:�X�®�%���#�

s
���$�X�¨ñ$�%�#�±�,À.�X�%�������±�����6���±�X�N�¯¶����N�$�%�����Ï�X�

�X�#��¤L��¤X�������#���¦¥����X�Ò���%�#�$�L���N���c�,��ñ$�%�#�P�����X�$�����©���P�L���¬�X���©�L���6� �X��ÔE���%Õ �
µj¼�É!�X�N�,À.� Ä ¿�º � �g¶����N�$�%�����
U(ls|ys)

�¦¥��$�N�$�%¡*���½�����N�.���%�����X�N�$�����½�����3�����½�.���­��¤��$�
ls
�$�6¶����N�$�%�����¾�X����µ������$�X�#�Á�X���������Ò���.À

ys
�#�i�X�������6���*�#�

�$�¯�X�¯�#�$�%���!�¦¥����%�©���©�N�0���.À��X���X�N�������$���X�¯�#�$�%���!�X�i�#�$¡*�X�­���%���©���%�����'²|ª �X�Ò�#�����������N�X�$�#�����L�����X�¾�����,³¯�$���$���
β
�X�·�#�$¡*�X�­���%���)���%�����gÐ

U(ls|ys, lt, t ∈ Vs) = βUdonnées(ys|ls) + Ureg(ls|lt, t ∈ Vs)
¼/·7º¼»C¿
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���%�i���·µ �����%���L��¡C�]�.���#���#�

s
º

� �+Ü8�Cý(ú��Lý�ü�ú,û8ÖDÛ ø*ý�ý�ø4�<ä.úiø�þ6àíÖ(�
� ��õ©úØ�
Udonnées

�#�$�­���#�Á���i�X�#��¤L��¤X�������#���¦¥��3µ �����Ã�X�N���$�­���#�©�
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�$�:�����X�L�����#�©�����

����µC���$�#�$�X�
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�X���D�X��µ �3���.À]�N��¡*�%���Ã�N���N���©�L��ª �N�Á�3���L���Xº � ���Ã�3���L���.À9�$�©�������%�X�X���*�#���D���N�X�$���$�N�N�����#�`�,�|�%�#�Á�$�.Àî²
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Udonnées
�3¥����$�%���WÐ

Udonnées(ys|ls) =

∑

ca λls,caUls,ca(ng)
∑

ca λls,ca

¼/·7º 7�¿

� ���´�����#�$���%���$���½�$���$���$���©�����#���
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�#�����Å�X�,§N�X���½�����6���·�X�N�0¶����N�$�%�������������%�����N�	�����N�3�����#�	�L���Å�����#���3���.À¬�.�
�X��µ �3���¾�X�Å¡*�%���Á�%�X�
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� �òÜÀ�*ý(ú<�Lý�ü�ú$ûRÖ úè��õ�ù�þ|û�ø
�,ü¹�$øCý�ü��
�

Ureg
�X�$���$�N���X�]�­�¨¶����%���W�.��µC�����#���L��¡C�W�$�!�X���½�#�$�­���%�����N�·�$���%�#�W�$����ª��N���

ª��N�]��¥����E�#���X�L�����#�9�X�,§N�X���pºÒÊ0���N�!�3µ ���N�!�©�N�����%���X�]�X�#�$�N�.�#�W�X�E�%���6�X���W�����X�$���9�X�WÖ����%�#�GË ; �'²D�ÍÌ6Î�À Ï;ºÒØ��D���%�
�$��µ|���©��¡C�3��¤X���W�X�0¶������#�	�$µ �����N�$�½���	�����X�$���W��§N�¹�X�	�X�%��µ|�����$¡*���$�!���$�%�©�����N���i¶����%�����½����µC�����%���L��¡C���½�X�]�$�­���#�#���pº

�pÁ.�



·7º¼»7º���º � ���½�X�$�#���$�#�$�X�#�

Zone 
d’incertitude

d’un canal

Potentiel élémentaire
d’une classe et 

d’un canal
Niveau de gris ng

0

1
Zone d’accord Zone de rejet

Ñ�Ò]Ó	ó3Ô ô�ÙgöRî!û ûÞþ��#úÃÖ�þ ÜÀ�*ý(ú��Lý�ü�ú,ûXõ,û õ$÷�ú<�Lý�ø�ü	�#úÃÖ¾Û øCý�ý�ø4��ä.ú¹ø�þ6à×Ö4�
� ��õ©úØ�ÍåyÚ ����üê�Í�#�
��úØ�ø���
�LýíÖ(õC�<�,üÙý(ú��_���#�
��ú
Ö¾Û ø4�����
��Ö�é9�Í�
�îúïÖDÛ ü	�ã�)ú��,ý�ü�ý�þÀÖ ú¹ú$ý9�#�
��úáÖ úáÖ(õ��$ø4�����
��Ö(å$ñÃúô�Nü	ç�ú#ø�þþÖ ú�ù6�)üê�ÙÖDÛ þ�� �©ø
�Òø�û½ú$ýðÖ¾Û þ��
û�ø(Ý©ú,ûRÖ(õ$ý(ú��,÷¨üê�îú]û�øÍ�Í�
�îúèÞô���
�À�)ü/Ö(õ��©ú���å

� �¨�����#�$���%���$��¡*����¤L���������X�%�©�����Wñ$�%�#�6�����6�X���$�#�6�L���	�X�������#�$���%���$���.���#���$�%�����X�N�$�Áª �X�������%�%��¡C�$�©�����]�����]�,ðî�$�#�
�.�¾�����#�$���%���$�î�X�i�#�$¡*�X�­���%���©���%������º � �½�����X�$���!�X�!Ö����%�#�����%�����#���%�#�����*²�������§N�N���Á�%�#�%�N�$�%�X�#���Á�����N�3�����#�����#�����Á�N���N�
�X���)�3µ������©��¡C�����pº�&½�¬�����#�$�|�%���,���.���#���,�#�����N�N�$�D�����X�%�©�����½�X�#���#�$�%µ �$�½�N�3µ������©��¡C�]�����i�%�#�%�N�$�%�X�#���i�����N�3�����#���pº

� ���´�����©�,�|�%���$���½�#�����i�X�,§N�X���Å�L���Å��¥ �X�%�������©���#�$�X�9¼�É½�X�N�,ÀX� ° º¼À ¿,².��¥�����¡C���%���%�X���W���%�´�#��¤X�N�%�#�·µ|���%��«Æ��µ|���´�X�·�����
�%���#����µ����%�­���%�����N���X���Ã�L���©�����$�%�#���pº
&!�N��¶������Ã�����Ã�����#�$���%���$�����X�,§N�X���3²����|�3¥���¡*�����N�Á�3�����$�X���$�����Á�©�L���6�¨�¦¥��$�%��ª��N�$�%�#���
L

ª �X�¦�6���X���6���©�	�­�:¶����N�$�%�����¹�'¥ �$�N�$�%¡*���¾Ð.�X������¡C���#���#�X���W�X�	�#���$�X���½�%���9�X���]���%�3²X�­«¨�$�N�����#�*²Ò���X�X����ª �N��º
¢.���N�½���X�����%�#�$�i�X���©�L���X¡C�$���$���½�#���©���'�X�·�­�:�X�#�$�6���$�#�W�,�­���©�%��§L�3���%�����g¼�����¡*�X�#� ·7º · ¿,²X�­�9¶Ù�N�#�����¬���$�%���$�½�X�

���$µ �$�iª��N�$��ª��N���½���9¤X��¡*�Xº��#���!�$�i�¦¥ �����%�#���.�X���#�W�­�¨�$�­���#�©�Ð��÷ßÝ��#ú$²L�$�]ª��X�'���%�Å��¥����X�����%�½�¯��Â��$�X�½�X�	�­�9¶��N�%������º ° �
�,ð¦�$�3²������0Í3���N���	�#�����0���X���%�­�����$���$���]�$�­���#�#�����·�����6���ø����ûÖº¦ò!�0���$�X�0�X�L���©�:���%�0�%�#���0¤X�%�X���#���:�X�X���#ª��'¥��$�����:�'¥����%�
ª��N�0�.�¸¤X�%�X���´�%�N�$�%�6��ª��N�6Ð|�%�î�$�������Å�#�����Å�����N�#�$�%µC�����Å�����6���	�#����²|�X�!¶����%�#���´�$�%�#�$�X�#�Å�©�����������%�#���.�X���#���i�N���N�´���
ÔEÊ0ÎÏº
Ê0���N�½�3µ ���N�Å�X�%���i���	�L���%�%�D�X�·¶��3µC���%���#�$�Å�����½�$�­���#�#���i�X�	�#�����#�Å¶������W«:�­�¨µC�$¡C�$�©���%������º

� �]�#���#�X���©���:¼�����¡*�X�#� ·7º · ¼��
¿%¿Å�������%�#�W�X�N�W¤����X�N�W�����3�������)���%�����E�X���!���9¤X�©�$�0�$�½�X�N�9�����%�#���$�%�����E�L���%�%���$�����
�X�½�­�]�����.¶��N�%�����¾�$�|�%�#�i�����Á¤LÇ��%�����$���#���$�����������9¤X�#�����%�X���������#�����#�Á�X����¤ÒÇ��%�����,�|�#�pº�ÔP���������������$�X�X�����$�#�Á���½�����N¡
�X�	�­�¨�$��
��%�X�©�]�.�¹���������$¡C�	�#���#�#�$���i�¯���D�,�­���©�#���pº
Ô ô��¦ô�õLô¹¸ ¢ðÅãú�ýDÿ�Ä:�#ÛRÁ!�6üÍÁ!�DÄ�ÿ

� ���±�������N�¾�#��ÌL���$�#�$�X�#�¸�#�����¸���#�#���$�����¸«��X���¾����¡*�N���¾�%�#���¾¤X�%�����­�����#���¸�N���N�¾��¥ ���¯��¡C�E�¦¥����6�X�����%�N�X�Pª��L���N�
�����9¤LÇ��%�����$���#�¨�����:�X���9�9�X�#�W�#���$�%������¡*�N����¼�¢|���$�%����� »7º¼À ¿�º � ���:�������N�9�#��ÌL���$�#�$�X�#�¨�#���|�9�X�$�#���$�#���¨�X�¯�­�¸¶��(Ü����
�#�X��µ������#��Ð

H �X�$�#���$�%�����E�X���Å����¡*�N���i¤X�%�����­�����#���½�L���i��¥�����¡C���#���#�X���]�X�#�����*�#�W�N���N�íË ÎD�X�X�����$�½���Xº�²'�ÍÌ6Ì6Î Ï(²
H �©�$�X�����­��¡C�W�#�X�i��¥ �����#�$��¶��$�#��¡*�©���6���:�$�½��¥����6�X�����%�N�X�¸¼��#�$�X�����

s1
�$�
s2
¿������X�!�N�W�����N�#�$�%µ �$�!ª �N�]�����½�X��À.�$���

���¹�#���¦�����i�X���N�Å¤X�#�����­�����©�i�L���%�6�D�����i����¡*�N���3²
H �#���©�N�$�#�©�L�±�X���9���$�������$�X�#���¨����¡*�N���9�L���©�©�����9�L���9�����9�X��ÀX�$���9�#�$�#�$���N�:�����X�¨�©�L��ª �N�¾Í3���N�±�X�¯¤LÇ��%�����$���#�
�����X�N�,ÀX���½�%�.³¯�©���6���$���½¡*�©���N�X�¾¼Ù���#�%�N�	�X�	�­�¨�$�­���©�%��§L�3���%�����Ò¿�º

� ���¯�������L�6�#��ÌL���$�#�$�X�#�¾�%�X�6������¤LÇ��%�����$���#���#���$�©���X¡*�X�­�����#�3�¾�#�����6¤X���$�A�X�$�#���$�#���E¼�����¡*�N�#� ·7º Î ¿�º�Ô�ñ$���¬���
���������#��ÌL���$�#�$�X�·���N�$���N�0�N���N�!���]�#�����0�X�W��¥��$¡*�����#�±¼Ù¤LÇ��%�����$���	�,��¤L���·«��.�#�����#�:�X�W��¥ ���¯��¡C�
¿!��¤X���$�E�$�#�9�X�$�#���$�#�
�$�0�����.§N�%���9��¥����L����»|�©�W�$�����$�%�#���¯��¡*�L�$�%��ª��N�:�.�EÖ����©��¡*�©���X�N� »7º¼»7º¼À7º¼À º�Ö����0�������%�#�*²��N���N�½���9�3���!�X�W¤LÇ��%�����$���#�
�X�:¡C�������$�%�%���������6�X���,À.�*²î�­�¸�X�$�#���,�#�����c���%�·�X���N�	�����6�X����ª �N���6�X�X���#ª �'¥��$�����6���%�	�X���.���������.À�����¡*�N���pº � ���	�������N�
�#��ÌL���$�#�$�X�#�Å�X�½¤LÇ��%�����$���#�´�$���#�$�X�­�����#���´�N�!�#�$�#�����Á�Ò���Á�N�,�©�$�$�#���
²��¯�����Á�����Á�#���%�#�$���Á�¯���%¡*���L���.À±�N���N�����������¯��¡C���
�$�%�N�.�������¥º
�pÁ�À



·7º¼»7ºNÄ·���#�$�%���X�%�������X���½����¡C���%���%�X�����!�N�·�­�6�©�L��Ì��N�]�X�	�#�������N�%�%�%�N�$�%�����

� ���%�©���N��¶����%�����¾�X�¾Ó!���X���g���$�X�9�����%�#���.�N���©�±ª �N�$��ª��N���:�$�%�#�$�X�#�:�$�g�#�$¡*�#���X�L�����¨�X���9�X��ÀX�$���:���X�L���%�#�$�L������«
�X���i�������N�i�X�#���©�N���Å�¯�����½���$���,�L�N�����½�.���#�%���N�$�#�pºLÆ��	�3���Å�#���%�#�·�N�$�X�©�,�L�#�$���$���½�©���#��º � �]�©�N����À¬�X���Å�X�$�.À¬�#�$�X�����
s1

�$�
s2

�X�$���$�N���X�:�­�±Í3���N�¨�%�©�����#����º¦Ø����·�N�¨�#�����	�L���·�%�#���	�#��¤X�N�%�#���]�$�·�#�$�N�X�$���]�­�±�X�$�#���$�%�����c�3���X�%���$���$�N�#��º
� ¥�����¡C���%���%�X���9���%�½«6�����$�������#�$�!�L���Å�­�6�%�X���#��º

Ñ�Ò]Ó	ó3Ô ô�ÝÏö��XõØ�,þ�û�ý�ø*ýIÖ ú]û�øøÖ(õ�ý(ú���ý�ü/�
� Ö úØ�ð����ü	�À�ò�Cõ�ÃÅúC��ý(ú,þ��Ø�:ø�þÙ�<�*ûF��ú�� �C��þ�ù�ú4�6å¼æI���uo�úC��ý�ü/�
�ìÖ�þï�Cõ��)þ|ûÞý�ø*ý1�,þ��
ûCÛ üÙ÷�ø3ù úèÖDÛ ø�÷
ÜÒûÞü�ý�þ8Ö ú#å��+à*ý��#ø�üÙýIÖ*þf©$þ.ø6�,ý�ü�ú��ò�½ø��*ø6��ÖôÖ úËÊ]þ��	®�ú��u©$þNú$��üÙ÷�ø3ù ú8�Xî8��ÿ7��ÿj�6å

Ô ô��¦ô�õLô�� Þ��# 3���	½ÀÄ�ú	ÿ#½8ü#úêÅ�ý ÉDÁf�4��ú�ý�üÍÁ(Ä�Â;��ÄÆÅ3 �Ä�½ ÇûÇ Á
� �¹�X�L���©�¾�����#�$��¶��$�#�����$�%�%��ª��N�¬���%�:¤X�%�X���#����¼�Ö����©��¡*�©���X�N� ��º¼À7º¼» ¿9�$�:�X�N�¾�X�©�,�6���$�#�¬�$�©�����¸�X�¾�#�$¡*�X�­���%���©�Æ�

�%�����P�$�#�½�N�������#�©�����#�9�����X�0�$�����6���N�$�0���W¤X�%�X���0�X�W�¯���X���$�#�9¡*����¤L������º�Ø��Ã�,À|���%�#�W�X���N�%���$�X�#�!���$�%�N���X���·�X�]§N���%�©��¡C�
�¦¥ �����#�$��¶��$�#��¡*�©���6�¯���¹ÐÃ§N���%�©��¡C���%�X���X���:¶��$�Nñ$�%�#���¨�����3�������ÃË � ���¬�$�¯���Xº�²Å�ÍÌ6Ì6Î Ï(²�§N���%�©��¡C���%�L���%�­�����$���$���¾���N���8�
�©���%��¶9�L���±�6���X���6���©���%����� �X����¥��$�%�#�$�X�¬ª��L���.�©���%��ª �N�E���
» �$�X�N� Ë �N���%�L���#�®�$��È·�L���%�X���$�%��²¾À6565�À Ï(²Á§N���%�©��¡C�E�L���
���N�X�$���$�%�#�!Ë ��ß ���$Í<�(ÔE���%�%���L�$Í	�$�Á�`«�¤X�#�$¡ ���
²/À6565�À Ïî���¯§N���%�©��¡C�!�L���´���X�X�#���©�N�!¤L�3» ���%���$�X�N�èË Ö���¡*¡*���$�´���Xº�²/À656565 Ï;º
ÔP�����`�$�������`�©�������#���X�#�������N���X�#���������.À:���¯��¡C����«!¤L���©�#���#���#�����X�%�������$�3²*�N���N���$�Å�3���3²��­�0�X�#��¤X���$�¯���%��ª �N�½���%�`�%�X�%�
�#���X�Á�X�i�X�#���#�$�%µ �$��������¶Ù�©���X¡C���������#�$��¶��$�#�����$�%�%��ª��N���pº.ò!�Á�N���N���N�*�������#�$��¶��$�#��¡*�©���6�¯���3² ���L�'¥ »6�·�Ò�����X�´¶��©���X¡C���
�$�½���]�X�#��¤X���$���9���%�0�������#�!�X�	�X�#���©�$�%µC�$�½�#���X�#���½�����!�.���#�������%�����X���#���3²�ª �X�Ã�#�����!���©�#���$�������!���.À¬¤LÇ��#�����$�|�#�pºã&½�N�
�#���#�©���X�©���%�����¹�¯���%Õ �
µ����$�X�N�øË È	�$�¯�����,�!Ó½�$»|�N�����X�3²'�ÍÌ6Ì�À ² ÆÁ�L���%¤����X�N���$�0�$�!���Xº�²D�ÍÌ6Ìj
 Ï��3µC���	�X�#���©�$�%µ����%�������X���
�.���©�������%�����X���#���	���%�0�X�N�¨�#�����X�%���������X��ª �L���#��«¯���:�X�#��¤X���$���¨�3���	���$�­�¯���$�%���$�]�¦¥ ���N�$���X�#�6«¯�­�¯¶������0�X�N�9���.¶����%�
�¯���%�����®�������©�)À.�%�N�$�����*²��X�N�¾�X���©�$�%���X�%�����®�X�¯��¥����%�©���©�N�¬���.Àc�X���X�N�����¨�$�9�X�U�X�#�������#�%�N�:�X�¾�����N�#�$�%µ*���%�����®�X���
�.���©�������%�����X���#���pº

° ���#�$�X�#�$�L�����½���	�����X�$���W�X�]ÔP���%ÕC�
µ�¼�É!�X�N�,À.� Ä ¿,²X��¥��$�N�$�%¡*���
U

���%�Å�X�N�·¶����N�$�%�����¹�¦¥��$�N�$�%¡*���9�����N�%�%���%�N���
�X�E�X�$�.Àx�#�$�%�����PÐ

Udonnées
²Á��¥����%�©���©�N�����.Àx�X���X�N�����3²´�$�

Ureg
²Á���¹�#�$�%���P�X���#�$¡*�X�­���%���©���%������º½Æ��E�X�$�%�X���$�

�������%���$���`�X�:�X�#�������#�%�N�`�X�Á¤����#�:���6�X�����$���#�Å��§N�6�X�Á�X�#���#�$�%µ �$���������.���©�$���|�%�����X���#���pº�Ø��|�,À.���%�#�Á�X���N�%���$�X�#��¶����N�$�%�����N�
�¯���%�N�$�¯���%��ª��N���

Ψ
ª��X�'�����i�����i¤����X�N���½�X�#���X�%���$�#���èË È·�$�¯�����$�½Ó½�$»|�N�����X�3²'�ÍÌ6Ì�À ² ÆÁ�L���%¤����X�N���$�0�$�!���Xº�²'�ÍÌ6Ìj
 ²

à ���X¡C�$�!�$�½���Xº�²]À6565�» Ï��,�i�N���N�!�3µC���N�½�©�N�����%�D���$�����	�X�#�����*�#���]�N���N�ðË È·�$�¯�����$�iÓ½�$»|�N�����X�3²¦�ÍÌ6Ì�À Ï�Ð

Ψ(u) = − 1

1 +
∣

∣

u
∆

∣

∣

¼/·7º¼ÁC¿

�pÁ�»



·7º¼»7º���º � ���½�X�$�#���$�#�$�X�#�

¢|�$�����¬�­�:µ������$�X�i�X�
∆

�����´¤����#�X�Å�©�$�#�����´�X���N�i���¸�������N�Å�X�#���#�$�%µC���¥º � �	�©�N����À¸�X�0�­�W¶����N�$�%���������%�Å�.���#�$�X�#���	�$�
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U(x0, xCR|xs, s, φ, a) = αUφ(x0, xCR|xs, s, φ) + Ua(x0, xCR|xs, s, a)
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Ua(x0, xCR|xs, s, a) =
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pFish(ai, Lcl,Mcl, µcl)

]
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∑

i=xCR+3
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pFish(ai, Lcl,Mcl, µcl)

]




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�����#�©�$�Å�����iÍ3���N���½�¦¥��$¡ �����]�L���X�#�$�X�:¼��#�����3²X�#�����#�i�X�­���#�½�X�	¤LÇ��%�����$���#�)¿Å�$�i�#���%�����$�#�$�½�����½�.���#�������%�����X���#���:¼����%¤X�#���3²
¤����#�X�½�X�	�#�����)¿�º

Ureg(lk, hk, lj , hj) = γ(hk,hj)(lk, lj) + ψ(hk − hj)
¼/·7º¼À65C¿
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·7º¼»7ºNÄ·���#�$�%���X�%�������X���½����¡C���%���%�X�����!�N�·�­�6�©�L��Ì��N�]�X�	�#�������N�%�%�%�N�$�%�����

Ö����X�i�����Å�L���X�#�$�X�#� ²��­�·�#�$¡*�X�­���%���©���%�����¾���#��¶������#�½�3µ ���´�X�#���#�$�%µ*���%�����¯�X�����.���#�������%�����X���#���
Ë È·�$�¯���¾�$��Ó!�$»��N�����X�3²
�ÍÌ6Ì�À Ï�Ð

ψ(hk, hj) =
(hk − hj)

2

1 + (hk − hj)2
¼/·7º¼À.�
¿

Ö����X�i�����i�$�­���#�©���i�����N�.���%�����X�N�$�����$�¯�$���·���.À¸�L���X�#�$�X�#� ² �­�W�X�#�3À.���6���#�0�N�!�X�$�.À¾�#�$¡*�����L�´���%���$�N�����X�©��¡C���	���±�����
�L�������©�$�]�©�$���������$�X�i�L���X�#�$�X�pºLÎD�#�����i�3���½�#�����Å�%�©�����#���WÐ

hk ≈ hj
¼Ù�Xº���ºN���3���%�½�X� ± À¨���$���%�#�	�����i�X�$�.À¸�#�$¡*�����N�

�����X�:�X�#�$�N�.�#�¸�$�U�����6�X�#�±���¯�X��µ �3���U�X�¾¤X�%�X���¨�X�¯��¥ �����#�$��¶��$�#��¡*�©���6����¿,²
hk < hj

�$�
hk > hj

ºÃØ���»c�¹�X�N�
�¯���%�%�����W�¦¥�����Â#�����$�N���]�����X�½�©�L��ª �N�]�3���¥º
�3���

hk ≈ hj

γ(hk,hj)(lk, lj) =0
�%�
lk, lj ∈ {B,CR,O}

γ(hk,hj)(lk, lj) =δ(lk, lj)
�%���N��� ¼/·7º¼À�ÀC¿

δ
���%�Å���]�%»|�9¤������	�X�OW·�#���N���©Õ �$�pº
&½�N�´�#�$¡*�����¾�X�´¤LÇ��%�����$�������$�X��ñ$�%�#�´µ �����%���N�Å�¦¥ �X��¤LÇ��%�����$���3² �¦¥ �X�¯���������#��ÌL���$�#�$�X�Á�����¦¥ �X�N�i���9¤X�#��º|Æ��$�­�

�X�������X���9�X�]�­�6¡C�������$�%�%���9�©���N���pºÒÖ����!�������%�©��²Ò�N���N�½�����0���X�%�#���0�3���3²N��¥�����Â#�����$�N���9�$���%�#�W�#�$¡*�����N�0�¦¥ �X�N�]��ñ$���
�$�­���#�©��¼�«:�Ò���X�#�$�X�½ª��L���%�'�����N�%�©�����#�
¿Å���%�Å�X�©�)¶��$�#����º

Ä·���N�¾�����¾�X�$�.ÀA�3���¾�%�X��µ*�����#�3²������¯�#�$¡*�����¾�X��¤����u�#�$�N�¾�¦¥�����Â%�����$�N���E�X���¾�$�­���#�#���¾�$� ¶����N�$�%�����x�X�¹���$�X�
�L���X�#�$�X�!�#�����i�X�%���#���i�$�¹�����6�X�#��º
�3���

hk < hj

γ(hk,hj)(lk, lj) = c(lk, lj)
¼/·7º¼À�»C¿

�3���
hk > hj

γ(hk,hj)(lk, lj) = c(lj , lk)
¼/·7º¼À�7�¿

� ����µ*�����$�X�#�´�X�
c(lk, lj)

�#���|���X�,§N�X�����´�L���´��¥ �X�%�������©���#�$�X�]¼�Î���¤X���3��� ·7º · ¿��$�¸�X�#�$�L�����Å�$�¸�����6�X�#�0�­�W�#�3�������#�
¼Ù���]�#���¦�'¥����#�Å�L���i�X���N�Å�L���X�½ª��'¥ �X��¤LÇ��%�����$���3²N��¥ �N�$�%¤��]���#�½���¬��ñ$���]�X��µ �����¹ª��N�·���]�#����²X�$�#��º ¿�º

Æ Ç�È ó Ô ô Ô ö�FXø�û�ú,þ����ÃÖ ú
c(lk, lj)

å���úô���
�LýðÖ4�
�ã��û�úØ�Ùç�ø*û�ú,þ��Ø�ÃÖ ú
γ(hk,hj)(lk, lj)

�)ü
hk < hj

åIñDø�÷�ø*ý��)ü/�)ú
�Ó��÷ßõ$ý��,ü­©$þXúèÖ(�
� ��ú	û�úØ�?ç�ø�û�ú,þ����èÖ ú

γ(hk,hj)(lk, lj)
�)ü
hk > hj

åYX´þXø*ý��#úíç�ø�û�ú$þ��Ø�?��ú,þ|û�ú$÷¯ú��Lý1�<�6�Lý
þ.ý�ü ûÞü¹�Íõ©úØ��Ü8�*þ���Ö(õ����)ü	�#ú¨û�Û õ���ú���ù�ü�úÐÖ úZ?4åH?ª��û�øï�$û�ø����3ú

li
ÜNú,þ.ýÅý��CâØ��Ý,ü�ú��\[�ý��#úGçÆ��üê�)ü	��ú!Ö�ú9û�øï��û�ø��Ø��ú

lj
�ßÞGR�åI?_��û�øô�$û�ø����3ú

li
��úKÜNú,þ.ý´ø(ÝØ�<�*û þ|÷¯ú��Lý¼ÜXø���[$ý��#úðç���ü¹�,üê�îúèÖ ú]û�øô�$û�ø��Ø��ú

lj
�4å

H
H

H
H

HH
li

lj ¢ 6 É × Æ�Ó ò
¢ ��º 5 À7º 5 57º¼Á 57º¼Á À7º 5 ��º 5
6 À7º 5 ��º 5 57º¼Á 57º¼Á À7º 5 ��º 5
É À7º 5 À7º 5 57º 5 ��º 5 À7º 5 ��º 5
× ��º 5 ��º 5 ��º 5 57º 5 57º 5 57º 5
Æ�Ó À7º 5 À7º 5 À7º 5 57º 5 57º 5 ��º 5
ò ��º 5 ��º 5 ��º 5 57º 5 ��º 5 57º 5

Ø(�´���%�:���*�#�%��¤X���¸�X�¾µ �,�#�Þ§Ò�,�6ª��N�
γ(hk,hj)(lk, lj)

���%�:¤X���$�Ï�%»|���$�%�%��ª��N��º � �E�%»|���$�%�%���±���%�¨�X���X�N���±�Ò���:���
�#�$��µ �$�#�#�$���$���:�X���­���¯���%�%�����¾�.�gÎ���¤X���3��� ·7º · ª��L���N���­�¬�#�$�­���%�����®�X���L���X�#�$�X�:�$���%�#�¯�����W�#�$¡*�����N�9�
¥ ����µC�$�#�#�
¼ ° ª �L���%�����N� ·7º¼À�» �$� ·7º¼À�7 ¿�º

�Í·�Á



·7º¼»7º¼À7ºL�X�N�#������ÐN���X�%���6���©���%������������Â������|�#�]�X�	�­�¨�$�­���#�©�	�$�i�X�	�­�¨�L���X�#�$�X�

ò�¿DüÍú�Ç×ú	ÿÍ½8ü#ú	Åãý � ¥����X�%���6���©���%�����®���%�	¶������#���L���]�X�U����¡C���%���%�X���¾Ø%Æ�Ô �����%�­�������#���L���W���6�¯��À.���9�X�£�X�6µ|�©���9�
�©�$�9¤X�­���N���i�3�����$�X���½�%�X�`�����������$�©���#�$�X�©�!¼��$�­���©�%��§L�3���%�����'²C�#���X�#���3²C�������N���#��ÌL���$�#�$�X�#�3² ���9¤X�#���3²*¤LÇ��%�����$���Á�¦¥����X�#���
�����½���9¤X�#���)¿´�$�i�����Å�L���X�#�$�X�#�½�3�����$�X�������0«¨�L���%�%���½�X�	��¥ ���|�#�$��¶��$�#��¡*�©���6�¯��º

Ê!���#���N�!ª �N�]���$�%�#�]���$�%�N���X�9���%�i���N�X�$���$�N�N�����#�9�.�¹�N���9¤X�#�W�X�]�X�$�#���$�#�$�X�#�0�$�½�X�	���$�X�!�%��¡*�X��§L�3���%�����®¼Ù�����
�#�$�%�����´�¦¥��$�N�$�%¡*���0�X����µ �$�������$���$�N�N�����Åñ$�%�#�0��Â��N�%�#���)¿�º.¢��Ò�X�±�X�$�#���$�#�$�X���'¥����%�Á�L�����.���%�����X��¤X���·�%�X���X�N�!Í����L��²����
���$�X��ñ$�%�#�½��¡*�N���#�!�$�±�X���X�L�����Á�­�]��ñ$���½µ������$�X�´«	�#���X�#���Á�������#�$¡*�����N�0Ð ���$�­�]�N�½�%�#���X¤X���$�©�]�Ò������¥����X�%���6���©���%������º
Þ��(ÿ:���êüÍ½8ü � �c¶Ù�N�#�������U�$�#��¶������#�*²´�$� ÎÆ�(�����X�N�,À.���#�*²i�3µ ���������¸µ*�����$�X�#�

β = 0.4
�$�
αmax = 2.0

º´Ê!���N�
��¥ �������N�%�%�#���L�Å���$�'�%�X�Å�­�:Í3���N�	�.�����������$¡C�]×Å�3» ���#��¼�����¡*�X�#��� ·7º��pÁ �$� ·7º��Í· ¿�º3�!�N�$��ª �N���i�����7ÌL���©�i�$���%�#�	�����Å�$�­���#�©���
�X�W¤LÇ��%�����$���#�·�$�!�X�WµC�$¡C�$�©���%�����P�#�����½�#���©�����N�:¼Ù���$�X�X�����$�#�·�.�E�$�������$¡C�
¿�º � ���½�#���X�#���0�#�����!¤X���$�E�X�$�#���$�#�����pº ° �
�#�$µ*���N�©�N�*²¦���:�#�����]�X�¨��¥��$¡*�����#�6���#�·�¯�����$�­���#�#�¬Ð����`�¯���Nª �N�6���¨�X�$�.À.���$���¨�L�����.���#�����pº'Ø(�`���%�]�X�$�#���$�#�6�$� ����û
�$��ç
õ�ù�õ$ý�ø*ý�ü/�
�Ú�<��÷ßÝ��#ú	�N���N�	�­�¬�$�­���#�%��§L�3���%�����������%�#���.�X���#�¯�$���$���%�#�����X�6�­�¾¶��N�%�������$�W�����6���6�#���X�#���N���N�	���
�X�$�#���$�#�$�X�:�#���X�#��º � ���#�$�%���¾�¦¥����%�©���©�N�±���.À��X���X�N�����¨���������#�X�¯�X�N��¡*�©���L�X�¯�����.§Ò���N���¸���g�X�$�#���$�#�$�X�9�#���X�#�*²
�#�$�.¶����#�����W�Ò���!���¯�$�­���#�#�Þ§Ò�����#�����D²����Wª��X�Ã�,À.�X����ª �N�W���W�¯���Xµ������0�$�­���©�#�$���$���½§N�L���Xº�Ö����0�������%�#�*²��N���N�!���WÔEÊ	¢�²
���	�L���¹�.�¬�©�����!���X�L���©��Ì��!�$�­�����#�$���$���!�X���N�Å�L���X�½ª��N�·���]�#���Xº
� �	Ô�Ê	¢¾���%�´�#�$�­���%��µ �$���$���i�����#�©�6¼Ù�L���Å�©���X�����%�!«9�­�:�X�#���$���%�����������#�����$�%�#��ª��N�	���X���%�­�����
¿´�#�X�´�­�:µC�$¡C�$�©���%�������©���#�
�$�]�����	¤LÇ��%�����$���#�pºDÉ!���$���|�%�©�����#�*²'�­�±�#���X�#�����%�	¤N�%�X���#���`ï¦�­�¬�����N�$�#�$�N���¯���%�3²¦�$�c�,ðî�$�3²¦�X�����,���������N�]¤����X�N�
�#�X�Å�­�:�#���X�#��º

�Í·6·



·7º¼»7ºNÄ·���#�$�%���X�%�������X���½����¡C���%���%�X�����!�N�·�­�6�©�L��Ì��N�]�X�	�#�������N�%�%�%�N�$�%�����

�����

���(� ��¦�� ��§(�

Ñ�Ò]Ó	ó3Ô ô�õ%,Uö%]D�6��úïÖ�þ ����û û�â�ù úø�!ø(�Cø
��Ö5� î½÷
ÜÒûÞüÙý�þÀÖ úñ�]Ý4�Æéò�$û�ø��Ø�)ü ¨I�#øCý�ü��
�Ï÷¨üê��ú¬ú��xú��Òý��Cõ#úáÖ ú±û�øy�,þ��)ü/�
� �U�{�
ú�ýò�$û�ø��Ø�)ü ¨I�#øCý�ü��
�þ�(Ý�ý(ú��NþNú�ú��Ú�<�6�,ý�ü�úôÖ ú¾û�ø��)þ��)ü/�
� �UÖ��4å1ñDú��ôÝ<;Cý�ü ÷¯ú��Lý	�Ð�<�
�Lý!÷¨ü�ú$þ
àìÖ(õ$ý(úC��ý'õ���é
�)ú��$ý�ø�ü	�À�ª¯Ùý�����þ���°ÐÖ ø
�À�±û�ú�ýN��ü�ý��<�
�Òýí���
�Ø�,ü�ù(õØ�¹ú�ý	û�ú����Í�6��úØ�ïÖ úïç�õ�ù(õ$ý�ø*ý�ü/�
�À�ØéIÜXø
�¹ú�à ú,÷
ÜÒû�ú�û�ú��
ÜNú,þ#ÜÒûÞü�ú<���¨û�ú¨û �
��ùÃÖ ú¨û�øÃ�$ûÖÕCý�þ��#úøÖ�þì����û û�â�ù úØé$�<�
�Òý½ú��p¨1�×�$û�ø��Ø��õØ�¯ú��gý�ø
�LýË¯�©$þ+Û ø
�ÍÝ��#ú(°�å+ñðÛ ü ÷�ø3ù�ú
��Ü�ý�ü�©�þXú��	Õ_^ � �© �¾úØ�,ý¼Üã�CõØ��ú<�Lý'õ©ú¨ú<�\��ø��4å
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·7º¼»7º¼À7ºL�X�N�#������ÐN���X�%���6���©���%������������Â������|�#�]�X�	�­�¨�$�­���#�©�	�$�i�X�	�­�¨�L���X�#�$�X�

�����

���(�

Ñ�Ò]Ó	ó3Ô ô�õ Ô ö�F.þXú¾¸:Ê Ö�þ�� � ÿô�#ø�û �$þ|û�õI�,þ���û�ø �Í�6��ú$Ö�þ!����û û�â�ù ú �!ø(�Cø
��Ö]ø
ç�ú��
��÷ßÝ��%ø3ù ú«��ø��	ú$ýîû�øí�$û�ø��Ø�)ü ¨I�#øCý�ü��
�
���
���#úØ�'Ü8�6�ãÖCø
�Lý(ú��]Ý4�4å
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·7º¼»7ºNÄ·���#�$�%���X�%�������X���½����¡C���%���%�X�����!�N�·�­�6�©�L��Ì��N�]�X�	�#�������N�%�%�%�N�$�%�����

)+*O��*O� QS`Ôn]V4^­i�¡jT"ej^­i�R [Uda`cbþ-zZ%eª[)Z\V;T 2%VXT�Y(Y(^edK27T"e�^;i+R
� �]ÔEÊ·¢±�$�i�­�6�$�­���#�%��§L�3���%�����'²Lª��X�'�©�����i�3�����$�X�����½�L���i�­�:¶Ù�N�%�����¹�X���i�N�,�©�$�$�#�$�X�©�3²L�����6�����%�#�$���!�$�N�����#�W�X���

�$�%�#�$�X�#�¥º*Ä	���N��Ë ¢|���$�%¡C�$�Ò�$�����Xº�²#À6565�»*� Ï(²*�X�N�Å¤����N�$���i�X�´µ*�������N���%�����¯���#���X�#�����*�©���Å�����X�Á�����,�������#�$����¥����#�%���¯���%�����
�.�UÔ�Ê	¢"º'Ø����
¥���¡*���9�X�¯�3�����$�X���$�9�����WÍ3���N���:�¦¥����9¤X�#���:�$�W�����WÍ3���N���9�N���#�������Xµ��#�$���$���6«¬�L���%�%���:�.�gÔEÊ	¢P�$�
�X�¨�����]�����6�L���#�$�9�3µ ���:�����]�X���X�N�����]�¦¥��$���%�#����º'Ê0���N�·�#�$�X�#�$�N���N�]���$�����$�%�#�¨���X���6�¯�����·�N���L�]���������N�]�����6�L���©�,�
�����	Í3���N���	�X�#��Â%�$�#�����]�$�	�­�¸�$�­���#�%��§L�3���%���������©�%�N�¨�X�¨�­�¾¶��N�%������º � ���]�.��ðî�$�#�$���#���W�$�©�������W�X�:�­�±µ*�������N���%�����c�#�����
�#���#�X�������!«:�­�¨����¡*�X�#� ·7º��¥
 º

Projection en géométrie
sol

Calcul des zones de 
recouvrement et des
zones d’ombre

Comparaison

Corrections
des classes

Corrections de la
hauteur sur les zones
de végétation haute

MNS, Classification
améliorée

MNS

 

CLASSIFICATION

Ñ�Ò]Ó	ó3Ô ô�õ]Ùcö��Åý�øØÜXú��øÖ ú�ûCÛ ø�÷ßõ,ûÞü��
�%øCý�ü��
�ëÖ�þS� � ÿAú$ý�Ö ú¯û�øQ�$û�ø
���)ü ¨ �©ø*ý�ü/�
�\©�þ�ü$���
�Lýiüê���,þ(�ßÖ ú¯û�ø=�,þ��)ü/�
� Ö ú��
Ö*ü f
õ��©ú��Lý	�èÖ(õ$ý(úC��ý(ú$þ����Íå

Ô ô��¦ô��¦ô�õ 4 Ä�Å g�Á#�6ü#ú	Åãý Á(ü��4½	���#��� ÉRÁ(ÿ��(ÅãýDÁ(ÿ
� �±�3�����$�X�Å�X���9Í3���N���6�X�¾�#���$���Nµ��#�$���$�����$�¨�¦¥����9¤X�#�¸�$�¨�X���:�������N�:�#��ÌL���$�#�$�X�#�����%�9�X���N�9¶����$�����¸�3µC���¾�X�

ÔEÊ	¢¨�©�����$�N�·�$�¾¡C�������$�%�%���	���¸�#���Xº�Ö����X�´�X�N�!���N�X�0�¦¥����X¡*���·�¦¥ ���N�$���X�$�N���0�����3�����
θ
² ��¥���¤N�#�$���#�#�

x
���±�#�����¦¥ �X�
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h
�%���%�N�W«:�X�N�]�.���%�©���N���

R
�.�¹�3���X�#�$�X�!���%�i�$¡ �����W«¬Ð

x = R sin θ +
h

tan θ
−NR sin θNR
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Validation des hauteurs mesurees
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Φ(t) = hphase(t) ∗ ϕ(t)
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Φ̂(f) = Hphase(f)ϕ̂(f)
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H(f) =
Spectre(f)

Attendu(f)
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Filtre(f) =
Spectre(f)

H(f)
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ô ò ÄLtS� õ

�[Z 9<;JAPDUT3IN;B?�@E@
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Une ligne de l’amplitudeAmplitude

Phase Une ligne de phase

ligne analysée
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min
(

d
sin θ ,

h1
cos θ
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


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h2 ≥ h1 − d
tan θ

d ≤ h1 tan θ
h2 > h1

h1−h2
cos θ

;JI { l2 ≥ (h1h2) tan θ − d
d ≤ h1 tan θ

h1
cos θ
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D12 = max

(

s1,
h1 − ∆h

cos θ
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∆h =
d−

(

h1 tan θ + h2
tan θ

)

tan θ + 1
tan θ
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max(l1 + l2 + d, l1 + h1 tan θ)
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Profils de la ligne lig2 − φ(u)=u2/(1+u2) − Test de plusieurs valeurs de β
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