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φ =

2π

λ
∆R
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Φ = ∆φ
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ÖAé
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∂B‖
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.B‖
- � ï ÎM� .

& ÖAéÇé�Ö+ò/êkìÇÛñêkéÇÛßÚ/í�ä·ÖÀä�Ûßã�é$êkí¼ØçÖÀí¼Ú/á¼ã�ä¼Ú/í·í¼ÖÀÞñê�à¼Ùê/ã�Ö�Ûâíoé�ÖAìBë èAì�Ú/æ�èAéÇìÇÛßõoá¼Ö�ÖAí
P1
ï

ÎI�



� ï Î ï Î ïd��ÖÀÞñê�à·Ùê/ã$Ö���Þñê�Ùêká·é�ÖAá·ì¹ö·ØfêkÞßØAá·Þßã�éÇÙ¼èçÚ/ìÇÛßõ|á¼Öçã
ðoÛ×æVêkÛâíoé�ÖAíêkíoéDÚ/íGØçÚ/í¼ãÇÛßä·îAì�Ö+á·í�ä·èAà·Þñê/ØçÖAæ�ÖAíoé�ä·ÖÀÞñê�ØAÛâô·ÞßÖ¨-�Û²ï Ö»ïÚ/í�èAéÇá¼ä�ÛßÖ�ä·ÖAá�Ü�à·ÛÝÜ�ÖAÞßã�ä�Û�
�èAì�ÖAíoé�ãN.�ö
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∆(∆R) =

B⊥np

R

- � ï ÎIY .
Õ,ê�à¼Ùê/ã�Ö�Ûâíoé�ÖAìBë èAì�Ú/æ�èAéÇìÇÛßõoá¼Ö+ò»êkìÇÛßÖÀä·Ú/í¼Ø�ÖAíoéÇì�ÖÀÞßÖ�àmÚ/Ûâíoé

P1
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∆φ =
2πp

λ
∆(∆R) =

2πp

λ

B⊥np

R
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B
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ξ
.�ø/Þñê�à·Ùê/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
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-�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)−
sin ξ sin(θ − ξ))

ÖAã�é(á·éÇÛâÞâÛßã�èçÖ»ï
∂h

∂H
=1

- � ï ÎI� .
∂h

∂φ
= − λR sin θ

2πpB⊥
= −hamb

2π

- � ï YIÁ .
∂h

∂B
= − R sin θ tan(θ − ξ)

pB

- � ï YM� .
∂h

∂ξ
=R sin θ

- � ï Y»Î .
∂θ

∂α
=1

- � ï YIY .
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ÕUê7ôê/ã�Ö�ÖAíoéÇì�Ö�ÞßÖçãÀä·ÖAá�ÜbØfêkà·é�ÖAá·ì�ã+ä·Ú/Ûâé�MAéÇì�Ö)Ø$Ù¼Ú/ÛßãÇÛßÖ)êfò|ÖçØ�à·ì�èçØfêká·éÇÛßÚ/í×ï=��íÿÖN
�ÖAéfø�êká�ã�ÖAÛâíÿä�ù á·í¼Ö)ØçÖAÞâÞâá·ÞßÖä·Ö+ì�èçã�Ú/Þâá·éÇÛßÚ/í²-Ãä¼ÖÀé$êkÛâÞâÞßÖ

δra × δrd
.�ø·ÛâÞ,Ö�Ü�ÛßãÇé�ÖÀá·í¼Ö�ä�Û�
�èAì�ÖAí¼ØçÖ�ä·Ö+æVêkì�Ø$Ù¼Ö�ÖAíoéÇì�Ö+ÞßÖ+àmÚ/Ûâíoé�ÞßÖÀà·Þâá¼ã�à·ì�ÚoØ$Ù¼Ö�ä�áØfêkà·é�ÖAá·ì¹ÖAé+ÞßÖ)àmÚ/Ûâíoé+ÞßÖ)à·Þâá¼ã+ÞßÚ/Ûâí×ï,ðoÛ6ØçÖAéÇé�Ö�ä�Û�
�èAì�ÖAí¼ØçÖ�Öçã�é+ãÇá·àmèAìÇÛßÖAá·ì�Ö¨�

λ
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z = 0
.�ö

B⊥c
=

λ

2p

R tan θ

δrd

- � ï Y ZR.
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B⊥c
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wýü»ôaü»n �+l"qrlFh¸m1lFh'gPv*a�m6u*a�ziqÔó�·*q�m5a�h¸k=lIaSfF~��SfGp=ce��lIfGh�gPv*a$aSl�u*a�ziq�gMpX·*�SfFa�kKgMa
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φ̂
ÖçãÇé¹á·í¼Öë Ú/í¼ØAéÇÛßÚ/í�ä·Ö�Þñê¹à·Ùê/ã�Ö�Ûâíoé�ÖAìBëÃèAì�Ú/æ�èAéÇìÇÛßõoá¼ÖÀì�èçÖ�ÞâÞßÖ

φ
ø�ä�á�ä·Ö��»ì�è�ä·Ö�ØçÚ/Ù¼èAì�ÖAí¼ØçÖ

ρ
ÖAé8ä�á�í¼Ú/æ¹ô·ì�ÖÀä·Ö�òoá¼Öçã

L
Q Õ×ÖçÖÖAéDêkÞ²ïâø �O�I� Z S@ö

p(φ̂|ρ, φ, L) =
(1 − ρ2)L

2π

(

2F1(1, L;
1

2
; ρ2 cos2(φ̂− φ))

+ρ cos(φ̂− ρ)1F0(L+
1

2
;−; ρ2 cos2(φ̂− φ))

Γ(1
2)Γ(L1

2)

L
)

) - � ï Y ¾F.

pFn
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L = 10

L = 6

L = 3

L = 1

� �5�

ρ = 0.9

ρ = 0.8

ρ = 0.5

ρ = 0.2

�_� �
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#ò�i+^b´� &�+c#�2 bP23� ��+N.\+^&Y��4²G%��!*+z)�[�� &�+z§
π
6`½ �4�·��� �l�¤&_�V0,��G%)c2E+5�J0-+ bP23����+N§�¸�6�¹´¬ &E¾ �µ�9º #/+c�i0,+N. #
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ÞßÚ/ÛUä·ÖÀà·Ùê/ã�Ö�ê�èAé�èÀà·ì�Ú/àmÚ»ã�è+ä¼êkí¼ã Q !�Úoä�ìÇÛ8�»á¼Ö5�óø S6ö

p(φ̂) =
1√

2πσ̂φ

exp

(

−(φ̂− φ)2

σ̂2
φ

) - � ï YI  .
êfò|ÖçØ Þ²ù èçØfêkìÇéBý²é¸�àmÖ@ä·ÖçãUà·Ùê/ã$Öçã

σ̂2
φ

êkà·à·ì�ÚfÜ�Ûâæ�è6àêkì,Þñê(ômÚ/ìÇí¼Ö@ä·Ö & ì$êkæ�ÖAìBýD!Dê/Ú�ä·Ú/íoéUÞ²ù Ö�Ü�à·ì�Öçã�ãÇÛßÚ/í�ÖçãÇéUÞñê�ãÇá·Ûâò»êkíoé�Ö
Q !DÚoä�ìÇÛ8�»á¼Ö5��ÖAé�� êkìÇé�ÛÝíUø �O�I�»Î ø á ÖAô�®óÖAìDÖAéDêkÞ²ïâø �O�I� Z S@ö

σ̂2
φ =

1 − ρ2

2Lρ2

- � ï YF .
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L ≥ 6
ÖAé

ρ > 0.5
.�ï

�JþÒ¢�þ×ª�þÒ¢ �*��¦F�ré=©R�@�;�=¦F�
ÕUê)ä·ÖAí¼ãÇÛâé�è+ä·ÖÀà·ì�Ú/ôêkô·ÛâÞâÛâé�è�ä·ÖÀÞñê�ØçÚ/Ù¼èAì�ÖAí¼ØçÖ�ÖAæ)à·ÛâìÇÛßõoá¼Ö

ρ̂
ÖçãÇé(á·í¼Ö�ë Ú/í¼ØAéÇÛßÚ/íGä·Ö�Þñê)ØçÚ/Ù¼èAì�ÖAí¼ØçÖ+ì�èçÖAÞâÞßÖ

ρ
ÖAéä�á�í¼Ú/æ¹ô·ì�Ö�ä·Ö�ò�á¼Öçã

L
ö

p(ρ̂|ρ, L) = 2(L− 1)(1 − ρ2)Lρ̂(1 − ρ̂2)L−2
2F1(L,L; 1; ρ2ρ̂2)

- � ï YI¡ .
91Þ×ÖçãÇé�è��|êkÞßÖAæ�ÖAíoé�àmÚ»ã$ãÇÛâô·ÞßÖÀä·Ö+ØfêkÞßØAá·ÞßÖAì�Þñê�æ�Ú1|ÖAí·í¼Ö+ä·Ö

ρ̂
ö

E [ρ̂] =
Γ
(

3
2

)

Γ(L)

Γ(L+ 1
2)

(1 − ρ2)L
3F2(

3

2
, L, L;L+

1

2
, 1; ρ2)

- � ï YI� .
ÕUêB4 Û8�»á·ì�Ö � ï ¡ à·ì�Ú/àmÚ»ã�Ö�Þ²ùúêkÞâÞâá·ì�Ö�ä¼ÖDÞñê¹à·ì�Ú/ôêkô·ÛâÞâÛâé�è+ä·Ö�Þßê�ØçÚ/Ù¼èAì�ÖAí¼ØçÖ+ÖAæ)à·ÛâìÇÛßõ|á¼Ö�àmÚ/á·ì(ä�Û�
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Evolution de la phase interferometrique en zone de recouvrement (fr. orb. retirees)
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bdc T�\�e�fhg c T�ijfXk_fhimlonQfXT�T c i�RUT�VXW�Y[Z#\]VX^ c ^pep\�W�\ c Y�^QfhZ#Y[i c WqT�VX^rZ�e�fh\�^)Z c ^Qfh^rZsn[\ c ^�tUVX^[^rY c T c Z�\�W cvu \]T#Z c k c TVXY[Z#\�W]T cvw txfXt c T�yzVXY[i�W c T�Z#ijfh\�Z c ixMa{�^�fhe|R}W�\]VXijfh^rZ�W~f�i�RUTjVXW�Y[Z#\]VX^d�XW c T�nQ�hZ#\�e c ^rZ�TsVrtUt}Y[y c ^rZ�k[RUTjVXi#e�fh\]T�Y[^ c T#Y[i��� fXt c T#Y w T
fh^rZ c yzVXY[i��}Z#i c Z#ijfh\�Z�RUT�tUVXepe c k c T�VXnN� c Z�Ts\�^_k[R}y c ^_k_fh^rZjTxM)��fh\]Tm�rY c W�W c TmTjVX^rZsW c TmtxfhijfXt}Z�R}i#\]T#Z#\]�rY c Tk c t c ^_VXY[� c fhY�T�\�ga^QfhW��{�^�tj�Qfh^[g c fh^rZ�k���RUtj� c W�W c k c i�RUT�VXW�Y[Z�\�VX^ c Z�k c ep\�W�\ c Yd��W c T|y[i�VXy[i#\]R}Z�RUT�kNY�T#\�ga^QfhW"ijfXk_fhi c Z�k c T�VXnN� c Z�Ttj�Qfh^[g c ^rZxM���fh^_T�t c Z#Z c yQfhi#Z#\ c ��W c tUVX^rZ c ^rY�kNY�T#\�ga^QfhW�ijfXk_fhi c T#Zpfh^QfhW��NT�R�l�y_W�YQT#\ c Y[i�T%^[\�� c fhY u ��f��_^�k c W ctUVXepy[i c ^_kNi c�c ZSk�� cvu Z#ijfh\�i c W c T"\�^ � VXi#e�fhZ#\]VX^_T c T�T c ^rZ#\ c W�W c T�l�W~f�i c tUVX^_T#Z#i#Y_t}Z#\]VX^G�X��Mq  c T�¡¢\�^[gai�RUkN\ c ^rZ�T£k c nQf��T cv¤ T c i�VX^rZ c ^QT#Y[\�Z c fXT�T c e�n[W]RUT%k_fh^QT�Y[^ c tj�Qf�¥]^ cG¦¨§ fhi#Z#\ c ©�©#© ª yzVXY[i cvu Z#ijfh\�i c W~f«�QfhY[Z c Y[ixM��Gfh\]T�yzVXY[i�t c W~f\�W � fhY[Z�i�R}yzVX^_kNi c l,y[W�Y_T�\ c Y[i�T¬�Y c T�Z#\]VX^_T�y[i�RxfhW~fhn[W c TxM�����VX®¯�)\ c ^[^ c ^rZ�W c T�RUtj�_VaT � VXi#Z�Tq�,°)VX^rZ��±\�W]T�Z�VXYX�#VXY[i�T�)\]T#\�n[W c Tq�«²�Y c W�W c³c T#Z%W±� \�^N´_Y c ^_t c k c T%yQfhijfhe|µ}Z#i c Tpg¶RUVXe|R}Z#i#\]�Y c Tz��²�Y c W�W c TpTjVX^rZ%W c T�T#Z#i#Y_t}Z#Y[i c TpkNY�T#\�ga^QfhWtxfhijfXt}Z�R}i#\]T�Z#\]�Y c T�k c T�nQ�hZ#\�e c ^rZ�Tz�o²�Y c W�W c TmTjVX^rZ�W c T�Z cvu Z#Y[i c Tmk c TskN\�·¸R}i c ^)Z�TmVXnN� c Z�T�Y[i�nQfh\�^_T ¦ i�VXY[Z c Tx�¶�R}g¶RvZ
f��Z#\]VX^d�[nQ�hZ#\�e c ^rZ�T ª ��  c T"�Y c T�Z#\]VX^_T"T c yzVaT c ^rZ�l%Z#i�VX\]T¹^[\�� c fhY u k c Z#ijfh\�Z c e c ^rZjT»ºNy[�r�NT#\]�Y c fx� c toW~f%y[i�VXyQfhgf��Z#\]VX^�R}W c t}Z#i�VXe�fhga^QR}Z#\]�rY c%c Z�W±� \�^rZ c ijfXt}Z#\]VX^Ge�fhZ#\]µ}i c �±ijfx�VX^[^ c e c ^)Zx�zZ#ijfh\�Z c e c ^rZokNY�T#\�ga^QfhW¼yzVXY[i cvu y[W]VX\�Z c i�W c Ty[i�VXy[i#\]R}Z�RUT�k c W~f�T��r^rZ#�_µUT c P£°[½ c Z"Z#ijfh\�Z c e c ^rZ�k c W±� \�e�fhg c yzVXY[i"W c T"Z cvu Z#Y[i c T¾M�ofh^_T¹W c  m�Qfhy[\�Z#i c � �Nk c T"T#\�e�Y[W~fhZ#\]VX^_TSk c y[i�VXyQfhgfhZ#\]VX^¿R}W c t}Z#i�VXe�fhga^QR}Z#\]�rY c T�VX^rZ � fh\�Z c T¹yzVXY[i"T�\�e�Y[W c i¹W~fi�R}yzVX^_T c k�� Y[^�T�VXW¸^rY«VXY�k�� Y[^³Z�VX\�Z"T c Y[W¸y[Y[\]T¹yzVXY[iST#\�e�Y[W c i"W~f%i�R}yzVX^_T c k�� Y[^«nQ�hZ#\�e c ^rZST�\�epy[W c|¦ yQfhijfhW�W]R}W]R}y[\��yzµUk c i c t}Zjfh^[gaW c¾ª M¸  c Z#Z c T#Z#i#Y_t}Z#Y[i c e c Z c ^¿R}�r\]k c ^_t c W±� \�^N´_Y c ^_t c k c TStUVX\�^_T"i�Rv´ c t}Z c Y[i�T ¦ kN\]µUkNi c T ª¹c Z"y c i#e c Zk c k[R}gfhg c i��Y c W]�rY c T�y[i�VXy[i#\]R}Z�RUT�k c T�nQ�hZ#\�e c ^rZ�TxM b fÀT#\�e�Y[W~fhZ#\]VX^¬R}W c t}Z#i�VXe�fhga^_R}Z#\~�Y c fh\]k c l�tUVXepy[i c ^_kNi c W c TkN\�·�R}i c ^rZ�T"e|RUtxfh^[\]T#e c T�k c i�R}Z#i�VrkN\�·¸Y_T#\]VX^dM{�^_T#Y[\�Z c W±� \�^N´_Y c ^_t c k c W±�Ofh^[gaW c k c �rY c T#Y[ioW c T�T#Z#i#Y_t}Z#Y[i c T c T#Z�R}Z#Y_kN\]R c �)\~f�W~f�k[RUtUVXepyzVaT#\�Z#\]VX^ c ^,T�VXY_T#�nQfh^_k c T ¦  m�Qfhy[\�Z#i c Á ª M b f�i�R}yzVX^_T c k c T¹T#Y[i � fXt c T¹k[R}y c ^_k³k c W c Y[i¹i#Y[g¶VaT#\�Z�R c ZÂW c k[RUtUVXY[yQfhg c�c ^³T�VXY_T#�±nQfh^_k c Te c Z c ^�fx�afh^rZ�W c T�T�Y[i � fXt c Ts�YQfXT#\[W~fhe�n c i#Z#\ c ^[^ c T c Z�W c T�T#Y[i � fXt c T�Z#i�µUT�kN\�i c t}Z#\�� c TxMr  c Z#Z c fh^QfhW��)T c foR}gfhW c e c ^rZY[^ c fhy[y[W�\]txfhZ#\]VX^ c ^³\�^rZ c i � R}i�VXe|R}Z#i#\ c M� c t c T�k c Y u tj�Qfhy[\�Z#i c Tx�¸^_VXY_T�\]k c ^rZ#\��QVX^_T�W c T�T�Z#i#Y_t}Z#Y[i c TÀtUVXepe�Y[^ c T»fhY u nQ�hZ#\�e c ^rZ�T c Z�W c Toy[i�VXy[i#\]R}Z�RUTk c T¹T�Y[i � fXt c TxM © Wzi c T�Z coc ^N�_^�l%txfhijfXt}Z�R}i#\]T c i"W c T¹T#Y[i � fXt c T¾M b f�e|Vrk[R}W�\]TjfhZ#\]VX^�k c T¹T�ZjfhZ#\]T#Z#\]�Y c T¹k c TSfhepy[W�\�Z#Y_k c Tc T�Z c ^ c · c Z c T�T c ^rZ#\ c W�W c yzVXY[i£k c ^_VXe�n[i c Y u Z#ijfh\�Z c e c ^rZ�T ¦ �_W�Z#ijfhg c�Ã Ä YQfh^ c Z£fhW±M��ÆÅxÇaÈ¶É � b VXyzµUT c Z£fhW±M��ÆÅxÇaÇ¶É Ê¢�T c gae c ^)ZjfhZ#\]VX^ Ã bdcUc�c ZsËaY[i#Ì c �)\]tj�d�QÅxÇaÈaÇ � Íq��ÎXi#Z�Î � Z c Z�fhW±M��rLaÏaÏa� Ê¢�k[R}Z c t}Z#\]VX^�k c tUVX^rZ�VXY[i�T Ã Ð VXY[ÑU\ c Z�fhW±M��QÅxÇaÈaÈ Ê ª M��fh^_T�t c Z#ijfx�Xfh\�W±��W c T�T#ZjfhZ#\]T#Z#\]�rY c T¬T c i�VX^)Z�T#Y[i#Z�VXY[Z¬Y[Z#\�W�\]T�R c T�yzVXY[i�t}W~fXT�T#\�� c i�W±� \�e�fhg cGc ^ÒÑxVX^ c T�k�� \�^rZ�R}i��}Z�T¦¨§ fhijfhgaijfhy[� c Ó MO�NM�ÅaM�Å ª f��_^�k c W c TpZ#ijfh\�Z c i�k c e�fh^[\]µ}i c fXk[RU�YQfhZ c M bdc T�T#ZjfhZ#\]T#Z#\]�rY c T|T�VX^rZpn[\ c ^�tUVX^[^rY c T�lnQfXTjT c i�RUT�VXW�Y[Z#\]VX^ c Z c ^|ep\�W�\ c Y�^QfhZ#Y[i c W c Z�yzVXY[is�rY c W]�rY c TstUfXTsk c T#Y[i � fXt c T��_R}Z�R}i�VXg¶µ}^ c TxMr�Gfh\]TsfhY_t}Y[^�e|Vrk[µ}W c^d� c T�Z��)ijfh\�e c ^rZmTjfhZ#\]T � fh\]Tjfh^rZ�yzVXY[isW±� c ^_T c e�n[W c kNY|ep\�W�\ c Y|Y[i#nQfh\�^¬lo�QfhY[Z c i�RUTjVXW�Y[Z#\]VX^dM��fh^_T�W c  m�Qfhy[\�Z#i c ` �aW ce|Vrk[µ}W c k c TÂW]VX\]T¹k c Í¼\]T�� c i Ã Ô \]tUVXW~fXT¾�[LaÏaÏaLaf Ê c T�Z"fhy[y[W�\]�Y_RÀfhY u \�e�fhg c T c ZÂ�afhW�\]k[R£yQfhi¹ijfhy[yzVXi#Z�fhY u e|Vrk[µ}W c Tt}W~fXT�T�\]�Y c TxM
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 �VXepe c»cvu y[W�\]�Y_R�fhY § fhijfhgaijfhy[� c ÅaM�ÅaM�ÅaM�Å �_W~fpT�\�ga^QfhZ#Y[i c ijfXk_fhi�k�� Y[^¿VXnN� c ZSi�RUT#Y[W�Z c k c W~f�i�R}Z#i�VrkN\�·¸Y_T#\]VX^k c W±��VX^_k cpc ZÀk[VX^_tpk c Toe|RUtxfh^[\]T#e c T»k c y[i�VXyQfhgfhZ#\]VX^dMdë�^ c e�fh^[\]µ}i c k c t}VXepy_i c ^_kNi c W±� \�e�fhg c|c T#Z�k[VX^_tpk ci c e|VX^rZ c i�lpW~f|y[i�VXyQfhgfhZ#\]VX^GR}W c t}Z#i�VXe�fhga^_RUZ#\]�rY c Mz��fh^_T�t c tj�Qfhy[\�Z#i c �Q^QVXY_TSy[i�VXyzVaT�VX^_T£k��Ofh^QfhW��NT c i£�rY c W]�Y c Ti�R}yzVX^_T c T³g¶R}^_R}i#\]�Y c T�k c nQ�hZ#\�e c ^rZjT c ^ìZ c i#e c T«k c g¶RUVXe|R}Z#i#\ c�c Z³k c i�R}Z#i�VrkN\�·¸Y_T#\]VX^dM"ë�^ìT#\�e�Y[W~fhZ c Y[i�k cy[i�VXyQfhgfhZ#\]VX^�Tx�Ofx�µ}i c fhW]VXi�T"Y[^�VXY[Z#\�Wd\�^_kN\]T#y c ^_Tjfhn[W c M  c y c ^_k_fh^rZx�[W~f�y[i�VXyQfhgfhZ#\]VX^�k c T¹VX^_k c T c ^�ep\�W�\ c Y³Y[i#nQfh\�^ c T#Z¹tUVXepy[W cvuNc|¦ i#Y[g¶VaT#\�Z�R�k c T¹T#Y[i � fXt c Tx�rg¶RUVXe|R}Z#i#\ ctj�QfXVXZ#\]�rY c¾ªÂc Z"^ c y c Y[ZS�}Z#i c k[RUt}i#\�Z c k c � fXíUVX^ c
u fXt}Z cÀc ZSfh^QfhW��)Z#\]�Y c M © W c T#Z"k[VX^_t�^_RUt c T�Tjfh\�i c k c k[R}� c W]VXy[y c ik c T³e|Vrk[µ}W c TxM © W]T³T c kN\��r\]T c ^rZ c ^ìZ#i�VX\]T�gaijfh^_k c T�txfhZ�R}g¶VXi#\ c T ¦¨Ð fhn[W c fhY �NM�Å ª º¹fh^QfhW��)Z#\]�rY c¾î fXT#�repy[ZjVXZ#\]�Y c �^rY[e|R}i#\]�rY c¾î fXT#�)epy[Z�VXZ#\]�rY c»c Z"^rY[e|R}i#\]�Y c¾î i#\�g¶VaY[i c Y u M
ïSðmñ¹òsódô¨õ÷ö�ødùXú�û�ü ü]ý
þ»ÿý»ú��¾ÿ��vü]ý
þ��}ü�ý��	��
��aúpù�������¨û����_ývþ	�

� T#�)epy[Z�VXZ#\]�rY c T ¦ fhy[y[i�Vrtj�_RUT ª P"\�g¶VXY[i c Y u
� ^QfhW��rZ#\]�rY c T

� Ä \�i�tj�[�_Vh·�fx� c tÀT#Y[i � fXt c fhW]RxfhZ�VX\�i c�m° § � ¦ ��R}Z#�_Vrk c k c TÂy c Z#\�Z c T¹y c i��Z#Y[i#nqfhZ#\]VX^_T ª�Â°[° � ���¯  � � © {�� Ç��

Ô Y[e|R}i#\]�rY c T
� Ä \�i�tj�[�_Vh·�fx� c t�T#Y[i � fXt c k[R}Z c i#ep\��^[\]T�Z c�mP�fx�)W c \�ga��mtj�Qfhepy«e|V¾� c ^

��e|R}Z#�_Vrk c k c T¹e|VXe c ^rZjT��e|R}Z#�_Vrk c  ��e|R}Z#�_Vrk c TS\�^rZ�R}gaijfhW c T�sÍ�� Ð �

b f�e�f���VXi#\�Z�R�k c T�i c tj� c i�tj� c T c ^,y[i�VXyQfhgfhZ#\]VX^ R}W c t}Z#i�VXe�fhga^_R}Z�\]�Y c Tx�OfhZ#ZjfXtj� c ^rZ%fhY u txfhW]t}Y[W]T»k c T c tvZ�\�VX^ijfXk_fhi cvw txfXt c �zta� c T�Z��'l��¢kN\�i c �rYd� Y[^�VXnN� c Z c T#Z�txfhijfXt}Z�R}i#\]T�R�yQfhi�Y[^ c T c Y[W c �XfhW c Y[i ¦ k[R}y c ^_k_fh^rZ�k c W±� \�^_t}\]k c ^_t cVXY¿k c W]fpW]VX^[gaY c Y[iok���VX^_k c¾ª"c ZS^_VX^�yQfhi�Y[^ c ^_T c e�n[W c k c y[\ u[c W]T Ã � fhY_kN\ c i c Z��£Y_T�T�RxfhY u �qLaÏaÏaL � Í[Y[^[g c Z£fhW±M��ÅxÇaÇaL �  �VXi�VX^Qf c Z£fhW±M��ÆÅxÇaÈ¶É � �£i#\ c T�T c i c Z£fhW±M��ÆÅxÇaÈaÇ Ê¢MQ��fh^_T�t c T"Z#ijfx�afhY u �[W c W�\ c ^ c ^rZ#i c W c T"\�e�fhg c T£P£°[½ c ZSW c TT�\�e�Y[W~fhZ#\]VX^_T c T#Z�ijfhi c e c ^rZ � fh\�Z c Z�t c T�T#\�e�Y[W~fhZ#\]VX^_TsR}W c t}Z#i�VXe�fhga^_R}Z#\]�rY c Tsi c T#Z c ^rZ�y c Y cvu y[W]VX\�Z�R c T c ^p\�e�fhg c i�\ c MÍQfXt c lpW~f|tUVXepy[W cvu \�Z�R�k c W~f|T�tUµ}^ c»c Z£k c W~f � VXi#e�fhZ#\]VX^�k c TS\�e�fhg c Tx�qT�VX\�ZSW c T£fhY[Z c Y[i�T£T¾��fhZ�ZjfXtj� c ^rZol|k c Ty[�_R}^_VXe|µ}^ c TÀZ#i�µUToT#yzRUt}\��Q�rY c Tx�zZ c W]ToW c T�kN\]µUkNi c T c ZoZ#i#\]µUkNi c T Ã °)tj�[\~fx�VX^ c Z»°)VXW�\�ep\�^[\±�dLaÏaÏaÏ � bÆcUc �dLaÏaÏNÅ Ê c Zo^ ct}i�R c ^rZ¹yQfXT � VXi�tUR}e c ^rZ"k c TÂ\�e�fhg c Tx�NTjVX\�Z�\�W]T"fXk[VXy[Z c ^rZSk c gaijfh^_k c T"T#\�epy[W�\��QtxfhZ#\]VX^_TxM b f�y[W�Y[yQfhi#Z"k c TÂe|Vrk[µ}W c Ty[i�VrtUµUk c ^rZ�yQfhi"W]fh^Qt c i�k c ijfx�VX^�f��_^�k c k[R}Z c i#ep\�^ c i�W c T"T#Y[i � fXt c T"�rY[\�i�Rv´QRUtj�[\]T�T c ^rZx�_W c T"ÑxVX^ c T"e�fXT��Y_R c T c ZW c ToÑxVX^ c TÀk c i c tUVXY[�)i c e c ^rZxM¼  c i#Zjfh\�^_T Ã °)V c i#g c W c Z»fhW±M���LaÏaÏa�hn � � VXW�Z c ix�ÆLaÏaÏaÏ Ê¢�dTx� \�^rZ�R}i c T�Tjfh^rZ�Y[^[\]�rY c e c ^)Z»l
`a`



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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bdc T"^_VXZjfhZ#\]VX^_TST�Y[\��Xfh^rZ c TST�VX^rZ¹Y[Z#\�W�\]T�R c TSk_fh^_T"W~fpT#Y[\�Z c kNY�tj�Qfhy[\�Z#i c º�s^_VXZjfhZ#\]VX^_T"e�fhZ#�_R}e�fhZ#\]�rY c T
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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^

z

y

Surface rugueuse
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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
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�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

Ó Ï



�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
°)VXY_Tst c Z#Z c �r�)yzVXZ#�_µUT c �¶Y[^�k[R}� c W]VXy[y c e c ^rZ�W�\�ep\�Z�RSk cSÐ fx�rW]VXi�� b fhgaijfh^[g c kNY|� c t}Z c Y[i −→

F (k̂i, êi, n̂)
c T#Z � fh\�ZfhY[Z�VXY[i»k c

n̂0
MÆ½�i¥ªÅ¬'´�«$²"(Y-$¨·±)8'¸,(Y-$²ZW3®�±zµ�®b²"(;±�µ[(eª[«l¬0µ�¶.($- ²"( ¸b¨ ±�¬+«�¯e¨·¸,(:(�°$²)($-�-�´z«]\^¨�µY(Y-$¨[^�(�µ

²"(_\^¨·®,`Ä¸,(Y-79�µ%¨�«l°ba�°B4uªc($- ²)(e¶�¨·´u°P(8´z«]- d �qW c TotUV cvw t}\ c ^rZ�T�k c Í_i c T#^ c W��afhi#\ c ^rZ£y c YGyzVXY[i£Y[^Gtj�Qfh^[g c e c ^rZk��Ofh^[gaW c k�� \�^_t}\]k c ^_t c W]VrtxfhW c M © W c T�Zpk[VX^_t³yzVaT�T#\�n[W c k c e|VrkN\�� c i�W±��{��YQfhZ#\]VX^ �NM Ó c ^�^ c tUVX^_T c i#�afh^rZ��Y c W cy[i c ep\ c iSZ c i#e c kNY�k[R}� c W]VXy[y c e c ^rZSW�\�ep\�Z�R»k c −→
F

º
−→
Es(

−→r ) =
j k exp(j kr)

4πr
E0

(

I − k̂sk̂s

)−→
F (k̂i, êi, n̂0)IS

¦ �NM�Åx� ª
fx� c tpº

IS =

∫

S
exp[j(

−→
k i −

−→
k s).

−→
r′ ].d

−→
r′

¦ �NM�Å Árª
  c Z#Z c RU�YQfhZ#\]VX^¿Tx��RUt}i#\�ZST�VXY_T � VXi�e c e�fhZ#i#\]t}\ c W�W c º

[

Esh

Esv

]

= j k
ej kr

4πr

(

S⊥⊥ S‖⊥
S⊥‖ S‖‖

)[

E0h

E0v

]

IS
¦ �NM�Åx` ª

W c T�tUV cvw t}\ c ^rZ�T
Spq

T�VX^rZ�W c T�t}VXepyzVaT
fh^rZ c T�k c −→
F (k̂i, êi, n̂0)

y[i�Vh� c Z�R c T�T#Y[i�W~f�nQfXT c k c yzVXW~fhi#\]TjfhZ#\]VX^
(q̂i, p̂i, ẑ)

M© W c ^«k[RUtUVXY[W c W c T¹�afhW c Y[i�TST#Y[\��afh^rZ c TÀº
S⊥⊥ = − 2R⊥(θ) cos θ

¦ �NM�Å Ó¶ª
S⊥‖ =S‖⊥ = 0

¦ �NM�Å¾É ª
S‖‖ =2R‖(θ) cos θ

¦ �NM�ÅxÈ ª
bÆc Tmt}V cvw t}\ c ^rZ�TÂk c Í_i c T#^ c W ¦ {��rYQfhZ#\]VX^_T �NMOÈ c Z �NMOÇ ª T�VX^rZmR}�XfhW�Y_RUT c ^

θ
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�W�^�0��� �W�X�e ��^���%���z�Z¡£¢��^�{¤U Å�+�Z¥ �H�Å�¦¡$�����%�§�¹���*�%��¡
ódô¨õQô �¸ô¨õ ¨�98¯e¨�«9µ9¶)(3(%uªc9�«�®�¯:(8±�°)¨·¸,(

� � c tGW c T«{��rYQfhZ#\]VX^_T�kNYìyQfhijfhgaijfhy[� c �NM�ÅaM�ÅaMOL �¹W±��{��rYQfhZ#\]VX^ �NM�Åx` c Z³W~f�tUVX^[^Qfh\]TjTjfh^_t c k c T«yQfhijfhe|µ}Z#i c Tk��OfXtU�rY[\]T#\�Z#\]VX^d�N\�W c T#ZÂyzVaT�T�\�n[W c k c txfhW]t}Y[W c i¹W c T#\�ga^QfhW¸i�R}Z#ijVk[\ ·¸Y_T�RoyQfhiÂY[^ c yzVXi#Z#\]VX^«k c T#Y[i � fXt c i c t}Zjfh^[gaY[W~fh\�i ck c kN\�e c ^_T#\]VX^_T
a× b

M § W�Y_T"yQfhi#Z#\]t}Y[W�\]µ}i c e c ^)Zx�_W c tUV cvw t}\ c ^rZ�k c kN\�·¸Y_T#\]VX^
γpq © T c txfhW]t}Y[W c tUVXepe c T#Y_\�Z»º

|ES | ∝ γpq
c Z

γpq = SpqIS
¦ �NMO�aÏ ª

§ VXY[i�fx�VX\�i"Y[^ c txfhi#Z c k c tUV cvw t}\ c ^rZ�k c kN\�·¸Y_T#\]VX^«yzVXY[i"Y[^ c T#Y[i � fXt c �[\�W � fhY[ZSk[VX^_t�Z#\�i c iSY[^ c i�RxfhW�\]TjfhZ#\]VX^¿k c
IS

yQfhi"y[\ u[c W c ^«Z c ^Qfh^rZ�tUVXepy[Z c k c T"y[i�VXy[i#\]R}Z�RUTSW]VtxfhW c T�k c W~fpT#Y[i � fXt c|¦ i#Y[g¶VaT#\�Z�Ra�_\�^_t}W�\�^Qfh\]T�VX^ ª M
ª
pq

~{o^m(|	ouknmj¾*�(knm�sqfÂyqm�oqfh�2|=t�pWk5v �2|9tlp(Ê
p ∈ {v, h}

Ê
q ∈ {v, h}

ÓhÁ



�NM�ÅaM § i�VXyQfhgfhZ#\]VX^�T#Y[i"k c TST#Y[i � fXt c T
b ��VXn[Z c ^rZ#\]VX^ák c T�\�e�fhg c T»P£°[½Û^_RUt c T�T#\�Z c k c � fh\�i c W~f�T#�r^)Z#�_µUT c ijfXk_fhi»kNY÷T�\�ga^QfhW�n[i#Y[Z»VXn[Z c ^rY÷yzVXY[i�W c Tt c W�W�Y[W c T

a× b
Ã Í_ijfh^_t c T�tj� c Z#Z#\ c Z¹fhW±M��NLaÏaÏa�hn Ê¢M_ �VXepe cocvu y[W�\]�rY_R c ^¬\�^rZ#i�VrkNY_t}Z#\]VX^d�N^_VXY_T�^ c g¶R}^_R}i�VX^_T¹�rY c W c Ttxfhi#Z c TSk c i�R}Z#i�VrkN\�·¸Y_T#\]VX^ c Z¹^_VX^«yQfXT¹W c T"\�e�fhg c TSP£°[½.�_^QfhW c TxM� c y[W�Y_T¾��^QVXY_T�R}Z#Y_kN\]VX^_T�Y_^ c T c Y[W c yzVXW~fhi#\]TjfhZ#\]VX^ ¦,«¬«Àª �ht c W�W c k c T�\�e�fhg c T�P � �,°){m°%fx� c t�W c T��rY c W�W c T�^_VXY_TtUVXepyQfhi c i�VX^_T»W c Toi�RUT#Y[W�ZjfhZ�TÀT�\�e�Y[W]RUTxM b �Ofhepy[W�\�Z#Y_k c e|V¾� c ^[^ c k c

γ‖‖
c T#Zoy[i�VXyzVXi�Z#\]VX^[^ c W�W c l�W~f¬�afhi#\~fh^_t c k c

IS
º

∣

∣γ‖‖
∣

∣ =
∣

∣S‖‖
∣

∣ ISI
∗
S ⇒

〈∣

∣γ‖‖
∣

∣

〉

∝ 〈ISI∗S〉
¦ �NMO�NÅ ª

  c Z c i#e c i�RUT#Y[e c k[VX^_t�W c tUVXepyzVXi#Z c e c ^rZ�k c W~f¬i�Rv´ c t}Z#\��r\�Z�R c ^ � VX^QtvZ�\�VX^�k c Toyqfhijfhe|µ}Z#i c T»k c i#Y[g¶VaT�\�Z�R c Zk c W±�Ofh^[gaW c k�� \�^Qtv\]k c ^_t c M
{�Z#Y_kN\]VX^_TSk��OfhnzVXi�k«W c T"�Xfhi#\~fhZ#\]VX^_TSk c 〈ISI∗S〉

c ^ � VX^_t}Z#\]VX^�k c T"yQfhijfhe|µ}Z#i c TxM
ódô¨õQô �¸ô � 09%°)«9¬�²Ä®�+�´)-�®b¬'±�²Ä´e-)¬�¸SöW®�±6®W´.(8±zµY($²"( ¸b¨ «�´.8+¬¦-�®@°P9

²�YQfh^_k�W~f�T#Y[i � fXt cmc T�Z¼y c Y%i#Y[gaY c Y_T c�¦ txfXT�½ §�ª �
γ‖‖

t}i�Vh¥]Z�fx� c tsW±��RUtxfhi#Z��±Z'�)y c k c T¼�QfhY[Z c Y[i�T c Z�k[RUt}i�Vh¥]Z�fx� c tW~f»W]VX^[gaY c Y[i¹k c tUVXi#i�R}W~fhZ#\]VX^ ¦ Í�\�gaY[i c �NMO` ª M){�^ c · c Zx�ry[W�Y_T
lc

c T#Zmgaijfh^_k c y[W�Y_T�W~f�T#Y[i � fXt c�c T#Z�W�\]T�T c W]VrtxfhW c e c ^rZk[VX^_ta�ql
σh

k[VX^[^_Ra�
γ‖‖

kN\�ep\�^rY c M½�^«�Rvi�\ � c n[\ c ^«W c i�RUT�Y[W�ZjfhZ¹\�^)Z#Y[\�Z#\ � ¡¢y[W�Y_T"W c T�VXW c T#Z¹i#Y[gaY c Y u �[y[W�Y_T¹\�Wdi�R}Z#i�VrkN\�·zY_T c
¤ fx� c t�W~f%�afhi#\~fhZ#\]VX^�T c W]VX^
σh

M

�" {¡ òsó�ô ¯�ö±°[ù�
vû ù*�¨û��*��ÿrýSü�ù±&�ù�
vû ù��'�
ý£ÿrý
IS

ý2�,¦������	�¨û��*��ÿrýSü�ù�ü5���;��_ý2�8
£ÿrý"���*
(
��}ü�ù*�¨û����
lc
&����;
£ÿXû £ �2
�ý2�+�¢ývþ

&�ùaü�ý2�8

þ�ÿý,ü�� ���jù�
��²#-�²�(&_ýáÿý
þ 1)ù�� �¢ý2�;

þ
σh

& �*�;
,ü]ý,ú/�xÿ��}ü�ýe��&��¨û��	�[ý£T�1$��þvû��	�[ý)� # � ùXú &qü û����Nÿýú/���ý2�·�¸ý 〈|E|〉 ÿý»ü�ù¤
�����
��¾ÿXû £��þvû��*�,ÿ�����
��HVb�Âù�&Xý��
lc

ý��j�	
���Vb�Âù�&hý��
σh

�§T�üð�þ
lc

ý
þ2�Ä�
#ù��qÿ940&qüð�rþü�ù÷þ(�8
@¦Uù%�
ýGý
þ2�»ü5�)�jùXü]ývú�ý2�+��ü û~þ
þUý¿ÿ%���'� 〈|E|〉 ÿXû�ú%ûb�·�_ý)�UT"ù�
 �E���+��
jý(4S���[ù��qÿ
σh

ù���aú�ý2�+�¢ý(4»ü�ùþ2�;
b¦}ù��jý%ÿrý³&xû±ý2�+�u&qüð�þ¥
2����_ý2�rþxýpý�� 〈|E|〉 ù���aú|ý��+�¢ý)�
§ fhiptUVX^rZ#i c ��t c W~f¿k c �)\ c ^rZ%y[W�Y_T�tUVXepy[W�\]�rY_R��rYQfh^_káW c T�VXWÂk c �)\ c ^rZ%Z#i�µUT%i#Y[gaY c Y uì¦ txfXT|½ � ª M © Wm�áf�Y[^e�f u \�e�Y[e yzVXY[i

γ‖‖
� c ^_T#Y[\�Z c \�Wmk[RUt}i�Vh¥]Z ¦ Í¼\�gaY[i c �NM Ó ª M b ��R}^ c i#ga\ c T c i�R}yQfhi#Z#\�Z%T#Y[iÀW±� c ^_T c e�n[W c k c W~f³k c ep\��T�y[�_µ}i c fhYÒk c T�T#Y_T�k c W~f�T#Y[i � fXt cá¦ txfXT�W~fhe�n c i#Z#\ c ^ c ^�W�\�ep\�Z c¾ª M��oVX^_t«W~f÷yzVXi#Z#\]VX^Òk���R}^ c i#ga\ c i c í}Y c yQfhi�W ctxfhy[Z c Y[i�k[RUt}i�Vh¥]Z�� Y_T��rYd�Ol E0

2π

¦ Í¼\�gaY[i c �NM É ª M
Ó `



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

~ m³� ~ n��

�" {¡ òsó�ôµ´�ö±°[ù�
vû ù*�¨û��*�áÿý�ü�ù�&�ù�
vû ù��'�
ý�ÿý
IS

ý2�¤¦	���'�	�¨û����áÿývþw&[ù�
#ùXú¤����
jý
þ|ÿý 
2�*%�hþ
û��^��ÿ���þ��aüU�{���jù�
��²#-�²�(&[ýÿývþ 1)ù�� �¢ý2�8
jþ0�'ù³�¬ý��mü5���;��_ý2�8
�ÿý��E��
2
��vü�ù*�¨û����¶�R���B�,&����8
»ü�ý»ú/�¾ÿ��vü]ý��z&��¨û����_ý0�w���Xú¤����
vû��	�[ý)� # ù
&�ù*

û ù*�¨û�����ÿý|ü�� ùXú &qü û����Nÿý|ú/���ý2�·�¸ý�ÿý|ü�ù 
�����
��¾ÿXû £��þvû��*� 〈|E|〉 ývþ2�Sú��aû@�[þ�û@�+���)û��¨û�&hý ���_ý,&����8
ü�����&��¨û����_ý�T�1Y�hþ
û����_ýd�jù�
�ÿ¶ù��_þ �
ý �jùhþ ���ãù �;� ú|ùP·Xû�ú �rú ù�&hù��+��ÿýd�¢ý2�qÿ�
�ý�&hý2

þ�ü�ý¿ú��¾ÿ��vü]ýü�ùXú��jý2
2�¨û±ý2���

Spéculaire pur

Augmentation
de la rugosité

1 2 3 4 5

Lambertien pur

�" -¡ òsódô,¸�ö�!¹&l�Xüð�8�¨û����÷ÿý»ü�ù¤
E����
��¾ÿXû £��rþ
û�����ý2��¦��*�'�	�¨û����Gÿý»ü�ù¤
(�*%�hþvûb�^��ÿ��³þ��Xü3�

{�^÷i�RUT#Y[e|Ra�dW c tUV cvw t}\ c ^rZ%k c tUVXi#ijRvW~fhZ#\]VX^�fhY[gae c ^rZ c fx� c tpW~f¬i#Y[g¶VaT#\�Z�R�� Y_Tj�Yd�Ol�t c �rY c W~f³T#Y[i � fXt c T�VX\�ZZ c W�W c e c ^rZ�i#Y[gaY c Y_T c �Yd� c W�W c T�VX\�Z%�rYQfXT#\��±W~fhe�n c i#Z#\ c ^[^ c M b f�i#Y[g¶VaT#\�Z�R�^ c y c Y[Z%yQfXT%�}Z#i c i�RUkNY[\�Z c l
σh º lc ffhY_TjT#\�Y[^ c gaijfh^_k c \�^N´_Y c ^_t c T#Y[i#Z�VXY[ZST�Y[i¹W~f%W]VrtxfhW�\]TjfhZ�\�VX^�kNY³e�f u \�e�Y[e k c

γ‖‖
M

ódô¨õQô �¸ô]ó 09%°)«9¬�²Ä®�+�´)-�®b¬'±�²"(Y-�°)¬'®@°P-«öW®�±6®W´.(8±zµ[( ²"(Y-/ªc(8±�°P(Y-�» ²)(d¸�W3®�±zµ;®@²"(;±�µ[(
b f£�afhi#\~fhZ#\]VX^|k c

γ‖‖
c ^ � VX^_t}Z#\]VX^�k c W±�Ofh^[gaW c k�� \�^_t}\]k c ^_t c

θ
c T#Z�y[W�Y_T � fXt}\�W c l�fhy[y[i�R}� c ^_k c ixM8�£W]VXnQfhW c e c ^rZx�

γ‖‖
k[RUt}i�Vh¥]Z¹y[W�Y_TÂVX^³Tx��RUtxfhi#Z c k�� Y[^ c i�R}Z#i�VrkN\�·zY_T�\]VX^«fhY Ô fXkN\�i ¦ Í¼\�gaY[i c �NMOÈ ª �)T
fhY � �YQfh^Qk�W~f�T�Y[i � fXt c£c T�Zm�)ijfh\��e c ^rZ¹Z�i�µUTÂi#Y[gaY c Y_T c M_��fh^_T¹t c txfXTx�NVX^³i c Z#i�VXY[� c Y[^³e�f u \�e�Y[e«Mq  c e�f u \�e�Y[e T�VXY[W]µ}� c k c T¹\�^rZ c i#i�VXgfhZ#\]VX^_TxM

ÓaÓ



�NM�ÅaM § i�VXyQfhgfhZ#\]VX^�T#Y[i"k c TST#Y[i � fXt c T
© WqyzVXY_i#ijfh\�Z¹�}Z#i c k½¼³fhY�yQfXT�Tjfhg c � c i�T�W c txfXT�W~fhe�n c i#Z#\ c ^ ¦ gaijfhy[� c T"��l Á �)Í�\�gaY[i c �NM É ª MN��fh\]TÂVX^�T¾�OfhZ#Z c ^_kNijfh\�Zl|fx�¶VX\�i"Y[^ c fXT�T#�)epy[Z�¾XZ c ^_VX^³^)Y[W�W c Mz° c ijfh\�Z��¢t c fhW]VXi�T"W~f%W�\�ep\�Z c k c �afhW�\]kN\�Z�RÀkNY«e|Vk_µvW c �

~ m³� ~ n��

�" {¡ òsó�ôµ¿�ö±°[ù�
vû ù*�¨û��*�,ÿý�ü�ù0&�ù�
vû¨ù����jýpÿý
IS

ý2��¦��*�'�	�¨û����,ÿrý�üD� ù��;aü�ý�ÿ.� û@���}û¨ÿrý2�'�
ýK&����;
�ü�ý�ú/�¾ÿ��vü]ý���&��¨û����_ý
T�1$��þvû��	�[ý7� ù³��ý��Âü�ý%ú/�xÿ;�vü]ý0�z&��¨û����_ý��w���aú/�	��

û����_ý������*� # � ùXú &qü ûb���[ÿý�ú/���ý2�·�zý�ÿrý�ü�ù 
��	��
��xÿaû ¦³#
¦2�þvû���� ÿXû�ú�û@�·�_ý¬ù�&hý���üD� ù��;Xü]ý�ÿ.� û@�'�Uû¨ÿý��'�jý£�B�cT ý��oÿ����2�8�x���"� &'�)û~þ/
E�³# ù��*Xú�ý2�+�¢ý�ü3�����
�ývú�ý2�+�
���[ù��qÿø��� �¢ý2�zÿ�&hý2

þÀü]ýS�jùhþÀü�ùaúÀ�jý2
��¨û±ý2���

§ ijfhZ#\]�Y c e c ^rZ¾��t c W~f¿T#\�ga^[\�� c �rY c y[W�Y_T%W c T�Z�VX\�Z�T�VXi#\ c ^rZ�RUT%� c i�T�W c txfhy[Z c Y[ipT c i�VX^rZ%y c ^rZ#Y_Tx�¼y[W�Y_T%\�W]T�i�Rv�Z#i�VrkN\�·¸Y_T c i�VX^rZxMÆ{�^ c · c Zx�¸W±�Ofh^[gaW c W]VrtxfhWsk�� \�^_t}\]k c ^_t c kN\�ep\�^rY c fx� c t�W±�OfhY[gae c ^rZjfhZ#\]VX^ák c W~f�y c ^rZ c M���fh^_T�W c T\�e�fhg c Tx�[W c T¹Z�VX\�Z�T"y c ^rZ#Y_TSkN\�i#\�g¶RUT"� c i�T¹W c txfhy[Z c Y[i�T c i�VX^rZ"k c T¹ÑxVX^ c T"n[i#\�W�W~fh^rZ c T ¦ W c y[W�Y_T"T�VXY[� c ^rZ"k c T¹W�\�ga^ c T ªZjfh^_kN\]TS�rY c W c T"Z�VX\�Z�T"VXy[yzVaTjR}T�fhY�txfhy[Z c Y[i�T c i�VX^rZSk c T¹W�\�ga^ c TST�VXe�n[i c T¾M
ódô¨õQô �¸ô�� Á�°)¨ °�®�-)°�®�1u´)(Y-

ëS^ c txfhi#Z c k c i�Rv´ c t}Z#\��r\�Z�R�k�� Y[^ T�VXW¹i#Y[gaY c Y u fGR}Z�R³txfhW]t}Y[W]R c«c ^ Y[Z#\�W�\]Tjfh^rZpW c T|RU�rYQfhZ#\]VX^_Tpy[i�RUtURUk c ^rZ c T¦ Í�\�gaY[i c �NMOÇ ª Ma½�^%y c Y_Z¼�R}i#\�� c i��Y c W c T�T#ZjfhZ�\�T�Z#\]�Y c T�k c W±��VX^_k c i�Rv´QRUtj�[\ c yQfhi�t c T�VXW)tUVXi#i c T#yzVX^Qk c ^rZ�fhY�e|Vrk[µ}W ck c �oVrVrkNe�fh^ ¦¨§ fhijfhgaijfhy[� c `NM�ÅaM�Å ª ºW±�Ofhepy[W�\�Z#Y_k c T#Y[\�ZmY[^ c W]VX\¸k c�Ô fhÌXfhgfhep\ c ZmW~fÀy[�QfXT c£c T�Zs\]k c ^)Z#\]�Y c e c ^rZkN\]T�Z#i#\�n[Y_R c T#Y[i
[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

Ó Ç



�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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�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
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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
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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
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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
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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
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zr
c Zk c W±��VXe�n[i c
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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��

~ t�� ~ p�� ~ }É�

~ 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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þ=�jùhþ)�
θ = 40◦

ÿù��[þ¥�q���rþ�ü]ý
þS��ùXþ	�
� ù³��Öz1 � <���ú�4

φ � 7 ◦ 4é������Öu1 � <��|ú�4
φ � <%7 ◦ 4é�-����Öu1 � <��|ú�4
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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
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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

~ mb� ~ n�� ~ Á��

~ t�� ~ p�� ~ }É�

~ xm� ~ ¼H� ~ f��
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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

~ m³� ~ nH� ~ Á�� ~ t��

~ p�� ~ }X� ~ xm� ~ ¼H�
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(lx+ly)2

lcx lcy
VXY

C(lx, ly) = e
lxly

lcx lcy
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� W c �_W�Z#ijfhg c k c T¹W]VXn c TST c tUVX^_k_fh\�i c TSyQfhi¹W~f�e|R}Z#�_Vrk c ° « � � Ã � c gaijfaf � �dÅxÇaÇaÈ ÊbÆc T�W�VXn c T»T c tUVX^_k_fh\�i c TÀk c TÀT#\�^rY_T�txfhi�kN\�^QfhY u T�VX^rZ�y[W�Y_T�VXY,e|VX\�^_T»fhZ#Z�R}^rY_RUT»T c W]VX^,W c T�T�VXY_T#�±�rY c TxM bÆc° « � c T#Z�Y[^ c e|RvZ��_Vrk c k c t}VXe%n[\�^Qfh\]T�VX^GW�\�^_Rxfh\�i c k c ToT�VXY_T��±�)Y c T£T#y c t}Z#ijfhW c ToyzVXY[ioR}W�\�ep\�^ c ioW c T£W]VXn c TT c tUVX^_k_fh\�i c TxM b � c T#Z#\�e�fhZ#\]VX^�k c W~f��XfhW c Y[i�VXy[Z#\�e�fhW c k c TmtUV cvw t}\ c ^rZ�T�k c W~fÀtUVXe�n[\�^Qfh\]TjVX^�W�\�^_Rxfh\�i c�c T#Z�fhYt�FoY[i�kNY¿° « � M
� W~fpk[R}Z c t}Z#\]VX^¿k c t}\�n[W c|Ã Ä fhyzVrVXi c Z Ô fh^_kN�QfhÌ)Y[e�fhix�dÅxÇaÇa` � ��c ^[i#� c Z�fhW±M��_LaÏaÏa� Êb f�yzVaT#\�Z#\]VX^,k c T � VXi#Z�T£i�Rv´ c t}Z c Y[i�To�afhi#\ c k�� Y[^ c TjVXY_T��±�rY c l�W±�OfhY[Z#i c Md  c W~f�k[VX^[^ c k c T£\�^_kN\]txfhZ#\]VX^_T�T#Y[iW c Z'�)y c k c t}\�n[W c �Y_\ c T#Z"VXn_T c i#�RaM�ofh^_T�t c tj�Qfhy[\�Z#i c �Q^_VXY_TSy[i�VXyzVaT�VX^_TSY[^¿VXY[Z#\�WÆyzVXY[i cvu y[W]VX\�Z c i�W±� \�^ � VXi#e�fhZ#\]VX^Gk c TSTjVXY_T��±�rY c TSk�� Y[^ c T c Y[W c° b   T#Y[i�Y[^ c gaijfh^Qk c T�tUµ}^ c%c ZotxfhijfXt}Z�R}i#\]T c iÀfhY[Z�VXe�fhZ#\]�rY c e c ^rZ�W c T�y_\ u[c W]TxM�  c Z#Z c fh^QfhW��NT c y c i�e c Z�k�� \]T�VXW c iy[W�Y_T�\ c Y[i�T£Z'�)y c Tok c i�Rv´ cvu \]VX^_TpºzT#yzRUt}Y[W~fh\�i c T�VXY,kN\�·zY_T c TxM b � cvu y[W]VX\�ZjfhZ#\]VX^�kNYGk[RUtUVXY[yQfhg cpc ^GT�VXY_T#�±�rY c T�fhÑU\��e�Y[ZjfhW c T c T#Zok��OfhnzVXi�kGy[i�RUT c ^rZ�R c³¦ ° c t}Z#\]VX^ Á M�Å ª M b f�e|R}Z#�_Vrk[VXW]VXga\ cpc T#Z£Z#ijfh^_T�yzVaTjfhn[W c fhYGtxfXTokNYGk[RUtUVXY[yQfhg cc ^GkN\]T#Zjfh^_t c e�fh\]T£W±� \�^rZ c i#y[i�R}ZjfhZ#\]VX^,y[�r�NT#\]�rY c kN\�·�µ}i c�¦ t c T�VX^rZ£k c T£y[�_R}^_VXe|µ}^ c T�k c i�RUT�VX^Qfh^_t c �rY[\�T�VX^rZ c ^� c Y ª M b f � Y_T#\]VX^�k c T�kN\�·¸R}i c ^rZ c T��)Y c T c T#Z � fh\�Z c T�Y[i�Y[^�t}i#\�Z�µ}i c k�� c ^rZ#i�VXy[\ c M b f¿e|R}Z#�_Vrk c�c T#Z�tUVXepyQfhi�R c lY[^ c fhy[y[i�Vrtj� c y[W�Y_T�t}W~fXT�T#\]�rY c º_W~f|tUVXi#i�R}W~fhZ#\]VX^GtUVXepy[W cvu[c�Ã ��c ^[i#� c Z£fhW±M��zLaÏaÏa� � ��c ^[i#��zLaÏaÏa� Ê ¦ ° c t}Z#\]VX^ Á MOL ª M

�oij�Xt c lÀW � c ^rZ�i�VXy[\ c �)k c Y u txfhZ�R}g¶VXi#\ c TÂk c yzVX\�^rZ�T�T�VX^)Zs\]k c ^rZ#\��QR c ToºW c TmyzVX\�^rZ�T�T#Z
fhn[W c T��rY[\¸fhy[yQfhijfh\]T�T c ^rZÂk_fh^_TZ�VXY[Z c TmW c TmT�VXY_T��±�)Y c T c ZsW c TsyzVX\�^rZ�Tm\�^_T#Zjfhn[W c Tm�rY[\Q^d�Ofhy[yQfhijfh\]T�T c ^rZÂ�Y c k_fh^_Tmt c i#Zjfh\�^ c T�TjVXY_T��±�)Y c TxM bdc TmyzVX\�^)Z�TT�Zjfhn[W c TÂT�VX^rZÂY[Z#\�W�\]T�RUT�yzVXY[i"fhe|R}W�\]VXi c i"W � c T�Z#\�e�fhZ#\]VX^«k c W~f�y[�QfXT c \�^rZ c i � R}i�VXe|R}Z#i#\]�rY c T�Y[i�W c TÂtUVX\�^_TÂi�Rv´ c t}Z c Y[i�T¦ ° c t}Z#\]VX^ Á MO� ª M
\^_mlondc _�¾9mEoqfÂm(khkqpZl'm�sqfnmE|	oRn�¾*�)t�fEÙrmEoqfh�2|
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b f�kN\�i c t}Z#\]VX^.fhÑU\�e�Y[ZjfhW c÷c T#Z³W~f kN\�i c t}Z#\]VX^ k c �VXW�kNYìyzVXi#Z c Y[i c Z³tj�QfX�rY c yzVaT#\�Z#\]VX^ãtUVXi#i c T�yzVX^_k láW~f�afhi#\~fhZ#\]VX^¿k c � i�RU�rY c ^_t c kNY c l%W±� c · c ZS�oVXy[y[W c i ¦�~ ÅaM�ÅaMOLNMOL ª Mq�ofh^_T"W c T"\�e�fhg c T�P£°[½ � VrtxfhW�\]T�R c Tx�_tj�QfX�rY c yzVX\�^rZc T�ZdRUt}W~fh\�i�R�y[W�Y_T#\ c Y[i�T � VX\]T�yQfhidW c � fh\]T�t c fhY»k c W±�Ofh^rZ c ^[^ c i�R c W�W c �rY[\fÂY[^ c W~fhi#g c Y[i�l
3.92

k � R}gfhW c l ¦ {��rYQfhZ#\]VX^_TÅaM�Åx` c Z ÅaM Á ª º
α3.92dB =

λ

L
=

λ

2δra

¦�Á M�Å ª
fx� c t

L
W~f%Zjfh\�W�W c k c W~f��¶R}i#\�Zjfhn[W c fh^rZ c ^[^ c Mb f�T�R}W c t}Z#\]VX^pk�� Y[^ c T�VXY_T��±nQfh^_k cÂc ^�fhÑU\�e�Y[Z�tUVXi#i c T#yzVX^_kplSW~fSTjR}W c t}Z#\]VX^pk�� Y[^ c yQfhi#Z#\ c k c W±�Ofh^rZ c ^[^ cÂc Z�k_VX^_tk�� Y[^ c t c i#Zjfh\�^ c y[W~fhg c k��Ofh^[gaW c T»k�� \�^_t}\]k c ^_t c�¦ Í�\�gaY[i c Á M�Å ª ºzW±� \�e�fhg c k�� Y[^ c TjVXY_T��±nQfh^_k cpc T#Z�W~f�i�R}yzVX^_T c �Y[\T c ijfh\�Z�i c í}Y c T#\_W±��VX^_k c fx�afh\�ZsR}Z�RSR}ep\]T c Y[^[\]�rY c e c ^rZmyQfhimt c Z#Z c yQfhi#Z#\ c k c W±�Ofh^rZ c ^[^ c%¦ \±M c Mrfx� c t¹Y_^�k[R}yzVX\�^rZjfhg cfhÑU\�e�Y[ZjfhW ª M
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Antenne synthètique entière

α

Sous−antenne 1
sous−bande 1

Sous−antenne n

Trace du capteur

Vision

sous−bande n

Vision
arrière avant
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bdc ToT#Y[i � fXt c T�i�Y[gaY c Y_T c T ¦ fhYGT c ^_T£k c P£fx�rW c \�ga� ª T�VX^rZ£�rYQfXT#\�e c ^rZ£W~fhe�n c i#Z#\ c ^[^ c T c Z�\]T�VXZ#i�VXy c ToT#\¼W~f�i#YN�g¶VaT�\�Z�R c T�ZSgaijfh^_k c k c �afh^rZ�W~f|W]VX^[gaY c Y[iok���VX^_k c M b f|e|�}e c \�^rZ c ^_T#\�Z�R%k c i�R}Z#i�VrkN\�·zY_T#\]VX^GT c ijf�k[VX^_t�VXn_T c i#�R ck_fh^_TStj�QfX�rY c T�VXY_T��±nQfh^_k c MbÆc ep\�W�\ c YpY[i#nQfh\�^ c T�Z�Z#i�µUT��_R}Z�R}i�VXg¶µ}^ c"c Z�tUVX^rZ#\ c ^rZ�k c ^_VXe�n[i c Y u Z#i#\]µUkNi c T c Z�kN\]µUkNi c TxM bdc T�y[i c ep\ c i�T�i�R}Z#i�VrkN\ � �� Y_T c ^rZ"k c � fXíUVX^«�YQfXT�\��±\]T�VXZ#i�VXy c º yQfhi"tUVX^rZ#i c �[W c T"T c tUVX^_k[T"y c Y[� c ^rZ�fx�VX\�i¹Y[^«kN\~fhgaijfhepe c k c i�R}Z#i�VrkN\�·¸Y_T#\]VX^TjVX\�ZmW~fhi#g cp¦ txfXTÂk�� Y[^ c T#Y[i � fXt c i#Y[gaY c Y_T c¾ª �NT�VX\�ZÂkN\�i c t}Z#\ � ¦ txfXT�k�� Y[^ c T#Y[i � fXt c W�\�TjT c¾ªS¦  m�Qfhy[\�Z#i c � ª M)��fh^_TmW c txfXTkN\�i c t}Z#\ � �[W±��VXnN� c Z"^d�Ofhy[yQfhijf�¥]Z#ijf|�rY c k_fh^_T"Y[^ c VXY�k c Y u T�VXY_T��±�)Y c TxM
 �VX^_T#\]k[R}i�VX^_TmW c y[i�VXn_W�µ}e c£c ^�k c Y u kN\�e c ^_T#\]VX^_TmyzVXY[isW c T#\�epy[W�\�� c i c ZmtUVXepy[i c ^_kNi c k c e�fh^[\]µ}i c g¶R}^_R}ijfhW cW c tUVX^rZ c ^rY¿k c T"T�VXY_T��±�)Y c T ¦ Í�\�gaY[i c Á MOL ª § M
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Á M�ÅaMq°r\�ga^QfhWÆk c TST�VXY_T��±�)Y c T

ψ

signal rétrodiffusé

signal émis

Objet

n̂

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

Ça`
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k���VXnN� c Z�T c T#ZÀZ c Wm�Yd� \�W c T#ZÀ\�epyzVXi#Zjfh^rZ%k c kN\]T#yzVaT c i�k�� Y[^áVXY[Z#\�Wm�Y[\ cvu Z#ijfh\�Z%fhY[Z�VXe�fhZ#\]�rY c e c ^rZ�W c T�txfhijfXt}Z�Rv�i#\]T�Z#\]�Y c T£k c T�y_\ u[c W]Tol|yQfhi#Z#\�iok c ToT�VXY_T��±�)Y c TxMq�ofh^_T£W~f�T#Y[\�Z c �q^_VXY_T�y[i�VXyzVaT�VX^_T£Y[^GVXY[Z#\�W�k c i c tUVX^[^Qfh\]T�T
fh^_t cfhY[Z�VXe�fhZ#\]�rY c k c T¹y[\ u[c W]T"T�Zjfhn[W c T c Z"\�^_T#Zjfhn[W c TxM
r C�Ê I L�G�LKZuM�ÌÄG�Î�P'LNM¦Î�IwO LKR=M'I�� LNM�Î%�,RSV T�VWP J�Î4�¥V$��P�� J L�G'M¦Î�GÇTSVWPXP+IKR�P�t> R�VWP

bdc n[Y[Z c T#Z¼k�� \]k c ^rZ#\�� c i�W c TÆy[\ u[c W]T¼T#Zjfhn_W c T c Z¼W c TÆy[\ u[c W]TÆ\�^_T#Zjfhn[W c T�l¹yQfhi#Z#\�i�k c T�T�VXY_T��±�)Y c TxM¾� c Y u e|R}Z#�_Vrk c TVX^rZ�R}Z�R%Z c T#Z�R c ToyzVXY[i�txfhijfXt}Z�R}i#\]T c i�W c T£y[\ u[c W]T�ºzW c txfhW]t}Y[W�k c W~f�tUVXi#i�R}W~fhZ#\]VX^�tUVXepy[W cvuNc³Ã �£c ^[i#� c Z�fhW±M���LaÏaÏa� Êc Z�W c txfhW]t}Y[Wsk c W±� \�^ � VXi#e�fhZ#\]VX^÷e�Y[Z#Y c W�W c«Ã �Ò\�^)Z c i c ZÀfhW±M���ÅxÇaÇ¶É Ê¢M=O�(Y- ²)(8´u ¨�ª[ª�«9¬�µ�¶)(Y- ªc(;«9¯w(%°	°P(8±�°$²"(
«](�µ�¶)(�«9µ9¶)(�«/¸,(Y-�ªÅ¬�®�±�°P-±-	°)¨L`Ä¸,(Y-�¯e¨·®,-±-�(;´[¸�($¸b¨�-P(�µ%¬�±z²"(øµ�¨�«l¨�µ*°P9;«9®,-P($¨·´)-P-�®Å¸,($-�ªÅ¬'®�±�°P-�®�±)-	°)¨L`[¸,($-aô
u����Ä�^� � �z�%�[å+�^�'�%�q���Í¥ �.�¹���^�o�W�

b f�tUVXi#i�R}W~fhZ#\]VX^¿tUVXepy[W cvuNcÀc ^rZ#i c k c Y u T�VXY_T#�±�rY c T
sn

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
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[0, 2π]
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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
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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)
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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
I(X1,X2) = HX1 +HX2 −H(X1,X2)
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  c Z#Z c �YQfh^)Z#\�Z�Ra�[T#\�ga^[\��QtxfhZ#\�� c kNY�W�\ c ^ c ^rZ#i c
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(
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s
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c T#Z¹\�\]k�fx� c t�k c T"e|VXe c ^rZ�TSk���VXi�kNi c Å c Z�L%i c T#y c t}Z#\�� c e c ^rZ�R}gfhY u l
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W±� \�^rZ c ^_T�\�ZjRGe|V¾� c ^_^ c�¦ fx� c t�W c T�^_VXZjfhZ#\]VX^_T³y_i�VXyzVaT�R c T�yQfhi Ô \]tUVXW~fXT³k_fh^_TÃ Ô \]tUVXW~fXTx�QLaÏaÏaLaf Ê ª º

�¯§ �QfXT c º
p(ϕ) =

1

2π
, ϕ ∈ [−π, π]

¦ `NMOL ª
� � epy[W�\�Z#Y_k c�¦ W]VX\Æk c P£fx�rW c \�ga�N� Ô fhÌXfhgfhep\ ª º

pA(u|L, µ) =
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Γ(L)
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√
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, u ≥ 0
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`NM�ÅaMOLNMQ�¿Vrk[µ}W c T"^_VX^N�±gfhY_T�T�\ c ^QT
�¯© ^rZ c ^_T#\�Z�R ¦ W]VX\[��fhepe�f ª º

pI(u|L, µ) =
1

µ

L

Γ(L)

(

Lu

µ

)L−1

e
−Lu

µ , u ≥ 0,
¦ W]VX\[��fhepe�f ª ¦ `NM Árª

fx� c t
µ = R

M
Γ

c T#Z�W~f � VX^_t}Z#\]VX^ ��fhepe�f Ã �£ijfXk[T#�rZ c �)^ c ZÂP"�)ÑU�[\�Ìz�)LaÏaÏaÏ Ê¢M b f%Í�\�gaY[i c `NM�Å ¦ f ª \�W�W�Y_T#Z#i c t c Z#Z c � fhep\�W�W c k c W]VX\]TxM
ÄW�^�0��� ���W���+�q�¦¡$���z�Nw��u�§ �¡�¡��q�+�Z¡

ëS^ c y[i c ep\]µ}i c e�fh^_\�µ}i c k��OfXk_fhy[Z c imW c e|Vrk[µ}W c gfhY_TjT#\ c ^ c T�Zsk c tUVX^_T#\]k[R}i c i��rY c W c T��r�)yzVXZ#�_µUT c Tmk c ��VrVrk)�e�fh^�^ c T�VX^rZ£y[W�Y_T£�XfhW�\]k c T c ^�ijfh\]T�VX^Gk c W~f|^_VX^N�±Y[^[\ � VXi#ep\�Z�Rpk c T£T#Y[i � fXt c T%ºzta� c T#Z�W±�Ofhy[y[ijVtj� c � VX^_k[R c T�Y[i�W~fZ cvu Z#Y[i c,¦�~ `NM�ÅaMOLNM�Å ª M b f�k c Y u \]µ}e c T�VXW�Y[Z#\]VX^ tUVX^_T#\]T#Z c l¿T�Y[y[yzVaT c ip�Y c W c T%�r�)yzVXZ#�_µUT c Tpk c �oVrVrkNe�fh^ T�VX^rZ� fhY_T�T c T c ZSl�y[i�VXyzVaT c iSk c T"e|Vrk[µ}W c T"e�fhZ#�_R}e�fhZ#\]�rY c TSyzVXY[i"W c � VXY[\�W�W�\]T ¦�~ `NM�ÅaMOLNMOL ª M
¯�ô¨õQô �¸ô¨õ ' ª�ª[«l¬0µ�¶.(3\-¬'±�²)9$(3-�´z« ¸b¨ °P(�0°�´z«](

 �VX^_T#\]k[R}i�VX^_T�W~f÷i�Rv´ c tvZ�\��)\�Z�R
R

tUVXepe c Y[^ c �afhi#\~fhn[W c fhW]RxfhZ�VX\�i c M
R

c T#Z � VX^_t}Z#\]VX^ÒT�VX\�Z�kNY¯^_VXe�n[i c k ckN\�·¸Y_T c Y[i�Tx�xT�VX\�Zdk c W~fÂ^QfhZ#Y[i c k c TÆkN\�·zY_T c Y[i�T ¦ txfXTÆk c TdT�Y[i � fXt c T��_R}Z�R}i�VXg¶µ}^ c T ª M¾ë�^ c i c W~fhZ#\]VX^»i c W�\ c W c T�\�^rZ c ^_T�\�ZjR}T
I

l
R

�[T�VXY_T"W±� �r�ryzVXZ#�_µUT c k�� Y[^ c T#Y[i � fXt c T#ZjfhZ�\�VX^_^Qfh\�i c fhY«T c tUVX^_k«VXi�kNi c º
I(u) = R(u)SI(u)

¦ `NMO` ª
fx� c t

SI(u)
W~f�i�R}yQfhi#Z#\�Z#\]VX^¿k c T"i�Rv´ c t}Z c Y[i�T�R}W]R}e c ^rZjfh\�i c T£fhY�T c \�^«k c W~fpt c W�W�Y[W c Mb fGy[i�VXnQfhn[\�W�\�Z�R

pI
k c W±� \�^rZ c ^_T#\�Z�R c Z

pA
k c W±�Ofhepy[W�\�Z#Y_k c y c Y[� c ^rZ¬fhW]VXi�T��}Z#i c k[RUkNY[\�Z c T�k c

pR
M § W�Y_T#\ c Y[i�TkN\]T�Z#i#\�n[Y[Z#\]VX^_TSVX^rZSR}Z�R�y[i�VXyzVaT�R c T"yzVXY[i

pR
M

¨$®,-	°)«�®,`[´z°�®b¬'± Kb fS�Xfhi#\~fhZ#\]VX^�kNY�^QVXe�n[i c
Ns

k c kN\�·zY_T c Y[i�T¼yQfhi�t c W�W�Y[W c k c ijR}TjVXW�Y[Z#\]VX^%y c Y[Zx��yQfhi cvu[c epy[W c �h�}Z#i c i c y_i�RUT c ^rZ�R cyQfhi�Y[^¬y[i�Vrt c T�T�Y_T�k c ¡¢^Qfh\]TjTjfh^_t c �±ep\�gaijfhZ#\]VX^N�¢e|VXi#Z ¤�Ã ËfXV[�¸ÅxÇaÈ Á � ½�W�\�� c ix�¸ÅxÇaÈ Á Ê¢MN�ofh^QT�t c txfXTx�
Ns

T#Y[\�Z�Y[^ c W]VX\n[\�^_VXep\~fhW c ^_R}gfhZ#\�� c¬¦ tUVXi#i c T�yzVX^_k_fh^rZÀl|Y[^ c W]VX\W�Àfhepe�f|yzVXY[i
R

ª"c Z�W~f�k[kNy d k c T�\�^rZ c ^_T#\�Z�RUT c T�Z£fhW]VXi�T£Y[^ cW]VX\ K º
pI(u) =
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(
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, L > 0,M > 0
¦ `NM Ó¶ª

fx� c t
M

W c yQfhijfhe|µ}Z#i c k c � VXi#e co¦ yQfhijfhe|µ}Z#i c �rY[\Nk[Rv�_^[\�Z�W±�OfhW�W�Y[i c k c W~f��rY c Y c k c W~f"W]VX\ ª¼c Z
KM−L

W~f � VX^_t}Z#\]VX^k c¥�Âc T�T c W�e|VrkN\��QR c k c T c tUVX^_k cÀc T#yzµUt c|Ã § VXY[W~fhi#\�ÌafXTx�ÆÅxÇaÇaÇ Ê¢Mb fÂW]VX\ Ä y c Y[Z¼R}gfhW c e c ^rZ��}Z#i c �)Y c tUVXepe c W~f¹e�Y[W�Z#\�y[W�\]txfhZ#\]VX^�k c k c Y u W]VX\]T[��fhepe�f Ã � c W�\�ga^_VX^ c Z § \ c t}ÑU�)^_T#Ìr\±�LaÏaÏaL Ê¢Mb �OfhW�W�Y[i c k c W~f»W]VX\ c T#ZÂk[VX^[^_R c l»W~f%Í�\�gaY[i c `NM�Å ¦ t ª MQ  c e|Vrk[µ}W c�c T#ZÂTjVXY[� c ^rZÂY[Z#\�W�\]T�R£yzVXY[iÂi c y[i�RUT c ^rZ c i"k c TT�Y[i � fXt c T¹�_R}Z�R}i�VXg¶µ}^ c T¾MQ��fh\]T¹\�Wd^d� c T#Z"yQfXTSfXk_fhy[Z�R�fhY u ep\�W�\ c Y u Z#i�µUT"�_R}Z�R}i�VXg¶µ}^ c TxM
Á546-	°P<8¯:( ²"(32�(�¨�«]-)¬'± (%°¤²[®,-	°)«�®,`[´z°�®b¬'±.-ÁÆÇS
*ÈS
É���OfhY[Z#i c T�kN\]T#Z#i#\�n[Y[Z#\]VX^_T%VX^)Z�R}Z�R|y[i�VXyzVaT�R c T»yzVXY[i�e|Vrk[R}W�\]T c i

R
Ã b VXyzµUT c Z%fhW±M��sÅxÇaÇaÏ Ê¢M�  c T�kN\]T#Z#i#\�n[Y[Z#\]VX^_TTjVX^rZ�y[i#\]T c T£k_fh^_T�W c T��)T#Zjµve c k c�§�c fhi�T�VX^ Ã ²�Y c W�W c%c Z�fhW±M��¼ÅxÇaÇa� Ê¢M � \ c ^G�Yd� c W�W c T£^d�Ofh\ c ^rZ£yQfXT�W~f���Y_T#Z#\��QtxfhZ#\]VX^y[�r�NT#\]�rY c k c W~f«W]VX\ K � c W�W c T%T�VX^rZ�n[\ c ^�fXk_fhy[Z�R c T�k_fh^_T%t c i#Zjfh\�^_T�txfXT ¦ yQfhi cvu[c epy[W c yzVXY[i%W c T»i�R}yzVX^_T c T%k cT�Y[i � fXt c T�VrtURxfh^[\]�Y c T ª M bdc tj�_VX\ u k c W~fpW]VX\ c T#Z � fh\�Z c ^�W]VrtxfhW�\]Tjfh^rZ�W~f�k[kNy¿k c W~f|Z cvu Z#Y[i c k_fh^_TSW c T��)T#Z�µ}e c k c§�c fhi�T�VX^dM{�^¯T#Y[y[yzVaTjfh^rZ�Z�VXYX�#VXY[i�T�Y[^ c kN\]T#Z#i#\�n[Y[Z#\]VX^ ��fhepe�f÷yzVXY[i

SI
��ë%� � �W� T�VX^rZ�VXn[Z c ^rY_Tx�si c T#y c t}Z#\�� c e c ^rZx�yzVXY[iÀY[^ c kN\]T#Z#i#\�n[Y_Z#\]VX^�k c Í�\]T#� c i ¦¨§�c fhi�TjVX^ «£©#ª �¸k�� Y[^ c ��fhepe�f © ^r� c i�T c³¦¨§�c fhi�T�VX^ «Àª�c ZÀk�� Y[^ c/�Âc Zjf�k c
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fhZSk c W±��fhi�Z»ºNe|Vrk[µ}W c TST�ZjfhZ#\]T#Z#\]�Y c TSk c T�y c tjÌrW c
y[i c ep\]µ}i coc T#yzµUt c�¦¨§�c fhi�T�VX^ ©#ª¹Ã � c W�\�ga^_VX^d�¸ÅxÇaÇa� � � c W�\�ga^_VX^ c Z § \ c t}ÑU�)^_T#Ì)\ �NLaÏaÏaL Ê¢M Ô VXZ�VX^_TÂ�Y c T c W]VX^ Ã Ô \]tUVXW~fXTc Z Ð Y[y[\�^d��LaÏaÏaL Ê±�zW~f�W�VX\ � c T#Z£Y[^ c Í¼\]T�� c i c ^�Zjfh^rZo�Y c y[i�VrkNY[\�Z�k c ��fhepe�f c Z£k c ��fhepe�f © ^r� c i�T c Mq�Gfh\�Tk_fh^_T Ã � c W�\�ga^_VX^ c ZmfhW±M��[ÅxÇaÇ¶É � � c W�\�ga^_Va^ c Z § \ c t}ÑU�r^_T#Ì)\±�LaÏaÏaL Ê¢�¶t c Z#Z c W]VX\_^d� c T�Z¸��fhe�fh\]T�k[R}Z c t}Z�R c �t c i#Zjfh\�^ c e c ^rZc ^�ijfh\]T�VX^«k c T�y[i�VXn[W]µ}e c T"k c W±� c T#Z#\�e�fhZ#\]VX^dM Ô VXZ�VX^_T¹fhYQT�T#\¸�rY c W±� Y[Z#\�W�\]TjfhZ#\]VX^�k�� Y[^ c,�Âc Zjf%k c y[i c ep\]µ}i cÀc T�yzµUt ck[VX^[^ c ijfh\�Z�Y[^ c t}\�^_�rY[\]µ}e c T�VXW�Y[Z#\]VX^ Ã Ô \]tUVXW~fXTx�QLaÏaÏ Á Ê¢M
¨$®,-	°)«�®,`[´z°�®b¬'± uø¨·´.-�-�®,(;±[±.(+Ê	±�^�(�«]-P(
SI

fÂR}gfhW c e c ^rZ¼R}Z�R�e|Vrk[R}W�\]T�R c yQfhidY[^ c kN\]T�Z#i#\�n[Y[Z#\]VX^ ��fhY_T�T#\ c ^[^ c�© ^r� c i�T cÂÃ Í_i c i#� c Z¼fhW±M��¶ÅxÇaÇ¶É �  mi#\�nQfhi#\�� Ô£c Z�Vc Z¹fhW±M��NLaÏaÏaL Ê�yzVXY[iÂW c � VXY[\�W�W�\]T�Z#i�µUT��_R}Z�R}i�VXg¶µ}^ c M b f �ÀfhY_T�T#\ c ^[^ c£© ^r� c ijT c�c T#ZmW c y[i�VrkNY[\�Z¹k�� Y[^ c W]VX\u��fhepe�f c Zk�� Y[^ c W]VX\��Àfhepe�f © ^r� c i�T c º
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) ¦ `NM É ª

b fd��fhY_T�T#\ c ^[^ c�© ^r� c i�T c Z c ^_ká� c i�T»Y[^ c W]VX\���fhepe�f�yzVXY[i
M

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
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√
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)

, 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

¦ `NM�ÅxL ª
{�W�W c»c T#ZSfhy[y c W]R c Z#ijfh^_T � VXi#e|R c k c � c W�W�\�^ º s �[�Xfhi#\~fhn[W c k c � c W�W�\�^d� c T#Z¹Y[^«^_VXe�n[i c tUVXepy[W cvuNc MbÆc T"k[kNy�k c T"\�e�fhg c TSk��Ofhepy[W�\�Z#Y_k c R}Zjfh^rZ�k[Rv�_^[\ c Y[^[\]�rY c e c ^rZ�T#Y[i

R
+ 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

Mb ��{��YQfhZ#\]VX^ `NM�ÅxL e|VX^rZ#i c Y[^ c T#\�ep\�W~fhi#\�Z�R|R}�)\]k c ^rZ c fx� c tpW~f¬Z#ijfh^_T � VXi#e|R c k c ÍQVXY[i#\ c ix�dt c �rY[\ c T�Z cvu y[W]VX\�Z�R cyzVXY[iStUVX^_T�Z#i#Y[\�i c k c TST#ZjfhZ#\]T#Z#\]�rY c TxM{�^ c · c Zx�XW c T�i c W~fhZ#\]VX^_T c ^rZ#i c W c T�T#ZjfhZ#\]T#Z#\]�rY c T�Y_T#Y c W�W c T c Z�W~f�Z#ijfh^_T � VXi#e|R c k c ÍQVXY[i#\ c i�T�VX^rZ�n[\ c ^|tUVX^[^rY c T"ºW~f � VX^_t}Z#\]VX^¬txfhijfXt}Z�R}i#\]T#Z#\]�Y c k�� Y[^ c � VX^_t}Z#\]VX^
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
nièmes k c W~f � VX^_t}Z#\]VX^txfhijfXt}Z�R}i#\]T�Z#\]�Y c kNYÀW]VXgfhi#\�Z#�[e c k c

f
M � \�^_T�\aZ�VXY_TdW c Tde|VXe c ^rZ�T¼T#ZjfhZ#\]T#Z�\��rY c TÆT�VX^rZÆk[RUkNY[\�Z�T¼k c Z#ijfh^_T � VXi#e�fhZ#\]VX^_Tk c ÍQVXY[i#\ c ixM

¯�ô �¸ô¨õQô � 2¥«�®�±zµ�®bª[¨·¸,(Y-�²"9>ÕW±�®@°�®b¬'±)-�²)($-À-	°)¨ °�®,-	°�®,1u´.($-¤²"(3-P(;µ%¬'±�²)(�(Y-)ªc<;µ[(
bdc TST#ZjfhZ#\]T#Z#\]�rY c T"k c T c tUVX^_k c»c T#yzµUt c y c Y[� c ^rZS�}Z#i c k[Rv�_^[\ c T Ã Ô \]tUVXW~fXT c ZS�Gfhi#YQfh^[\±�dÅxÇaÇaÇ Ê c ^³\�ep\�Zjfh^rZSW c Tk[Rv�_^[\�Z#\]VX^_T�k c TST#ZjfhZ#\]T#Z#\]�rY c T"t}W~fXT�T#\]�rY c TxM bÆc T � VX^_t}Z#\]VX^_T"y[i#\�^_t}\�yQfhW c T�T�VX^rZ»º
� y[i c ep\]µ}i c � VX^_t}Z#\]VX^�txfhijfXt}Z�R}i#\]T#Z#\]�rY c k c T c tUVX^_k cÀc T#yzµUt c º

φx(s) = MT (px) =

∫ +∞

0
us−1px(u)du

¦ `NM�Åx� ª
� T c tUVX^_k c � VX^_t}Z#\]VX^¿txfhijfXt}Z�R}i#\]T#Z#\]�Y c k c T c tUVX^_k c»c T#yzµUt c º

ψx(s) = log(φx(s))
¦ `NM�Å Árª

� e|VXe c ^rZ"k���VXi�kNi c
r

k c T c tUVX^_k coc T#yzµUt cp¦ fx� c t£W±�Ofh\]k c k c T�y[i�VXy[i#\]R}Z�RUT"k c W~f»Z#ijfh^_T � VXi#e|R c k c � c W�W�\�^ ª VXYW]VXgX�±e|VXe c ^rZjT�º
m̃r =

drφx(s)

dsr

∣

∣

∣

∣

s=1

=

∫ +∞

0
(log u)rpx(u)du

¦ `NM�Åx` ª
� t}Y[e�Y_W]fh^)Z�k���VXi�kNi c

r
k c T c tUVX^_k c»c T#yzµUt c VXY³W]VXgX�¢t}Y[e�Y[W~fh^)Z�T�º
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k̃1 = m̃1
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k̃3 = m̃3 − 3m̃1m̃2 + 2m̃3
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N
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yi
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ˆ̃
k1 =

1

N

N
∑

i=1

[log(yi)]
¦ `NMOLaÏ 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
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k̃2 × k̃3
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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,($-���þ��L-P-P($-��"(
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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®[
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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\Á½PÇ�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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∆(M1 −M3)

S�v±ß�Ýnëræ/e\Ø^]¾ØyàiO�Ø
∆(M2 −M3)
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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®[
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Z\[�^\[g½®[���hjtgelo�hjcdelknmporq°t�hªfx�ycd��kzorq´o ~ qsadcdegfihjcdelknm
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�@�^� 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�[
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�@�^� 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¥ ¥�[
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�@�^� G��0�-1.-K�Ö°á�ÙyàBÚ{ß®ädÝnã¢ãiØåÙzO�Ø
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∆(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	_

½�]`�



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{a2�÷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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�@�^� G��0�-1
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�ØåÙSBãxÚ8O�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�qsa2 } 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�fxqsa2
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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{qsa2

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���$���±�L���¯µ��©���!�%�½���µ|�������¹���%�¾�����N�%�%�%�X���#���#�X���X�L���������©��¡*�N�¿,2 ° �x�X�©���%��ª��N�*²���¥ �����#�$��¶��$�#��¡*�©���6�¯�
�'¥����#�0�L���	�,À|�X�������©��¤X���6�.���#���$�#�$���$���W�$�P�©�����#�����X�:��±�����6�X���,À|���#�6�.�P�6�������$�A¼��.���#�������%�����X���#���]�X���·�L���X�#�$�X�#�3²
�N�$�#�$�#��¡C�$�N�$���©���`�X�����#�X��¶��������)¿D�$���.�:¤X�%�X�����X�Á�X�L���#�*2 � ������¤.Â��$�#���X�:�%�X�#�©���.���X�L���©�����#�#�$�����¯�����Ã���$�X�#���������#���X�#�
�N�±�#�����:�L���9�N�$�#�2ÃÄ·�¾�X���N�3²Ã�������%�:�N�������#�©�����#�±�X�¾�����:���X�$���%��§L�$�¨�����X�:¤X���$�U�����:�#�������N�%�%�%�X���#�*²����±ª �N�Á�'¥����%�
�L���:���*�#�%��¤X���¸�3µC���¯���±�#�$�X�Á�����#�$��¶��$�#��¡*�©���6���*2`Ä·���9�%�©�����#�$���$���#�6�X�¯�X���N�:�L���X�:�X��µC�3���'²Ã�#�$���²D�L���¨�,À.�$�6�X���*²
��¬¶��N�%�����U�X���9�%�#�����:�#���X�#�����:�¦¥ ���.¶����%�¯���%������¼����6�X�����%�N�X�*²������N�$�#�$�N���*²��X�L���#�¯�����#�$��¶��$�#�����$�%�%��ª��N�¿,²��3¥��3µ �$�#�$���
���N�.���#���$�N�©��¤X�����32 � ���Å���$�%�N���X���½�X�#�����*�#�����½�L���N�Å��¨�����%�#�$�©���%�X�#�W�#�����i�#���%�X�������!���¹�X�$¤X�X�½�.�EÆÁ�L���X���%�#� � 2

� ¥ �X�N�¾�X���]¡*�©���N�X���9����¡*�L�$�:�$���6�:�X�N���9�X���W�%�©�����#�$���$���#�:���%�W��¥ ���X�$���%��§L�3���%�����U�X�#�3�����¤X���¾�X���W¤LÇ��%�����$���#�32
° ���#�$�X�#�$�L�����Á���$�%�#�i���X���i�$���$���N���N�`���N�#�X���©�������X�����%�©�3µ*���.À6�.�¯��È·É0Ê Ë ¼�É!�����$�¯��¡*�N�¿,²C�N���N���X�#�����*�#���N���X�N�
�©�L��Ì��N�W�X�����Å���]��@·�X�½���%�Å��9¶��N�%�������X�·�X���N�%���$�X�#�½�X�$�#���$�#�$�X�#�½�����X�½�$����#�#�$�Å��¥ ���¯��¡C�W�$�¬Í3���N���½�X�·µ �$¡C�$�©���%�����'²
�X�·�#���X�#���i�$�Å�X�·¤LÇ��%�����$���#�i�$�i���%�%�����$�i������Â%�������#�$���$���i���$�X�Å�L���X�#�$�X�32NÎÃ���N�´�����i����¡C���%���%�X�����½�©�����Å�,À|�X����ª��N���
�$�¨�������N�%�%�#����«����¢|���$�%����� �.2�< 2 � �E�X���$���N�±�#���©�����X�%�����Ï���#�¨�����N�#�$�%µ ���±���±�X���N�¨�����X¡*�#�$�6�N�6���*�#�%��¤X���¸�N���N�¨�����
�%�©�����#�$���$���#�cÐ�ª��L���N�u�X�Ñ�X�$�#���$�#�$�X�¹���%�¸�����N�%�%�%�X���¹«c�L���%�%�����X�E��¥����6�X�����%�N�X�P�X�X��ª��N�$���$���3²´��g�#���#�����X�%�����
���X���%������W���%�i�����N�©�$�%µC���*2Ò¢��'���·�%�©�3µ*�����D���%�´¶������i�%�X�i��¥ �����©�,�%¶��$�#��¡*�©���6�¯�*²Ò�X���Å���¯��¡C���M�¨µ��N���i�#�����i�X�%�������#�����32

� ���©�L��Ì��N���X�¬�%�©�����#�$���$���#�¾���%�6�#���%�#�����%�X�6�������%�#������ª��L���%�%���$�#�¯�X���6���¯��¡C���¯Ó!É!Ô�¢ ° ¢U�X��Ä!�N�XÕC�$�#ª��N�
�X�#���©�$���#���W����Ö`���©��¡*�©���X�N� ;.2��*2�; Ð����6ª��L���%�%���$�W×Å�3» ���#�¦²¦���6ª �L���%�%���$�:ÆÁ�N�$�6���N���9�$�	��±Í3���N�¨���N�X�N�%�%�%���$�����*2'Ø����
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� �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�!��
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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�
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�©���������
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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�¦¥ �����©�,�%¶��$�#��¡*�©���6�¯���ÐË ×´�����#�$�
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�X���N�¯�L���:�#���Xµ �$���:���X�X�����3��¤X���*2�Ä·���X���N�²D�$�gÍ����L���N�%¤L�����N�¾�X�$�N�#�*²D�����W¤LÇ��%�����$���#�:���$�Xµ �$���:ñ$�%�#���#�$�����$���$���
�X�#���©�N���½ª �N�·�����i���9¤X�#���Å�N�	�#�����Å�L���Å�$���%���$�#���9¼�����¡*�X�#� ·.2�; ¿,2Ò¢��¦�©�$�X���·��¥ ���N�X���3���%�������X���i���9¤X�#���i���#�´�X�%���#�	�$�
�����6�X�#�*²N��¥��$�6�X�#�$�����#�:�����#���D�X���Å¤LÇ��%�����$���#�½�%���#ª��N�	�¦¥�ñ$�%�#�	�¯���D���%�%�������*2
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�©�����·�X�#���©�$���#���	�X�X��ª��N�$���$���W�%�X�	�X�N�¨���$�%���#�6Í3���N���('����`�'¥ »P�¸ª �N�6�X���	¤LÇ��%�����$���#�]���©�������]�X�¨¡*�©���N�X�6�©���������
�$�6�X�¯¶����%���¬���#�#�$Í¸�%���6�X���*2)�!�N�¸�#�¾�L���©�#�����%�����´�����X�6�X���:Í3���N���¨�X���N�¨�����6�X���,ÀX���6���®�����X�¨�X�Ï�#�$�X�´�����X�X���
�����#�$��¶��$�#�����$�%�%��ª��N�+*
� �·¤����¸¶����N�$�%�����X�N�$���$���!�X�·��¥�����¡C���%���%�X���]�#���$������	��¥���Â��N�#�#�$���$���i�X�·�X���N�%���$�X�#�i�©�$�X�����Å�X�����Å��¥ ���.=N�N�$�N���]�'¥����%�
�L���½�.���#�$�X�#���]�N���N�i�����½���%�%���$�����½�¯�����iª��X�'���%�i���$�%�©�����N�$���$�|�½���6�����%�©�����#�*2
Æ��$���$�N�N�����!���$�%�#�]�©�L��Ì��N�]�X�·�%�©�����#�$���$���#�!���%�Å�%�#���Å�����#�$�#���#�©�����#�	�L���½�#���¬���X���·¡C�$�N�$�©�����W�X�	�#�$¡*���$���©���%�������$�
�#���©�N�$�#�©�N�W�X�·�X�%���6���%��µ ���i�X���Å¤LÇ��%�����$���#�!�$�i�$¡ �����$���$���i�Ò���Å��:¤����N�$���]�X�·µ*�������N���%�����¹�('¬���	ÔEÊ·¢±���%�%�����	���%�
�X�#��Â%�$�#�	�����X�½�3�����$�X���$�½�����ÅÍ3���N���½�¦¥����9¤X�#�W�$�½�X�·�#�������Xµ|�#�$���$���32

Ö��$�%���3².�N���N�´�©�W�%�N���#�GË Ö��$�%���3²N;6565�7 Ï(²X�W�$¡ �����$���$���i�X�$µ �$�����X���0�X�¬����¡C���%���%�X���	�X�!�#�������N�%�%�%�N�$�%�����¹«W�L���%�%���
�¦¥ �X�N�¾�$����#�#��§L�3���%�����'2 � ���:�$����#�#���9���9¤X�#�*²D�#���X�#�*²D�N�$�%¤��*²����%¤X�#���3²Ã�%�%�%�N�$�%�X�#���9�X�%¤L�����N���3²D���������#�9¤X�%����������#�:�$�
���������#�½�%�#���i¤X�#����������©�!�#�����½�X���$�%���#�0«¨�L���%�%���!�X�	¶����N�$�%�����N�i=L���N���!�$�����6�X�����%�N�X�*²Ò�����N�$�#�$�N���9�$�i�N�L���#�*2ÒÆ��$�%�#�
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�©�L��Ì��N�9���%�½�,À|���$�%�����$���©�����:�$�i�'¥����$�#�	�#���#�#���]ª��N�]�%�X�i�X�N�]���$�%���#�]Í3���N�¾¼Ù���]���������$¡C�9×Å�3» ���#�¹�N���N�i�����i���¯��¡C���
Ó!É!Ô�¢ ° ¢±�X�]Ä0�X�XÕC�$�#ª��N�¿,2

� ¥����X�X�#���©�N�Eª��N���N���N�¸�3µC���N�¯�#�$�#�$���L���3¥ ���N�%�X���#���X���¯�%�©�3µ*���.ÀA�X�E¢|���$�%¡C�$�·�$�±����2�²Á�$�x�#���#���%�%�#�$��¡*�L�����3²
���$���$�N�N�����3²�«:��¥ �X�%�������©���%�������¦¥ �X�¹�©�$�X�'�����X�X���]�����#�$��¶��$�#�����$�%�%��ª��N�*2
Ô ô�õLô¹¸îô-, .ïÁ/�¼ù0�4½ÀÉRÄÆÁ�ÿÐ¿1���Dÿ�Ä�ú��»DÁ(ÿ
2 ½ ¿1Å3�	½ÀÄ�ú�Ç��4üÍÄúêÁ ú�ý�üÍÁ�ÄÆÂ4�(Ä�ÅãÇ5�(üÍÄ�ú����DÁ � �E��������%�����$�%�%���¬�����#�$��¶��$�#�����$�%�%��ª��N� Ë ÆÁ�����N�X�¬�$��Ö����L���%�L���L���%�
�#�����'²'�ÍÌ6Ì6Î Ï����������]�����!�3µ������©��¡C���!�X�	��¨��������%�����$�%�%���:«6���$�.À��X�	��¥ �����#�$��¶��$�#�����$�%�%��9�$�i���$�%���$�0�����N�%�D�X�	�6���$�.À
�$����#�#��§L�$�·��¥ ���¯��¡C���3µ������	�¦¥����#�%�����$�·��¾�L���X�#�$�X�32 ° ���,ð¦�$�3²Ò��¾��������%�����$�%�%���6�#�$�N�©�$��¡*�N�¨�%�X�·�����·��»������	�X�¨�.��¶ê�
¶��N�%�����N�E¼Ù�9�X���%���X�����3²��%���6�X�����3²�µ �����X�6��ª��N���)¿¨�6���©�$�±�$��Â%�,�x�N���L�¯������$�����X�����X�¹�#���#�����X�%�����Ñ«���¥������X���X�¹�L�Æ�
�©�����$�%�#���¨�3�����$�X�����6«��L���%�%���¨�X���:�3���L���.Àc��������%�����$�%�%��ª �N���²Ã�L���¨�)ÀX�$�6�X���¾��¹�X�������6���*�%���%�����Ï�X�¸ÆÁ�����N�X�±�$�
Ö����%�%���$�ðË ÆÁ�����N�X�W�$�½Ö����%�%���$�3²D�ÍÌ6Ì6· Ï(2

Ä0�±�N���9¤X�#�$�.ÀU�%�©�3µ*���.ÀU�%�X�¨�����¨�����Xµ �$�%�#�¨µC�$¡C�$�©���.ÀU�X�%�������#�$���¨�����������%�����$�%�%���¬�����#�$��¶��$�#�����$�%�%��ª��N�*²`�L���
�,ÀX�$�6�X���GË ÆÁ�����N�X�·�$��Ö`���L���%�L���L���#�%�����'²¦�ÍÌ6Ì6Î ² ÎD�#�$�X�L��¶��Å�$�iÆÁ�����N�X�*²��ÍÌ6Ì6Ì ² Ö����L���%�Ò���L���#�#�����¬�$�Å����2�².;656565 Ï(2.Ø(�Ò»
�$�¸�]¤��3���N�����X�¸�������N�´�%�X�Á���½�6�������$�±�X�%¤L�����PÐ �����Á¤L���#�����X�!�X���X�N�����´�#�������$�N�����#�!�%�#���Á�©���#���32XÆÁ���#���N�Á�#���X�´�X�
��ñ$���]�����i�X�X¤X�����3���%�����N�0�X�9È0�X��������#�¯�$�!����2¼Ë È0�X��������©���$�!����2�²Ò;6565*<*� ² È0�X��������#�¾�$�!����2�²Ò;6565*<�¤ ² È0�X��������#�X²�;6565*< Ï
�$���X�0Æ��������±�$������2�Ë Æ��������¸�$�ÁÎD�%��.²|;6565�7 � ² Æ��������¸�$�ÁÎD�#���.²|;6565�7*¤ Ï(2 � �]��������%�����$�%�%���0���%���X�%�������#���0«	��·¶������������X�
�����$�������#�$�!��¥ ���X�$���%��§L�3���%�����E�X���i¤LÇ��%�����$���#�²L�X�	��:�#���X�©�]�$�½�X�	��¨µ �$¡C�$�©���%�����¹�¯�����½�$¡ �����$���$���½�����X�!�3�����$�X���$�
�X�������#�$��¶��$�#��¡*�©���6���:�����$�������#�:«:�L���%�%���½�X���i�%�#�����Å���|�#�$��¶��$�#��¡*�©���6���3�:¼Ù��������%���©���%�����N�
:�:9²7686j�$��:96]¿,2
2 ½ëÂ4�Dÿ#ú	Åãý Ä�½ÀÉD½ Ä: �Ä�½ ÇûÇ��4üÍÄú	ÁìÁ(üÃú�ý�üÍÁ(Ä�Â;��ÄÆÅ�Ç5�4üÍÄú	Á � �¾�©���N���%¡*�©���6�¯�$�%�%���¯���%�·���:���$�N�N�����W�X�:��±�%�#���
�#���*�©�����X���¬���X�%��ª �N�����®�©���N���áË ÎÃ���X�%���A�$�¯È0�©�3» ²`;656565 Ï(2 ° �������E�$�#�����X�X����ª �N�������Ï�6�������$� �#�$�6�9���X�%¤L����� �L���
¢��������N�$�%�#� Ë ¢��������N�$�%�#�X²�;6565*; Ï0�3µC���¬�%�N�������32�Æ��$���$�N�N��������P�3���%�#�¬�X�¸�L���X�#�$�X�#�¾���X�N�±¶�����¤X���¸�X�$�N�#���#�¬�3���
��¥����X�L���%���$���$�|�¾�$���%�#�������¯�X�$�.À®���¯��¡C���¯Ó·¢Xòm�N�¬�©�¾¶�������ª��N�¬�#�X�6�X�Ï�N���9¤X�©�¬�#���.�X���¯�X�¬���������#�32�ÔP�����6��
�X�#���$���#���������%�!¤����X�N�¨�%�X�!�����!���������#�0�#�$�#�$���N�32'¢|�©���X¤��$�%��Ë ¢.�©���X¤��$�%�3²¦;6565�7 Ï�¶Ù�L�%�����X�N�*²��$���6�������$�E�Ò���%�X�#�$��²Ò�����
���.¶����%�¯���%�����N�]�©���N���%¡*�©���6���$�%�#��ª �N�¯�$�	�����#�$��¶��$�#�����$�%�%��ª��N�������X�]�3¥���ðî�©���N�©�X���]�.���X�#��¤X���$�����X�¨�#�,¶��$�#�$�N�����X�
��¥ �����#�$��¶��$�#�����$�%�%���*2 ° �¸�,ð¦�$�3²���]�X�Ò���#�!�����#�$��¶��$�#�����$�%�%��ª��N�·�N�0�X���X�N�·ª �'¥ �X�N�0�L���X�#�$�X�´�#�$����%��µC�·ª �'¥ ���Ò¶����X�´�$�©�Æ�
�����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���%»|�#�#�$���
�����$�©���%�����X�N�$���©���#�$�������©�����#�¾«¸�L���X�#�6�#���#�����X�#�����g�('��������%�	���*�#�#��¤X���6�X�������N�%�%���%�N�$�W�X�N�6¤L���#���X���X���X�N�����W�%�X�
�X�N�W��ñ$���WÍ3���N�*2�Éj��¥ ���#�%�N�W�X�W��¥��$�©���0�X�W��¥����%�3²Ò�X�$�.À����$�%�N���X���·�#�$�9¤X���$���·�������#�·���X�X�����3��¤X�����¨ÐN��6¡C�������$�%�%���
�#�#���©�L���%�%��ª �N�·�$�����W�#�������N�#�%�%�N�$�%�����¹���X�#���´�#�$¡*���$���©���%�����'2LÆ��$�%�#�0�X�$�%�X���$�#�]���X�X�#���©�N�·���%���X���N�´�#���X�X���0�N���N����
�����#�X�#�:�('E�������#�!���*�#�#��¤N���:�X�9�N�9�L���0���6���*�#�$�	�X�9��� �N�,���¨�X�9¤LÇ��%�����$���3²¦�X�:�©�L���X¡C�$�·�����!�X�%���6���%��µ ���·�$�·���%�
�X���N�	�����#���:«¯���$�%�%�#�:�$�E@·�Xµ|�#�*2¦Æ0¥����%�	���N�#�%�Ã������$�%�N���X�¨ª��X���#�W�©���X�X�#���©�N�:���W�X���N�·�X�W��¯�X�$�¯���#�©�N�¨�¦¥ �X�N�
���L����».�#�	µ����%�N�$�����]�$�i�¯�����N�$�����W�X���Å���¯��¡C���32
)+*ON�*;P QSRUTCVXW)Y:Z\[UZ]Y_^4`aTCb�Z3Y$Z3RcY(d�^/."T�R�efVMg�TChUh�êji+2#k)Z0[Ud 27Z�ê6.+Z	T�d

�!�N�W¶������#���L�%���N���N�!�����#�·�X�9��¥����L����»|�#�9µ|���%�N�$�����:�X�9��¥ ���¯��¡C�+*�Ê!���N�0�����6���$��ë����N�	�L���0���X�$���%��§L�$�·�����0�.��ð¦���
�#�$���#���:Í3���N���:�¦¥ �����#�$�#ñ$�¬Ð'�����9¤LÇ��%�����$���#�²Ã���µC�$¡C�$�©���%�����'²��$�#�*2�«��L���%�%���¨�X�¯�#���X�#���:�����9�©���X�#�����:�.���%�����X��¤X�����32
Ö��X���¨�����X�6�©�L��ª��N�¸��¤.Â��$�3²��N���L�¨���©�©�3»C���N�¨�X�¸�3�����$�X���$�6���$���©�����$���$��������L���X�#�$�X���$�Ï�$�X���$µ������6�����:�L���%�%�����
�N���P�#�$�X�#���#�$���©���%��µ ����¼Ù�����·�������N�·�#�,=L���$�#�$�X�#�	�$�·�����·Í����L�$�	�X�9�#�������Xµ|�#�$���$���]ª��L���N�������3¥���¡*���	�¦¥ �X�E�#�����)¿,2 ° �
�L���%�©�����:�X�����$�%�#�¯�����N�%�©���©���%�����'²Ã���Á���%�9�������#�]�L���%¶������#�$���$���9����¡*��ª��N���N�������N�%���X�$�#�$�:ª �N�6��¬�X�#�$�6���$�#�¯�$�©�����
�<767



·.2�;.2Ò¢��%�©���#�$¡*���]¡C�$�N�$�©�����

�X���%�©�����#�$���$���¨���%�]�X�N�¯�$����#�%��§L�3���%�����'2 ° �g�,ð¦�$�]�����W���¯��¡C���9�#�����W�%�#���9�$���6�N���,ÀX���:�$���©�����©���g�X�6��¬¡*�©���N�X�
�.��µ �$�#�%���#�i�.���6�������$�¯�X�%¤L�����¯�$�����L���%���N�������#�©�����#�i�X�i�#�$�L���©�,�������`Í3���N�����$�¯�$����©�#�����¦¥ �����#�$�#ñ$�32 Ê0���N���X�,§N�X���©�#���N�
�%�#�����	¡*�©���N�X���W�$����#�#����Ð����6�#����²î��±µC�$¡C�$�©���%�����c�$�	�����	¤LÇ��%�����$���#�32 � �$�X�#�W�%�����$��§L�$���#���W�X����µC�$���Wñ$�%�#�¨�X�%���#���]�$�
�����6�X�#�]�����X�½�X�$µ �$�����X���$�!�X���½����¡C���%���%�X�����0���N���X�#���!«6�©�L���$�X�N�*2

� �¾ÔEÊ0Î �.�U�#�����X�����:ñ$�%�©�¯�#�$����%��µ �,���$�|�:�����#�©�¯�3���:�#�$�X���9�����:�©�L���X¡C�$���$���#��«�¡*�©���N�X�±���©�N�$�����P¼������������N�*²
�L���!�,ÀX�,�6�N���¿i�#�����i�����#�$�#���#�)�����#�32NÖ����X�½��¨µ �$¡C�$�©���%�����'²L���]Ô�Ê	¢¬���%�#�$�N�.�¹�#���%�#�W�©�L�����%��ª �N�9�3���i�X�E���%¤X�#�]�'¥��
�L���·�X�N�:�X�X��ª��N�9�L���N�#�$�X�32îØ����'¥����%�	�X���N�:�L���·�N�������#�©�����#�¨�X�:�#�$�6�X������$�	��¾µ �$¡C�,�)���%�����P�L���	�X���0¶����%�����·�%�#���
�#�$¡*�X�����$�#���32î¢��X�½�����i¤LÇ��%�����$���#�²N���WÔEÊ·¢¸�X�����!ñ$�%�#�W�3���L��¤X���9�X�	�#�$�N�.�#�9�����6�X�#�W�X�]��¥��$�6�X�#�$�����#�:�����#���D�$�!�X�
��¾¶����%���6�.���#�����3²¦�����.���������N�]�X�¨��¥������%���%�N�X�6���» �$�X�N�6�.��¤LÇ��%�����$���9�N���N�·���6�3���]�¦¥ �X�������X�$�����%���6�X����§L�
�.���#�����9¼����X�X�#�3À.���¯���%�����¹�L���i�X���#�����i�X����)¿,2
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U(l|y) = −
∑

s

ln (pFisher(ys|ls)) +
∑

c∈Cl

Vc(l)
¼/·7º��¿

�3µ ���6Ð
Vc=(s,t)(l)
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β
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ls 6= lt
−β �%�

ls = lt

¼/·7º¼ÀC¿
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�#���©�$�%µC�	ª��'¥ ���¦�'¥ »¬�����i�L���i�X���Åµ*���%����%�����N�½�¦¥��$�©�������X�L��¡C�]���	�����X¡¯�X�·��:¶����N�©�N���¿,²X�X�¹�#�$�X�'�$�N�©�$�9¤X���]�X�·�L���©�Æ�
���$�%�#���½���#�Å�N�������#�©�����#��º
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p = exp(−∆U)
�$�

1 − p
º � ���#�������N�X�¾¶������3²Ã��¹µ������$�X�¨�X�¾��
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ÜÒûÞüÙý�þÀÖ ú�ú��,ý
ûCÛ üÙ÷�ø3ù ú¤��ø��6å�ñ'øï�)ü�ù�Nü ¨ �©ø*ý�ü���ÚÖ ú��Ð����þ�û�ú,þ��Ø�±úØ�,ýiû�øÙ�,þ�ü	ç�ø�Lý(ú��3�ã��ü	��Ñ �#����éKç�ú<�,ý8Ñjµ �$¡C�$�©���%�����
¼��$������#�½�$���©���9¤X�#�¿�é¾����þ*ù ú?Ý<�)ü©$þNúËÑÏ�#�������#���9¤X�#��é¾�C��þ�ù�úËÑÏ�#���������» �$�´é�Ý,û�ø�ã�ËÑ �#�������$������ÓÒ¶����%�
�#��ÌL���$�#�$�X��ú�ýèÝ,û�ú,þaÑT���9¤X�#�(åKñDøûÖ ú$þà�üNâ,÷¯ú¹û ü�ù��ú¬÷Ð��Lý��#ú_©$þNú,û�©$þNúØ�!Ü�ä8�*ýN���áÖ ú¬û�øf�#���úGÜ8��þ��
üÙû ûÞþ(�,ý��©ú��±û�øQçõ��)ü�ý'õ¬ý(ú����%ø�ü	�Ô�Ï�]Ö��S�X�$ûÖÕCý�þ��#úÃÖ�þë����û û�â�ù úf©$þ|ü���ø�üê�$ø�ü�ý0ýN�*þ|ý·û�ú¸ýN�*þ��ïÞPû�Û õ'ÜÀ�¥©$þXúÃÖ ú
û�ø�Ü��)üê��úôÖ úßç3þNúÙÖ ú���ü ÷�ø3ù ú��y��î8��ÿ%�Áÿ é=��ú4�ª�`ù(��÷!�Òø���úÍå1ñÃúØ�øÖ ú,þ6àßÜXø�,ý�ü�úØ�øÖ�þEù(��÷!�Òø���úÐ�<�6�Lý
�Íõ'Ü.ø6�Cõ©úØ��éDÖCø� ��û�Û ü ÷�ø3ù�úK�%ø4Ö ø�½ú$ýDÖCø�À��û�øð�$û�ø��Ø�)ü ¨ �#øCý�ü��� é�Ü.ø6��ûCÛ ��÷ßÝ��#úXÖ úÅû�øKÜ.ø6�,ý�ü�ú´û�øIÜ�û þ��Iä|ø�þ.ý(úÍå
��ú$ý�ý(ú
��÷ßÝ��©ú��´Û ú��,ý8Ü.ø�Åý��Câ��XÝ$ü�ú��ï�$û�ø����Íõ©ú
Ö ø�À�Ï�]�?�ð�#ø�iü û%�WøWþ��ðÜXú$þßÖ�ú$�)ü�ù6�Òø�û�ÖCø�À�´ûCÛ ø�÷
ÜÒû ü�ý�þÀÖ ú
�]Ö úØ�Wý��)ü�ÜÒû�úØ�?�Cõ�ÃÅú�à*ü��� ��×X�6å
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·7º¼»7ºNÄ·���#�$�%���X�%�������X���½����¡C���%���%�X�����!�N�·��6�©�L��Ì��N�]�X�	�#�������N�%�%�%�N�$�%�����

Ø �Dÿ#ú	Åãý � �P�$����#�#��§L�3���%�����A�������%���$���¾�X���������.¶��N�%�����N��ª��'¥ ���i���%�6���*�©�%��¤X���¬�X�������%�%��¡C�$�¯�$�Ï¶Ù�N�#�����X�L�����¾�3µC���
��¥ �����#�$��¶��$�#��¡*�©���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����$ý �Cõ�ÃÅúC��ý(ú$þ��0�$�!��÷ßÝ��#ú�º
È·�©Ç����]«¨��¨�����N�$�#�$�N���*²L�����i���9¤X�#���i���$�Xµ �$���½ñ$�%�#�	���X�$���%��§L�����pº

Æ Ç�È ó Ô ô��ÏöRî
ç�ø�Lý�ø3ù�úØ�0ú$ýDü	�ã���� ç�õ<�Nü�ú<�Lý	��Ö�ú
��ä|øj©�þXúò�©ø�Òø*û�Ö�þòÜ8�*üê�LýDÖ úXç3þXú�Ö�úiûCÛ ü/Ö ú��Lý�ü ¨ �©ø*ý�ü/��ôÖ ú��X�$û�ø����3úØ��å
Æ�É0Ê!É � É�6�É0Ê!ÎÃÉ!È ° ¢ Ø�Ê	ÆÅò0Ê 6 ° Ê0Ø ° Ê0Î½¢

ÆÁ����#�#�Þ§Ò�����#����� �X�
��¥����6�X�����%�N�X�

�����X�$���%��§L�3���%�����E�.�¹�#���
�`���X�$���%��§L�3���%���*���X����¶����%�#�´�#��ÌL���$�#�$�X�#�
�����X�$���%��§L�3���%�����E�X���i�#�����#�Å���» �$�N�
��¤����X�N�W�%�%�%�N�$�%�X�#�	¡C�$�N�$�©�����

�i�$���X¶Ù�N�%�������$���%�#�:µ �$¡C�$�©���%�������#���9¤X�#�
�$�½�$������#�]�$�i�#�����½�#���9¤X�#�

Æ����N�$�#�$�N���
�������N�$�#�$�N���T�%�#���e¶�����¤X��� �N���N�}�����
Í3���N���½�¦¥����9¤X�#���
�������N�$�#�$�N���]�%�#���Å¶����%�#�]�%�X�Å�����i�#�����#�
�c�����N�$�#�$�N��� ���$¡C�$�#�$���$���A���.¶��,�#���$�X�©�
�%�X�Å��¨µC�$¡C�$�©���%�����

�´�����N�$�#�$�N���6���#�#�$Í9�X�#���©�N�:�%�X�!���µC���
¡C�$�©���%�������$�i�����Å�#�����#�½�#���9¤X�#���
�¯�������N���#��ÌL���$�#�$�X�#�E���N�#�%�]�����N�$�#�$���#�
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¿

Vs
���%�i���·µ �����%���L��¡C�]�.���#���#�

s
º

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

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

����µC���$�#�$�X�
ys

�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
���W�����#�$���%���$�`�¦¥����%�©���©�N�6���.À¹�X���X�N�����·���%�0�X���N�9��¯�#���6���9�X���!�����#�$���%���$���	�$���$���$���©�����#���	�¦¥��3µC�����0�X�����¤��$�

ls�����X�L�����©�©�����D�����X��µ �3���9�X��¡*�%���
ng

�.�9�����Ò���
ca
º � �Å�L���%�%���$���L���%�����¨�X���©�L��ª �N�Á�3���L���|«Å��Å�#�������X�L�����#�©���N���Á�¦¥ �X�N�

�$����#�©�
ls

�$�#�´�����N�X�$�#���]�L���Å�X�������,³¯�$���$���
λls,ca

º ° ���,ð¦�$�3²X���$�%�©�����N�½�3���L���.À����X�����%�#�$���i���$�¹�¦¥ ���.¶����%�¯���%�����
�����X�i��6�.���#�$�%���6���L���%�����E�X�	���$�%�©�����N���!�$����#�#���¥ºX�Ã���L�����$���$���3²L���·�����#�$���%���$�

Udonnées
�3¥����$�%���WÐ

Udonnées(ys|ls) =

∑

ca λls,caUls,ca(ng)
∑

ca λls,ca

¼/·7º 7�¿

� ���´�����#�$���%���$���½�$���$���$���©�����#���
Uls,ca

�#�����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�

[0, 1]
º � �i�X��µ �3���¾�¦¥��$�N�$�%¡*���9�i�����%�#���%�����N�±«·�X�N�i�%�#���`¶�����¤X���i�X�#��¤L��¤X�������#�!�¦¥��3µ ��������]�$����#�#�

l
�����X�	���:�N��µ �3�����X�:¡*�%���

ng
�N���N�·���6�3���L���������N�%���X�$�#�`ïD�����������%�©�����#�6���¨�X��µC�3�����¦¥��$�N�$�%¡*���ß5±�����%�#���%�����N�c«

��¥��������$�X�©���%�����c�N�9��±�$����#�©�
l
�����X�	���:�X��µ �3�����X�:¡*�%���

ng
º � �¾¶����%���¨�.�P�����#�$���%���$�!¼Ù���N�%�X���#���¨�X���	�$�N�#�$�9¤X�����

ÌL���N�ðË ×������©�'²]À6565�» ÏÙ¿´�����%�#���.�X���!�$¡ �����$���$���½�X�N�	Í3���N�]�¦¥ ���N���$�%�%���%�N�X�±¼�����¡*�X�#� ·7º�
 ¿�º
� �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
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·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�
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(
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∑
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U(φs|φ̄s, ρs, φ̄t, t ∈ Vs, CR) = (1−β)(
∑

c∈Cs

γc)
L|ρs|2

π(1 − |ρs|2)
(
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+Nneβ

∑

c∈Cs

γcΨ [(Dn
c φs)k]

¼/·7º ÌC¿
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U(φs|φ̄s, ρs, φ̄t, t ∈ Vs, CR)

�����X�i�©���X�#���i�����Åµ������$�X�#�i���*�#�#��¤N�����½�X�
φ
²

H ��¨µ*�����$�X�i�X�
φ
ª��X�¦�6���X���6���#�

U(φs|φ̄s, ρs, φ̄t, t ∈ Vs, CR)
²N���%�i�����N�#�$�%µ ����º
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�#�X���#��º
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¡*»|�6�L���#��º
Ô ô��¦ô�õLô-, óÍ�8ü#ú�Ç Á�ý�üÍÿÐÉ�� ½À¿DÄ�ô(ÿ��êÁ�ÿÐÅãÇª�RÄÆÁ�ÿ
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ü+ý

ü+þ

ü+ÿ���

ü þ����� þ �
�
	�����
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����� �
�������� ��� � ���	!� �#"
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s
ú��,ýÅû�ø�ý�ø*ü û û�úßÖ ú6û�Û ��÷ßÝ��#ú�é

x
û�ø ���Í�6��Ö4�� ��õ©ú±ú�� Ö�ü¹�$ý�ø�ã�)úßÖCø�À�

ûCÛ ü ÷�ø3ù úí�%ø4ÖCø��� ù�õ��*÷Ðõ�ý��)ü�úí�%ø(ÖCø�4�6å � �Cý��#úèÝ$þ|ý´úØ�$ý Ö úðÖ�õ$ý(ú��,÷¨üê��ú<�
x0

ú��Q���� ��ø�ü¹�Ø�$ø�Òý
xs

ú$ý
s
å

Ó0���X���$�����N�i�����Å�����$�N�i¡C�������$�%�%��ª �N���!�$���%�#�
s
²
hs

�$�
hd

¼ ° ª��L���%�����N� À7º 7 �$� À7º¼Á ¿·Ð
hs =s cos θ

¼/·7º��Í5C¿
xCR − x0 =hd cos θ

¼/·7º��*�¿
Ö`������9�%�X���#�*²���Wµ*�����$�X�´�X�

hd
���%�´�%�X�X���*�#���0ñ$�%�#�0�X�#���©�N�·�X�0���,�����·�X�

hs
Ð
hd ∈ [hs − ε, hs + ε]

º
ε
�#�$�X�#���©�$���#�

�X���i���$�%���#���iµ*���%����%�����N�½�X�·�L���X�#�$�X�!�N���N�i���·�#�����pº
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∆xsol

���$�%���$�%�%�©���X�	¤X���$�������i�#�$�L���©�,�¥º3�!�L���%�#�	Í3���N���½�¦¥ �����#�$�#ñ$�#�!�#�����½�X���N�]�X�,§N�X�����9¼�����¡*�X�#� ·7º��*� ¿·Ð
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ε cos θ = n1
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α
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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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φ = 2πpB⊥h
λR sin θ
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Uφ(x0, xCR|xs, s, φ) = [(hr − hsol) − hs]
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Ua(x0, xCR|xs, s, a) =
1

K





x0
∑

i=x0−∆xsol

[

min
cl∈{S,V S}

pFish(ai, Lcl,Mcl, µcl)

]

+

xs−1
∑

i=xCR+3

[

min
cl∈{TS,TM,TC}

pFish(ai, Lcl,Mcl, µcl)

]
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Ô ô��¦ô�õLô Ô ÞôÅ3�¾üÍÁ(ÿ
� ���9�#���X�#���¨�#���|�:�X�$�#���$�#�����:�L���:��¥�����¡C���%���%�X���±�X�#�����*�©�±�N���N�ôË � ���#���N�´�$�¨���Xº�²1À6565�7 ÏÅª �X�����%�9�N�%�������©�¾�)���N�

�����.��§L�3���%�����+º � �i�X�%���N�$�����½�X�i���$������¡C���%���%�X���!�$�#���N�´¶Ù�N�#�����N�N�$���X�¯�X�$�#���$�#�$�X���X�Å����¡*�N���
Ë ÎD�X�X���¾�$�Á���Xº�²N�ÍÌ6Ì6Î Ï
�3µ ���¬�X�N�¹�$����#�%��§L�3���%�����}¼����$�����¹�X�,§N�X���E���AÖ����)��¡*�©���X�N� ·7º¼»7º���º�� ¿6�����X�±�����$�������#�$�¾��¥�����¡C���%���%�X���E�X� Ë ÎD�X�X���
�$�¨���Xº�²Á�ÍÌ6Ì6Î Ï;ºD&!�N�¾�$�#�����#�©���N���¾�X�¯�#�$¡*�����N�:�������%�©�������#�±�L���W��¥����6�X�����%�N�X�¸���%�¨���X�X����ª �N���¸«����¯�#���%�X���©���9�����X�
�3µ �����Å�X�N�]�X�$�#���$�%�������X�·��¥��$�N�#�$�9¤X���W�X�·��¨�#���X�#�]�$�Å�L���i�©�$�X���$���$���½�X�	�)�9�L���#�%���]���$���%�©������º � �·�#���#�X���©���´§L�L���
�X�#���©�$���#�¯ª��N�$��ª��N���W�����.¶��N�%�����N�9�$���%�#�¯�����9���9¤X�#���:�$�W�����W�#���X�#���W�¯�����3²Ã�N���N�W��¥��$�N�#�$�9¤X���*²D�����#���©�3���c�#���X�%���$�
���#�	¤X���$���#�������N�%�%�%�X���±¼�����¡*�X�#� ·7º��p» ¿�º � ���W�����.¶��N�%�����N�W���9¤X�#���ÓÒ��#���X�#���W�����#�$�%µ|���$�X�N�$���9�N���N�]�����]���9¤X�#���W�¯���
���X�$���%��§L�������N���N����]�$����#�%��§L�3���%������º.Æ0¥����%�Á�$�¾�,ðî�$�Á�#�$�X���$���$�������$�%�#�½�X�$�%�X���$�#�!ª �X�L���$�X�����$�%���$�%�%�#�!�X�½�����%�%��¡C�$�
��¬�X�$�#���$�%�����g�X���	����¡*�N���W�#���9¤X�#���¥º¦Ä	���N�	��¥��,ÀX�$�6�X�����.�c���������$¡C�¯×´�3»����#�¦²¦���`»��±�X���N�%���$�X�#�W�$�%�#�$�X�#�Wª��X���#�����
���N�©�%�Ò�.�N�������¯¶������Áª��N�i��	�#���X�#��Â����.À.�#�i�����Á���9¤X�©�$�¥º � ¥ �����%�#���.�N�$�%����¸�X�½��W�����N�$�#�$�N���0�N���N�Á��]�X�$�#���$�%�����¸�X���
�#���X�#���Å�����X�%�©�����Å�#���#���N�.�#�·���0�X�#��¤X���$����º � ���Å�,ÀX�$�6�X�����Å�.�¬�©�L���X���%�#�	�X�0�#���#�X���©���#�]¼�ÆÁ�L���X���%�#� 
 ¿Á�X���X�N�$���Å�X�
�����$��Ü$�±�X���N�Á�����6�X���$�´�X�½��]�X�$�#���$�%�����¸�X���Á�#���X�#���pº � �Wª��L�������#�!�.�¯�#���©�����¾�#���X�%���$�´�3¥����%�%�����½�6���$�.À¾«]��¥����©�N�$�����
�¦¥ �X��¡*�©���N�¹ª �L���%�%���$�pº
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�#���úèÖ*þ �C�*û û â�ù úí�½ø(�Cø�CÖ(å

)+*O��*ON A)dUY(^;i+RCBDi�h)ej^;`ö^;Y�T3ej^Xi+R 27i+R�D�i+^;R�e�ZÐ[)Z0VXT 2%V;T�Y(Y:ZÐZ%eª[)Z0VXT�kUTCd)e�Z]d)¡
¢���ÀÏ�$����#�#���3²��#�$¡*�#���X�L�����¾�����6¡*�©���N�N�$�¾�$����#�#���¯���#�©�X���#���$�%�X�©�������¾�N�$��µ|�������$�¯�#�������#���©�N�$�#�©�N������Ð`��E�#���X�#�

¢�²���¯µC�$¡C�$�©���%�������©���#��6m¼Ù�N�$�%¤��¿,²î��¯µ �$¡C�$�©���%�����P�L���X�#�¨É ¼����%¤X�#�¿,²î�����0¤LÇ��%�����$���#�	×·²Ò�����·�������N�·�#��ÌL���$�#�$�X�#�
Æ�Ój�$�i�����½���9¤X�#���	òyº ° �¹�L���©�������$���*²L��6�L���X�#�$�X�0���%�i�#�$¡*�X����%���#����º � ¥����X�%���6���)���%�����E�©�·¶������½�#�X�i�X��¡*�)���X�N�W�X�
�#�$¡*�����N�¥º � ¥���¤.Â����$�%��¶·�X�¾���¶��N�%�����®���%�¨�¦¥ �X�%�������#�$���%���9�X���©���N�$���$���6�#���X�#���¨�����:���.¶����%�¯���%�����N���.���%�����X��¤X�����6�X���
�X�$�#���$�#�$�X�#�²Cª��X�N�#�����������6�X���$���$���©�����#�3�3²C�#���X���$�������%�#���.�X���©�����Á�X���`�#�$����%�����N�Á�������#�,À.�%�N�$�������pº � ���������|�%�©�������#���
�������#�,À.�%�N�$�������	�#�X�!�����0�L���X�#�$�X�#�	�X���0�#�$¡*�����N�	�X�$���$�N�X�$���]�$¡ �����$���$���]�X�9��¾�$����#�#�±ÐÒ��¯�#���X�#�¨���%�0�X���N�0¤L���#�©�
ª��N�¸���¸¤LÇ��%�����$���¾ª �'¥��$�����¬�����X¡C�*²`�����¯���%¤X�#�����©�����6�X���N�6�L���X�#��ª��N�¸��¥ �N�$�%¤���ª��X�Å�������$���#���X�#�*²��$�#��º�Ä0���L�¸��
�$����#�©�±�$�:��¹�Ò���X�#�$�X�¨�N�±���$�XµC�$���¨�L���6ñ$�%�#�±���#�%�����$���6�#�$�L���©�,���$�|�3²��¦¥��('®��¥����X�%���6���©���%�����A������Â��������#�¬�X�±�����
�X�$�.À¸���.¶����%�¯���%�����N�pº
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&½�N�	¶������i�#���X�#���½�����½�X�$�#���$�%�����N�0�,ð¦���$�%�N�����:¼�Ö����©��¡*�©���X�L� ·7º¼»7º�� ¿,²L�X�¹�X�$�#���$�#�$�X�0�N�]�������#���X�#�¨¼�¢|��¤��$� ¿Å���%�

���X�X����ª��N�·«W�©�L��ª �N�!�#���%�X���©���pºXÆ��!�X�$�%�X���$�´���%�Á�X�N�!�3���%�#�0�X�½���¤��$���3²����½�X���N���#���Xµ �$���Á¤X���L�����#�`ï���W�X�$�#���$�%�����¬�X�
�������#���X�#�i���#�´�X���N�·�%�%��µ|�������º � �·�X�$�#���$�#�$�X�½�X�·�������#���X�©�i�$�#�´�$¡ �����$���$���!���X�X����ª��N�]«9��¥ �����#�$��¶��,�©��¡*�©���6���·§N���%�#�
�����X�½�©�$�L���#�$�i�����ÅÍ3���N���½�X�	�L���X�#�$�X�#�½�.���#�������%�����N���¥º
É!���N�%�Á�����X�:�©�L��ª��N�¾�X�$�#���$�#�$�X�3²��X���9�#�$¡*�����N�¨�X�¯µ*�����$�X�#�9�N������¡C�$�N���¨�©�����:�X�,§N�X�����pº ° �N�%�X���#�*²Ã�����:�������#���X�#�
�X�:�©�L��ª��N�:�X�$�#���$�#�$�X�	�#�����·�%�X���$�%���*�#���	��§N�P�X�:�X�,§N�X���·�X���0�#�$¡*�����N�0�N������¡C�$�N���·�����X�0�#���L�!�����·�X�$�#���,�©�,�N�#�pº
É½§N���X�W�¥����#�%�X�#�$�!ª �L�	�����!�������#���X�©�0�#�����½¤X���$�¹¶��$�%�����3²L�X�N�]����¡*�N�9�X�]�L���%�)��¡C�9�X���!�3���.À¹���%�0���X�X����ª �N����º¦ò!�
�#�3�������#�6�����N�#���X�N�:�L���%�%���%�������X�:��¥����%�L������¼��Ã��¡*�X�#� ·7º��<7 ¿!�$�	���P�X�,§N�X���	�X�P¡*�©���X�N�¨�¦¥�����Â#�����$�N����º,&!�Eµ �$�$�#�$�X�
�X�9�L���©�����$�%�#���

dk = [dk
1, d

k
2, ..., d

k
n]

¼
n
�$�©�����0���9�N���9¤X�#�:�X�:�X�$�#���$�#�$�X�#�)¿!�$�#�·���#�#���$���:«¾�©�L��ª �N�9�#�$¡*������º � �

µ*�����$�X�
dk

i

¼Ù�X�X��ª��N�¿´���%�i���$�����]�X�	��:�©�,¡*�����
k
�����X�i��¥ ���$���W�X�$�#���$�#�$�X�pº
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� �¬�X�L���#�������#�$��¶��$�#�����$�%�%��ª �N�±���%�W�����N�#���X�$�#���±«¸�L���%�9�$�W�'¥��$���%�#�¯�L���W�N���N�W�����
n
�X�$�#���$�#�$�X�#�¸¼Ù¤X���$�Uª �N�

��¥ �����#�$��¶��$�#��¡*�©���6���¹�����6�#�$�%µ��Å«¹�3�����$�X���$�¨�����:�#�$¡*�����N�)¿�º ° �Ï�,ðî�$�3²Ã����3���%�#�¸�X���9�L���X�#�$�X�#�¨�'¥����%�:�L���:¤X���L�����#�
�$�·�X�����·ñ$�%�#�W�¯���X���X�N�����6�X�W�¯���X���$�#�:���N�X�$���$�N�N�����#�¨�X���	���X�%�#���·�X�$�#���$�#�$�X�#�pºîÖ����X�·�©�L��ª��N�9�#�$¡*�����'²Ò���W�����X�
�X�	��¥ �X���%�#��¡*�©���6���9�X�	��:�X�L���©�	�����#�$��¶��$�#�����$�%�%��ª��N�*²Ò�$�i�X���N�W�X�·��¨�L���X�#�$�X�

h̄
²X���%�½�3�����$�X���W�3���i���î¶����%���	�X�N�
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���$�������$�X�#�½���%�%���¯���%�����¾ª��N�´��0���» �$�X�N�i�N���N�����$�%�©�����N�Á�3���½¼�Ö����©��¡*�©���X�N� 7	º¼» ¿�ºCÖ�������	�%�X���#�*²*�����%�©�3µ����������!�3µC���
h̄
�����X�i��¨�#�$¡*�����¹�$���%���$�#��º

Ô ô��¦ô¹¸îô¹¸ E Å´É��!��ú	ÿÍ½8ü#ú	Å�ý ÉRÁf�	½ìÂ4�Dÿ#ú	Åãý
Ä0�$�.ÀE�©�L���6�N�·�©�����0�X�,§N�X���	�%�X�0���9¡*�©���X�N�¨�¦¥�����Â%�����$�N���¨�X���0�#�$¡*�����N�6ÐÒ���9�©�Ò���6�P�X���0�L���X�#�$�X�#�

H
�$�0���

�©�L���6�¹�X���´���¤��$���
L
º ° �¬�X�%�������©�����Å���	�$�%���#�$�#�	�.�¬�¯��À|���9�X� �:���*�%�#�$�%�����%��¼�ÔEÉ0ÖÁ¿,²|��¥���¤.Â%���$�%��¶����%�Å�X�·�%�#���Xµ �$�

��¯�#�3�������©���%�������.�P�©�L���6�±Â��������
(L,H)

ª �X���¯��À.���6���#�9��¯�X�#��¤L��¤X�������#�6�����N�.���%�����X�N�$�����
P (L,H|D, H̄)

ºÒÉÃµ ���
��¨�#�$����%�������X�	×Å�3» ���]Ð

P (L,H|D, H̄) =
P (D, H̄|L,H)P (L,H)

P (D, H̄)

¼/·7º��pÁC¿

�3µ ���
P (L,H)

�$¡ �����9«¸Ð

P (L,H) =
P (L|H)P (H)

P (L)

¼/·7º��Í·C¿

É!�¬�����$�¹�X�	�%�X�X���*�©�$�iª �N�
H

�$�
L

�#�����Å���N�X�$���$�N�N�����©�3²X�L���N�i�����N�#�$�%µC���L�Å���·�#�$�%���
P (L|H)

ª��X�î���$�%���$�½�N�
�X�#�$�N�.�#�:�$�������6�X�#�9�X�]�%�#���!�#���6�X�����!�����N�%���X�$�©���%�����N�·�%�X�½��¥����#�©�X���#���$�%�X�#�9�#���$������ºÒÄ·���!�����N�%�©���%�����N�!�#�$�������0ª �N�
>(�����!�#���X�#���·�#�����!�X���N�!¤L���#�©���!ª��N�]�����!¤LÇ��%�����$���#�·ª��'¥��$�������!�����X¡C�$���%@:���á>(��¥ �N�$�%¤��:�$�!����#���X�#�:�#�����·������ñ$���
�X��µ �3���8@¨���$�XµC�$���3²¦�L���W�,ÀX�$�6�X���*²'ñ$�%�#�6�X���$�%���#���W�L���]���¨�#�$�%����º�Æ0¥����%�	��¥��3µ*�����©��¡C�6�X�%���N�$���L���Á�X�¨��¥����%�#���¯���#�����
Â%�������#�]�X���i�©�L���6�N�

L
�$�
H
º

Ö`���Å��¨�%�X���#�*².���	�©�L���6�
L

���%�Å�#�X�X���*�#�	��ª �X���X�#��¤L��¤X���W�$�Å��:�#�$¡*�X����%���©���%���������%�´�����%�©� �X�X���#�]�#�$�X���$���$���½�%�X�Å���
�©�L���6�

H
�$�i���]�©�L���6�¹�����N�.���%�����X�N�$�

H|L ºXÉ!���N�%�¦��:�X�#��¤Ò��¤X�������#�:«:�¯��À.���6���#�$�i���$�X�½�3¥����$�%���#�¯Ð

P (L,H|D, H̄) = KP (D, H̄|L,H)P (L|H)P (H)
¼/·7º��¥
*¿

�3µ ���
K

�X���#�$�%���]�����N�%�©�����pº

Ø Åãý��6ü#ú	Åãý ÉU����ýDÁ(Ä� ãú	Á ° �x�%�X�X���*�©�����¾ª �N�
L|H �$�

H
�#���|�6�¯���%Õ �µ|���,�L�3²`���$�X�#���X�#��¤L��¤X�������#���±�3¥����$�%��µC�$���

�����6���:�X���!�©�L���6�N�0�X�¨È0��¤X¤N�pºÒÉDµ ���*²L�X�]�X���N�²N��¥ ��»|�����%�N���#�9�X�W��¥ ���N�X�$���$�N�N���N���¨�X���½�#�$¡*�����N�0�$���%�#�9�$�������0�$�
�X���·�#�$¡*�����L�·µ����%��«Æ��µ|���0�X���·���¤��$���3²����9�#�$�%���¨�X�9µ|�©�����#�$�9¤X����N���

P (D, H̄|L,H)
���$�X�]���N�©�%���3¥����$�%���#�¨�#���N�0�X�

¶����%�¯�������%�����X�¯È0��¤X¤N�¥º � �6�©�L���6�g�±���*�#�#�$�%�����%�����%�]�X���N�¨�¯���#ÕC�µ|���$���$�]��±�#���©�N�$�#�©�N���X�6���¬�����.§N¡*�X�©���%�����
ÔEÉ0Ö �X�

(L,H)
���%�i��ª��X��µ������$���#�9«:��¨�6���N���6���)���%�������X�]�#�����$�N�$�%¡*����º

Ö����X�·�©�L��ª �N�9�#�$¡*�����
k
²N��¥��$�N�$�%¡*���¨�����N�.���%�����X�N�$�����:�����3�����

U
�3¥����$�%���0�$�¹¶����N�$�%�����P�X�W��¯�$����#�#�

lk
�$�0�X�W��

�L���X�#�$�X�
hk

�$�9�����X�L�����#�©�����D�����Dµ������$�X�#�Ã�X���D�X�$�#���$�#�$�X�#�
dk ²3�X�����Å�L���X�#�$�X����¤N�#�$�%µC��� h̄k

�$�Ã�X�`��i�����.§N¡*�X�©���%�����
�����X���������©�L���6�N�

L
�$�
H

�X���#����µ �����%���L��¡C�
Vk
º � ¥��$�N�$�%¡*���c�¥ ���$�%���¹�#���N�¸¶����%�����¦¥ �X� �#�$�%�����'¥����#�©���©�N�

���.ÀU�X���X�N�����
Udonnées

�$�¨�¦¥ �X�®�#�$�%���¸�X�¾�#�$¡*�X����%���©���%�����
Ureg

ª �X�´�#�����:�����N�X�$�#���¨�L���:�X�®�����,³¯�$���$�����X�
�#�$¡*�X����%���)���%�����

β
�$�i�L���i��¥������#�

Ai
�X���Å�©�,¡*�����N�!�,ÀX���6���N�����½µ���:�N�N�0¶����N�$�%�����

α
Ð

U(lk, hk

∣

∣

∣
dk, h̄k, {lj , hj}j∈Vk

) = (1 − β)





∑

j∈Vk

AjAk



α(Ak)Udonnées(d
k, h̄k |lk, hk )

+ β
∑

j∈Vk

AjAkUreg(lk, hk, lj , hj)
¼/·7º��ÍÎC¿

α
�$�#�´�X�N�0¶����N�$�%�����¬�����N�3�����#�]�X�

Ak
ºN¢��

Ak
���#�´¡*�©���N�X�]�������#�Å��¥ ���7ÌN�N�$�N���]�X���´µ �����%���N�Å�X�����iñ$�%�#�·�������N�.�#�]ª �N�

�#�¦�$�����]���%�i���$�%���#�¯¼
α
���%�i�����6�X�%���½�$���%�#�¯�	�$�9ÀC¿�º

�Í·�»



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

÷!ü�ü�½%�»DÁ ½	�¾ù ÉRÅãýDý��(Á�ÿ � �·�#�$�%���	�¦¥����%�©���©�N�W���.À¸�X���X�N�����
Udonnées

���%�i�X�$�#�$�%�6���N�	�L���Å��¥ �X�%�������©���#�$�X�½�$�
¶����N�$�%�������X�W�#���½�����X�L�����#�©���N�����0�6�X�%�����%�Ã�%�X�i���ª �L�������#�W�X���!�X�$�#���$�#�$�X�#�pºÒÖ����X�½�X��Â%�$�¹�¦¥ ���¯��¡C���3²N�X�¹�X�X��ª��N�
�#�$�%���W�¦¥����%�©���©�N�9���.À¬�X���X�N�����½���%�i�X�,§N�X��¼�ª �N�$�Dª��N�	�#�����Å���	��»|���	�X�	Í3���N�]��¤N�#�$�%µ ���¿��L���Å��¥ �X�%�������©���©�,�N�pº

Udonnées(d
k, h̄k |lk, hk ) =

n
∑

i=1

UD(dk
i |lk) + (hk − h̄k)

2 ¼/·7º��ÍÌC¿
� ���·�X�$�#���$�#�$�X�#�]�#�����0¤X���L�����#���	���E�����6���#���]«¯�X�P���$�%���·�N���9¤X�#�¨�X�:µ������$�X�#��¼��3���·�X�9��¾�$����©�%��§L�3���%�����Ò¿,²î�����'¥ »
�¾�N���N�9�L���·�%�#���P�X�:µ������$�X�#�

UD(dk
i |lk)

«¾�X�,§N�X���·�L���·��¥ �X�%�������©���#�$�X�pº � ���·µ������$�X�#�	ª �N�9�N���N�]�3µC���N�0�X�%�������©�����
�©�����Å�X�#���#�$���#�����½�#�X�Å���	Î���¤X���3��� ·7º¼Á

Æ Ç�È ó Ô ô-,®ö�FXø�û�ú,þ����ÃÖ ú
UD(dk

i |lk)
ÜÀ��þ��¬ýN��þ(�¸û�úØ�ïÖ(õ�ý(ú��3ý(ú,þ��Ø��ú$ý]ýN��þ.ý(úØ�¸û�úØ�á�$û�ø����ú���åKñÃúØ�ôç�ø�û�ú,þ����Ù�ÀÛ õC��ä.ú��

û �� ��ú<�LýXÖ úG?4åH?S�N�)ü�ù�Nü ¨Áø�LýË¯���Û ú��,ýiû�øöÝ��6� ��ú�ç�ø*û�ú,þ��(°î� Þfµ(åI?5�/�)ü�ù�Nü ¨Áø�LýÏ¯	�)ú$ý�ý(úÐç�ø�û�ú$þ��±úØ�$ýiý��Câ��
ÜNú,þíÜã���(Ý#ø(Ý,û�ú(°¼�¨øç�ú��	ý�����üê��ç�ø�û�ú,þ����!ü	�Lý(ú��,÷ßõCÖ�ü�ø*üê�#úØ�J?4å�¸6éK?4åML6ú�ý%?4å-·�åÒÿLüD�)ú��$ý�ø�üê� �
Ö(õ�ý(ú��3ý(ú,þ����
�<�6�Lý
Üã�,ü��6�)ü�ý�ø�ü	�#úØ��é�ü û��ð�<��LýK�#ú��p������ØõØ�XÜXø�9þ���úßõ���ú���ù*ü�úßõ�ùCø*û�úßÞ ±2

��þ ±3
�3ú,û ���û�úÐÖ ú�ù�CõßÖ ú��)ú��$ý�ü��

ý�þÀÖ úÍå�ñÃúØ�!����ü	�À�è�Cõ�ÃÅúC��ý(ú,þ��Ø�¾ú$ýÅû�úØ���*÷ÐÝ<�#úØ�G�îúè����Lý�Ö4��ã��ÜXø��G�#ú,÷¨ü¹��ú��Ú�#ø�þ���ú#å�ñ'øË�,þ(�,ü��6�gú��,ý
���(Ý$þ(�$ý(úðç3üê�Ó�%Þ(�'çü¹�èÖ úWû�õ�ù�ú����G��ä|ø6��ù ú,÷¯ú��Òý	�èÖ úØ�íç�ø*û�ú,þ��Ø�èÖ�úØ�Gõ���ú���ù*ü�úØ�Íå
��� Ñ ����ü	�À�Ù�Cõ�ÃiúC��ý(ú,þ��Ø��éË� Ñ�����þ.ý(úØ��é��ON Ñ Ý�;*ý�üÙ÷�ú<�Lý	�á�©ø�û �$þ|û õØ�öÞÙÜXø�,ý�ü	�áÖ�úØ�Ã��÷ßÝ��#úØ�ØéPN
Ñ ��÷ßÝ��#úØ�Íå+ñÃúØ��ç�ø�û�ú$þ��Ø�ôÖ ú�û�øö�$û�ø����,ü ¨ �©ø*ý�ü/��×�)ü�ù�Nü ¨�ú��Lý8�Q?fÑ �<��û�é8µfÑ çõ�ù�õ$ý�ø*ý�ü/��Àé=RSÑ�ýN��ü�ý
�<�*÷ÐÝ<�#úØé�¸$Ñ ýN��üÙý�÷Ð�(� ú��ÀéTSñÑ ýN�*üÙýI�$û�ø*üê�ØéUL�Ñ ��÷ßÝ��#úÍå

H
H

H
H

HH
dk

i

lk ¢ 6 É × Æ�Ó ò

¶ �
���
�² �
�|
� ~ � d1

1 = 0
57º 5 ��º 5 ��º 5 ��º 5 ��º 5 ��º 5

d1
1 = 1

��º 5 57º 5 57º Î ��º 5 ��º 5 ��º 5
d2

1 = 2
��º 5 57º¼Á 57º 5 57º 5 ��º 5 ��º 5

d3
1 = 3

��º 5 ��º 5 57º¼Á 57º 5 ��º 5 ��º 5
d4

1 = 4
��º 5 ��º 5 ��º 5 57º 5 57º 5 ��º 5

d5
1 = 5

��º 5 ��º 5 ��º 5 ��º 5 ��º 5 �4»7º 5

¶ © d1
2 = 0

��º 5 ��º 5 ��º 5 ��º 5 »7º 5 ��º 5
d2

2 = 1
��º 5 ��º 5 ��º 5 ��º 5 �4À7º 5 ��º 5

© d1
3 = 0

��º 5 ��º 5 ��º 5 ��º 5 ��º 5 ��º 5
d2

3 = 1
�©�Í57º 5 ��º 5 ��º 5 ��º 5 ��º 5 ��º 5

�V d1
4 = 0

57º 5 57º 5 57º¼» 57º¼Á 57º 5 57º 5
d1

4 = 1
��º 5 ��º 5 57º¼» 57º 5 57º¼» ��º 5

V d1
5 = 0

��º 5 ��º 5 ��º 5 ��º 5 ��º 5 »7º 5
d2

5 = 1
��º 5 ��º 5 ��º 5 ��º 5 ��º 5 �4À7º 5

á Á�Ä�ÇûÁÉ�4Åãý�üÍÁ(ù,ü¥�¾Á/� � �6�#�$�%�����������#�,À.�%�N�$�
Ureg

�������%���$���9�X�$�.À��������%�©�������#���¯Ð¦��±�X�#�$�6���$�#�
γ
���%�]�%�X�	��

�$����#�©�¨�����X�L�����#�©�����	��±�L���X�#�$�X�¯¼ ° ª��L���%�����N� ·7º¼À�À ² ·7º¼À�» ² ·7º¼À�7 ¿0�$�·��±�©�������N�X�
ψ

�%�X�·��¾�L���X�#�$�X�¾¼ ° ª��L���%�����
·7º¼À.� ¿�º
Ä·�$�.À��#�$¡*�����N�9µC�����#���N���Wª��X���N�¯�#�����W�L���9«¬��¬��ñ$���¯�L���X�#�$�X�9�N�6���$�Xµ �$���W�L���9ñ$�%�#�¯�X�$�.À��#�$¡*�����N�9�X�¯�#���Xº
&!� �$�N�#�$�9¤X���¹�X�¬�#�$¡*�����¯���%�¾�����N�%�½�����N�%�%�%�X���±«E�Ò���%�%���¯�.� ¤����A�#�$�N�¯�$�6�©�,�#�©���N�#�$�%���¾�N���N���������$�N�$�%¡*�����¾�X�
�#�$¡*�X����%���)���%�����¾ª��X�N�#�������X�$�©�������������Á�X���#�#���N�¥º*Ö����X����·�L���X�#�$�X�3²C��0�#�$¡*�X����%���)���%�����¾�X�����Á«·��0¶����������$�%���$�%�%�#�½�X�
�����#�©�$�Å�����iÍ3���N���½�¦¥��$¡ �����]�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¿

�Í·�7



·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�$� ����û
�$��çõ�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·
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�����

���(� ��¦�� ��§(�

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$þàìÖ(õ$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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�����

���(�

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]øç�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�

���������!�X�·�L���X�#�$�X�
h
�%���%�N�W«:�X�N�]�.���%�©���N���

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

x = R sin θ +
h

tan θ
−NR sin θNR

¼/·7º¼À�ÁC¿
�3µ ���!��¥���¤N�©�$���#�#�0�.�¸Ê!�3���´Ó!���X¡C�·���¸�#�����$¡ �����	«è57º � ¥����X¡*���

θ
µ*���%���0���¸�����X�#�´�X�!��]¶����L�©�N���(ºNÆ��$�%�#�0µ����%����%�����

���#�´¶�����¤X���]�N���N�i�N���%�#�]�3���i�3���i�N���N�i�%�©�3µ*�����������N�½�%�X�i�X���½�#���$�N���i�X�=À65�7(Î¨�X��ÀX�$���i�X�	����%¡C�]�#�$�X���$���$���pº
�Í·6Ì



·7º¼»7º¼»7ºLÉ½���$�������©���%�������.�¹ÔEÊ·¢±�$�½�X�	���6�$����#�%��§L�3���%�����

� �ÁÔEÊ	¢	���%�Ã�X�#��Â%�$�#�Á�#�X�Ã�X�N��¡*�%���������X���#���©�����N�%������57º¼Ái� h º�ÔP�����D��i�N�#��Â����$�%�����:�'¥����#�Ã�L���Ã�L����¶������#�0¼�����¡*�X�#�
·7º��ÍÎ ¿·�3���	��¥����#�%���¯���%�����c�X�6��±�L���X�#�$�X�]�'¥����%�	�Ò���W���#�#�$Í6�X�#���$���#�¬Ðî�X�c�©���X�]�X�6�X�$�.ÀP���$�%�#���]�#�X�·�����#���`�X����
���#�!�8B�����¤X�%�X���·�$�0�N���P«���¯�X�#���#�$�N���:�¦¥ �X�P��¤.Â%�$��iÒÄ·���N�:�$���X�#��Â%�$�©�����3²����$��¾�$�#���9�X�E���3���%�0���6�����%�©�����	�$�
���$�%�©�����N�0�X��À.�$���3²Ò�$�¹¡C�������$�%�%���¨�#����²N�'¥������!�L���0�X�]µ*�����$�X�#�:ÐL�*¥����%�!�����X�0���$�%�#�W�©�����#���Eª �'¥ ���Ã»��¯�X���½Í3���N���0�$�
�N�����!�N���N�i��¨����¡*�X�#� ·7º��ÍÎ ¼��C¿,²N���$��6���$�½�$���3µ������i�����i�X�#��¤X���$�����!�X�	¤X�%�X���½�#�X�Å���]�#���XºNØ(�î¶����N�.�©�����!�.���6�����N�$�
��9�#���#�����X�%�����¬�.�¸ÔEÊ	¢6�X�#��Â%�$�#�0�¯�����´������¤LÇ��%�����$���#�Å�©�$�©�����,�|�Å�������#�´�%�#���¸���$�%���#�pº|Ä·�!�X���N�²��N���N���'¥��3µ ���N���L���
�X�����X���X�N�����Á�#�#�����X�#���$���#�����%�N����]¡C�������$�%�%���0�¦¥�����ª �N���#���%�����¸�X���N�½���L»¯�9���N�#�%�L�X�N�½���6�X�#���$���%�����¬���¾�X��µ �3���±�X�
��¥����%�%���¯���%�����¹�.�¬Ê0�3���ÅÓ!���X¡C�·�$�Å�X�0��:�L���X�#�$�X�i�.�¸�����%�#�$�X�'ïX���$��:�'¥������$�������#�	�L���´���·�3�����$�X�'�X���Å�$�6�X�#�$�����#���
���P�#���XºÒÄ0�W�X���N�0���Ã�'¥����%�!�L���!���*�#�%��¤X���:�X�W¡C�����#�,¶��$�#�$�N���$�·�X�#���X�#�$���$���·�����!���¯��¡C���pº � �¯�X�#��Â%���$�%���������E�#���Ã�N�
¶������`�X���N�Å�L���`�.���#�L���©��Ì��%�#�Å�#���X�#���`������Í3���N�����X�´�#�������Xµ|�#�$���$�����$�`��0�X�#��Â%���$�%�����6�'¥����X�����%�©�Å�L�����X�L�´���$�������$�X�#�
µ*�������N���%�������X���´¶����%�����i�X���i¤LÇ��%�����$���#�½ª��N�·��¥��$�%�N�X�W�.���#���$�#�]�L���N�Å���]Ô�Ê	¢"º

Ø(�Ò¶����X�´�X���N�!�#�$�X���Å�����6�X�#�·�X�0���!�X�#��¤X���$���0�����#�´�.�¸�3�����$�X�¦�X���´���9¤X�#���´�$�´�X������3» �µC�$�#�¥º�&!�N�½�#���©�X�X��ª��N�
�X�6����N���$�W�X�6�©�3» �����X���X�N�$�©�����W�%�#���c�X�6�#�������Xµ��#�$���$���#�9�$�W�¦¥����9¤X�#���pºDÊ!���N�	��¬�����%�%��¡C�����N�9�$���N�6�X�#�$�L�����
�$�®�����6�X�#�¸ª �N�¾�����:���3���%�#�¨�X�¾�L���X�#�$�X�6�%�%�%���$�#�$���$���6�%�X���$�%���$�X�#�����g�X��µ �3���®�¦¥ ���6�X�#���$���%����� ¼��,�|µ����#���®�X�$�.À
���$�%�#���,¿�º

����� ���(�

Ñ�Ò]Ó	ó3Ô ô�õ7Ý®öF� � ÿGÜ����{o�ú�ý'õ	ø�þß�<��û���ø�����û�úØ�
�Nüêç�ú%ø�þ6àÐÖ�ú´ù�,üê���Ó��÷ßÝC��û üê��ú<�LýÃû�øèä|ø�þ.ý(ú,þ��4��ú$ý��Í�6��úØ��Ö ú��#úC����þ�ç#�#ú��
÷¯ú<�Lý8��÷�ø3ù�ú��Lý�ø��ÆéK����üê�À�ð�Cõ�ÃiúC��ý(ú,þ��Ø�$�]Ý,û�ø�ã�{�¸ú�ýF�#���úØ�GÖDÛ ��÷ßÝ��©ú��]Ý,û�ú,þ:�¬ú��¹ù�õ���÷ßõ$ý��,ü�úG�%ø4ÖCø6�GÞ
û�ø�>�ü�ù�þ��#ú��]Ý?�6å´ñDúË� � ÿPø�þô����û¦ø�þ��îúò�Cõ��<��ûÞþ|ý�ü/��QÖ ú�?4åIL6÷ �'üÙû"�¯øßÖ ú?�ã��÷ßÝ<�#ú,þ6à¤¯Ùý�����þ���°XÖ�þ��
ø*þàôÖ�üê�<����Lý�ü	�Nþ|üÙý'õØ�Wú��Lý��#ú]û�úØ�ò��õ�ù*ü��� �«©$þ�ü��<��Òý1Ö*þXúØ�Wø�þ Ý��,þ�ü�ý ��þáÞ�û�øWù(õC��÷ßõ$ý��,ü�úèÖ ú	û�ø!����â<��úÍå

jlk�m n ¦po(� í èXê ï�ï ìÓí�í ��q�Î�§:ÎFï��sr k ç Î í § êut�è � í ¦?Î)Î t�è n<vxw ê�ë �Mï�Î í èzy w í n ¦po�� í èXê ï¼ï ìÓí�í �3q�Î�� w tì ï7§:ÎFï m ì é;§péXÎ�§¥ÎY{3|D¦l}J~�� í Î%qMé ê ï�ï¼Î
� w tì ï/§:Î���|D¦�}�§:Î�é n tì ï w èXê¼ì�í Î t�è § ì�í ¦)�M¦{¦{Î�� è �Ó�:ï¼Î)Î è }Q��}¾Î tì w t�� n ¦po(� í èXê ï¼ï ì�í:í n Î3~
�¥
5
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Ô ô��¦ô��¦ô¹¸ ¢ðÅãÇû¿D½ÀÄ�½ ú	ÿÍÅãýDÿ�Á4ü��4Å�Ä�ÄÆÁ!�6ü#ú	ÅãýDÿ¸ö�½À¿R¿RÄÆÅ��»¾ÁÃÅ]�Tg<Á(üÍÿ
� ����Í3���N���6�X�#��Â%�$�#�����¯�#�����¯�,�L�%�X���#�������6�L���#�����±«E��P�$����#�#��§L�3���%����� ���©�%�N�¬�X�¸��E¶Ù�N�#����� �$�Ï�X�#�$�L�����¾�$�

�����6�X�#�Å���Å¡*�©���X�N�i�X���`�#�$¡*�����N��ª��X�N���%���X�,§N�X�Ò����Ö����©��¡*�©���X�N� ·7º¼»7º¼À ºCÖ����X�������%�%��¡C�$�������`�#���%�X���©���#�`�N�#���$���X�$�|�#�3²
��¥����X�X�#���©�N�:�©�,¡*�����N�	���%�!���$����X¡C���6«��X�N�í>����X�X�#���©�N�¨��¤.Â%�$�#�%@Mº ° �P�,ð¦�$�3²L��¾�$����#�%��§L�3���%�������X�,§N�X���·�X���·��¤.Â��$�#�
¼Ù¤LÇ��%�����$���#�²|�#���X�#�*²|�$�#��º ¿�ª��X�Ò���$�Xµ �$���´ñ$�%�#�0�����X�$�����©���Å«W�N���XµC�3���¬�#���N��¶����%���!�X�!¡*�©���X�N�6¼�����¡*�X�#� ·7º��ÍÌ ¿�ºNÆ��
¡*�©���X�N�]µ��¨���,�#���,�#�%�#�W�X�	�����%�%��¡C�$�½�����i�������©���X�#�½�X���Å¤ÒÇ��%�����,�|�#�pº

Ñ�Ò]Ó	ó3Ô ô�õ7ð®ö`ÿÒþÍÜNú��'Ü8��)ü�ý�ü���ÃÖ ú�������ÒýN��þ��Ø�òÖ úØ�ò�(Ý�o3ú$ý	�y��ú<�Ïo$ø�þ���ú?�í�)þ��!û�Û üÙ÷6øù úòÖ¾Û ø�÷
ÜÒû ü�ý�þÀÖ ú¾�Xî8��ÿ7��ÿÃÖ ú!û�ø
�#���úèÖ�þ ����û û�â�ù ú?�!ø(�Cø��Ö(å,ñÃú��í����LýN�*þ��Ø�èÖ úØ�ð��Ý�o�ú�ý	�ò����Lý�ý��Câ��IÜã���#��ä.úØ�GÖ úØ�è�C��ÒýN��þ��Ø��©$þNúð�ã��þ��
ÜÀ��þ����)ü/��À�¨ý��%ø(�©ú<�¨÷�ø�NþNú,û û�ú,÷¯ú��Lý!ø�þ.ýN��þ��ÐÖ ú��ÐÝ�;*ý�üÙ÷¯ú��Lý	�ÍåDñÃú����C��ÒýN��þ��Ø�ÐÖ úØ�ßÝ�;*ý�üÙ÷�ú<�Lý	�XÜÀ��þ����
�#ø�ü�ú<�Lýs[�ý��#ú
ÜÒû þ��è�©ú��3ý�ü ûÞü�ù6��úØ�:÷�ø�ü¹�9ü û��í�,þ�ü	ç�ú��ÒýXÝ,ü�ú���û�øË�<��,÷¯ú	ù(õ���õ<�%ø�û�úÍå�ñÃúØ�!�C�*üê�À�è�Cõ�ÃiúC��ý(ú,þ��Ø�
����Lý$Ý,ü�ú��øÜÀ���)ü�ý�ü/�� ��õØ�Íå�Êè��ã�:û�ú��è�(Ý�o�ú$ý	�ð�<��Lý$Ý,ü�ú�� Ö(õ$û üÙ÷¨üÙý'õØ�¨ú$ýK�ãÛ úØ�$ýÁû�ú,þ��Wü/Ö ú��Òý�ü ¨ �©ø*ý�ü/��S©�þ�ü
ÜNú,þ.ý¼ÜÀ����ú��KÜ����(Ý,û�â,÷¯úÍå

� �¯�#���%�N���)���:�X�¯��¹�����6�L���©�����©���®���%�9�X�#���#�$���#�¸«���¹����¡*�X�#� ·7º¼À65 º`ò!�XÍ3�±�$����#�#���:�#�����9���X�$���%��§L�����¨�$�9�����
�����7ÌN���#�!�X�	���$�%�©�����N���!�¦¥��$���%�#�]�$�������½�#�����i�#���#�����N�½�N���N�Å��6�%�X���#��º

� ���`�����%�#���$�%�����N�`�����#�$�%µ|���$�X�N�$����«!�%�#�������X��µC�3���.À¸Ð��%�X��������¤LÇ��%�����$���#��«!�L���%�%���`�X����Í3���N���`�X���#�������Xµ��#�$���$���
�X�$�#���$�#�����3²N�%�X�´�����´Í3���N���Å�X�0�#�������Xµ|�#�$���$���i���#�%�N���´�X�¬Ô�Ê	¢¯ª��X�î�N�·�����%�#���%�����N�X�$���i�L���i«9�X�¸¤LÇ��#�����$�|�3²X�%�X�
�����iÍ3���N���½�¦¥����9¤X�#���½ª��X�¦�N�]�����%�#���%�����N�X�$���½�L���!«:�X�N�]���9¤X�#�W�N���N�Å��6�$����#�%��§L�3���%������º
¢ðÅãÄÆÄ�Á#�6ü#ú	Å�ý¾ÿïÉDÁ�ÿ$���8ü#ú�Ç Á�ý�üÍÿ � ���·Í3���N���]�X�:�#�������Xµ��#�$���$���W�#�����3²î�$�P�%�N�����%���*²D�����X�$¤X�X�	�.�P¤LÇ��#�����$�|�pº
¢��¦��¨�����6�L���©�����©���¹�$���%�#�	��¨�$����#�%��§L�3���%�������$�Å�����ÅÍ3���N���i�X�·�#�������Xµ|�#�$���$���!�3�����$�X�����$�½�������%�#�]�X���Å¤LÇ��%�����$���#�
ª��X�½�N�¹�����6���$�N���$���±�Ò���¯�L���¯���Í3���N���X���#�������Xµ|�#�$���$���3²Á���$�X�#�±�������#���X�#�±�X����µ �,�|�¾ñ$�%�#���X�$�X��������pº´Æ��$�%�#�

�¥
|�



·7º¼»7º¼»7ºLÉ½���$�������©���%�������.�¹ÔEÊ·¢±�$�½�X�	���6�$����#�%��§L�3���%�����

Ñ�Ò]Ó	ó3Ô ô¹¸]õ®ö9�1��÷
Ü.ø�%ø*ü¹����×Ö�ú6û�øÃ�©ø�$ý(úøÖ úØ���Í���ú��ÐÖ ú��#úC����þ�çÍ�#ú$÷�ú<�Lý·ú�ý
Ö¾Û �*÷ÐÝ<�#ú¤��>�ü�ù�þ��#ú �(åOµ(· �]Ý?�M�¹ú$ý
Ö ú
û�øô�$û�ø��Ø�)ü ¨ �©ø*ý�ü���ì�©ø�û �$þ|û õ©úXÜ.ø6�	û�ø �,þ(�,ü���ìÖ úØ�èÖ(õ$ý(úC��ý(ú,þ��Ø����>�ü�ù�þ��#ú �4å�µ6L �UÖ��Ó�6å
ñÃú����$ü	�3©�Üã�©ú,÷¨ü/â��©úØ�X�$û�ø��Ø��úØ�X������#úØ�'Ü8���Ö ú��Lý�Þè�©ú$û û�ú�Ö úiû�øè�$û�ø��Ø�)ü ¨ �©ø*ý�ü���¬ú�ý¼�´Û üê�Òý(ú����3úC��ý(ú!ø�þ8��þ���ú
�#���úØé´�#úUÜÒû ü�ú,÷¯ú��LýD��þ��*÷ÐÝ<�#úØé¼�©ø�û �$þ|û õ©ú+Ü.ø�´û�ú�� � ÿ$��ý¾Å�úêÄÍ�À�<��û�é/Ä�Á(ÄÆüXÂUÅãý��j�$�Àç�õ�ù(õ�ý�ø*ý�ü��6�ø�%ø���ú�é
Ä�Á(ÄÆü��#�	½ ú	Ä_��ø�ÍÝ��#úØéDÄ�Å3�� �Á5�+Ý�;*ý�ü ÷¯ú��Òý	é�g<½	�Rý¾Á��R����ü	�ö�Cõ�ÃiúC��ý(ú,þ��Øé����	Á/� ÿÍÅãÇª�RÄÆÁS����÷ßÝ<�#úÍå
ñÃú��Ë�#���úØ�!ÞèÜã���(Ý,û�â,÷¯úG����Lýiú��À�,þ�ü�ý(ú:ü/Ö ú��Lý�ü ¨Iõ©úØ��ÜXø�9þ���úÐõ$ýN��üÙû�ú$���X�=Ä¾ú	Å3�	Á(ü_���Í���ú�Ö ú!�#úC�C�*þ!�
ç#�#ú,÷¯ú��LýI������#úØ�'Ü8�6�ãÖCø�LýIÞ¯þ�� Ý<;Cý�ü ÷¯ú��LýIÖCø�À�·û�øø��û�ø��Ø�)ü ¨ �©ø*ý�ü��6�Àé¾Ç ½% ãÁ�ý�üÍ½��É�C�#���úèÖ úí�#úC�C�*þ!�
ç#�#ú,÷¯ú��Lýð��úÃ������#úØ�'Ü8�6�ãÖCø�Lý$ÜXø��áÞ�þ�� Ý�;*ý�ü ÷¯ú��ÒýðÖ ø�À�¸û�ø×�$û�ø���)ü ¨ �©ø*ý�ü/��ÀéH���	Á/� Ä�Åãú�����÷ßÝ��#ú
������#úØ�'Ü8�6�ãÖCø�Lý
Þ¬þ���úß��÷ßÝ��#úßÖCø�À�:û�øÃ�$û�ø����,ü ¨I�#øCý�ü���ÀéF�6��½ ýY�0� ��÷ßÝ��#ú���úß�C����#úØ�'Ü8�6�ãÖCø�Lý�ÜXø��
Þ�þ���úß��÷ßÝ��#úßÖCø6�À�:û�øÃ�$û�ø����,ü ¨I�#øCý�ü���Àé)���	½ ý��Ð� ����ü	�û�Cõ�ÃiúC��ý(ú,þ��ø����Ø�©úØ�NÜÀ��ãÖCø6�Lý
Þ¬þ��Ú����ü	�û�Cõ��
ÃiúC��ý(ú,þ��GÖCø�À�	û�øô�$û�ø����,ü ¨ �©ø*ý�ü/��Àé¾Å�ÄÆ½�ý+ �Á����R����üê�ö�Cõ�Ãiú��3ý(ú,þ��ð��úè����Ø�#ú��NÜÀ��ãÖCø�Òý,Ü.ø�íÞ¯þ��ì����üê�
��õ�ÃÅúC��ý(ú$þ��GÖCø6�À�	û�øÙ�$û�ø���)ü ¨ �©ø*ý�ü/���å

�����.§N¡*�X�©���%�����U���#�	�������N�%�%�#���¯«¸��¬����¡*�N�#� ·7º¼À.� º � ���]¤LÇ��%�����$���#�9�#�����W�X���]��¤XÂ��$�#�Wª �X���#�$¡*�#���X���$���W�#���X�#���]�����
Í3���N���½�����X�N�,ÀX���½�$����#�#�����i�����6���]¤LÇ��%�����$���!�$�½�������¹�#��ÌL���$�#�$�X�pº

� �WÍ3���N�·«]�#���$����#�#�$�´���%�Á�6���©�!�N���N����W�$����#�#�!µC�$¡C�$�©���%�����¸�©���#�:¼�6]¿�º ° �¸�,ð¦�$�3²��$�����·�W�X�N�0�����%���%�N�X�0�X�#���©�N�
�X�±���$�����±�.�®�#�����$�9�X�N�¯�©���.�������$�%�%���¬�.��ðî�$�#�$���#�¸�X�¾���$�����±�X�¯����#���X�#��º�Ä	���N�9���¾�X�$�#���$�#�$�X�è>��$����#�%��§L�3���%�����8@©²
���6�#�����	�©���XµC�$���]�X���·Í3���N���]�$����#�#�����]�$�ÏýN��ü�ýK�<�*÷ÐÝ<�#ú�º � �¸�$����#�©�y6å���%�]�X���N�¨�X�P¤����������6�X�#���6���]�����X�	�����
�����%�%��¡C�$�pº � �6�����%�#���$�%�����E���%�´¶������#�	�%�X�i���·¡*�©���X�N�W�X�·�#�$¡*�����N�¥º

¢ðÅãÄÆÄ�Á#�6ü#ú	Å�ý¾ÿ×ÉRÁ(ÿÉ�(Åãý¾Á�ÿ×ÉRÁ ÄÆÁ!�4Å3�+Ä¼ÄÆÁ�Ç Á�ý�ü � ���X�#��Â����$�%�����u�.�AÔEÊ·¢U���$�¯�$�x�µ������¯�X����Í3���N���¾�X�
�#�������Xµ|�#�$���$���¹ª �X�·�N�P�����%�#���%�����N�X�$�����L����«U�X���±¤LÇ��%�����$���#���¯�����¹«g�.���©���·�����X�E��gµ �$¡C�$�©���%�������©���#��º
Æ��¯�#�����9�X���N�¯�#�����W�X���:���%¤X�#���±¼��$����#�#��É	¿·�#�����W�X���W¤LÇ��%�����$���#�:���X¤X�������pº�¢|�$�����c��¬�©���������¯�X����¥���¤XÂ��$�:���Nª��N�$�
���X�L���%�%���$���9��±�#�$¡*�����'²D���$�%�#���X�$�%�X���$�#�¯�#�$�©�¸�#���$����#�#�����$�g���%¤X�#�����c�$��¤LÇ��%�����$���pº�Æ����6���6�����]���¯��¡C���W�#�����
�$�¬Í3���N�·�X�%¤L�����N�*²X���î»¸�9���$���X�	�©�L���N���·�����X�!�3µC�����Å�X�N�·¡*�©���N�X�·Í3���N�	�����X�N�,ÀX�	�¦¥����%¤X�#���½�X���N�	�N���N�Å���	�3���3²
����#�$¡*�����E���%�!�$����©�#���W�����6���9¤LÇ��%�����$���pº¦¢���²N�L���0�������%�#�*²Ò��¥���¤.Â��$�0���%�!�N�]���$�%���#�W�©���������*²Ò��6�#�$¡*�����P�$�#�!�$����#�#���
�����6���9���%¤X�#��º

¢ðÅãÄÆÄ�Á#�6ü#ú	Å�ý¾ÿòÉDÁ�ÿòÅãÇª�RÄÆÁ�ÿ Ø��.»:�	���N�#�%�X�X���`Í3���N�����¦¥����9¤X�#�iª��X�X�����%�#���%�����N�X�$����«0�X�´��0µC�$¡C�$�©���%�������L���X�#�
�����©���#�*²L�����©���'���¹«6�X���Å¤LÇ��%�����$���#�¥º � ���i�#�$¡*�����N�½�.��¡*�©���X�N�W�#�����½�������#�½�����%�%��¡C�����!�$�¬Í3���N�]�¦¥����9¤X�©�(º
�¥
(À



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

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

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

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

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

��
��
��
��

���������������
���������������

����������

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

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

�������������������������������������������������������
nouveau bord

ancien bord

bâtiment

reclasser

calculée à partir du MNS
zone de recouvrement

zone à

Ñ�Ò]Ó	ó3Ô ô¹¸¦õ�öRÕ,û û þ��,ý��%øCý�ü��� Ö�þU÷6ø*þ�ç�ø*ü¹�íÜÀ���,üÙý�ü/�� ��ú$÷�ú<�Lý?Ö¾Û þ�� �C��ÒýN��þ��ïÖ�úáÝ�;*ý�üÙ÷�ú<�Lý'å ñDø¤�Í��îúïÞö�#úC�$û�ø��Ø��ú��
�,Û øðÜXø��Wþ���ú6ø�û�ý�üÙý�þÀÖ úè�,þ3� ��ø�Lý(ú�ÜÀ��þ��P[$ý��#ú¨þ��ÚÝ<;*ý�üÙ÷¯ú��LýË� ÜÒþ|ü¹��©�þ+Û ú,û û�ú!��ú	ù(õ���â<�#ú
Ü.ø�GÖ ú«�#���ú
Ö�úí�#úC�C�*þ�çÍ�©ú,÷¯ú<�Lý �6å¾��ú$û�ø?ÜNú,þ|ýQ[$ý��#úWþ��ßÜXø�M®�üê��ùé�þ���úØ�NÜXø4�)úðç�ú��,ý	é´ú$ýN�#åF©$þ|ü�ø_¯ ý��C��÷
ÜÀõ(°iû�øô�$û�ø��Ó�
�,ü ¨I�#øCý�ü����ú���ø�÷
ÜÒûÞüÙý�þÀÖ úÍå

� ½	�¼üÍÁ/�¾Ä ÉDÁ�ÿ5�(Åãý¾Á�ÿûÉU� ½ÀÄ��DÄ�Á(ÿ ���x�� _¡<¢ ¡��x�P£�¤¦¥§£#¨Z©� §�Pª £:�¬«� _ª ¨��ª ¡P¡�®¯6ª °²±´³¡��¶µ ¥§£:·¬±²°¸£T¤ »¹ º _ª:·ª £:�¡� _±´��¥§£»©2¥§ª ¡J _© © ¡�¥3À�±²¼Z�¡½°M Z«� _ª ¨��ª ¡Jµ �x�)¡�®¯6±²¥§£��½·°M §����®x�x�½·x¥§¼P¼Z�í>� _¡<¢ ¡���@
©� _¡)ª £»© °M _£»«:¥§¡<±�Í�¥§£#¨� _°XºîÄJ¥§£:·µ: _£:�=·x�x�Q¡�®¯6±´¥§£:�² °M ¾«� _ª ¨��ª ¡)·� _°´·ª °´®x�
�£¶·�«� §¿@ª:�À© ±�À �°��x��¨s·x¥§£:���¡%µ@®x�J©2¥§ª ¡=°´�	ÔEÊJÁ�Â:£� _°Xº
���x�G¡�®x��ª °²¨� _¨��G©2¥§ª ¡!°M cÍ�¥§£:�Ãµ�ªÄ·x¥§°²°´³¯��E×Q 3»# _¡�µÅ�¨Æ _ª:���<±)©2¥§ª ¡!ª £Ä�,À�¨<¡� _±²¨¬µ �¶°M Ç·±²¨�®E×Q 3»@ _¡�µÅ��¥§£#¨© ¡�®x���£#¨�®x�)È¾°M PÉz±²¯6ª ¡�� ·7º¼À�À º��¤¦�,ÀÊ¨<¡� _±²¨¸µ �s°M O·±²¨�®½×Q 3»@ _¡�µ�±Ë°²°²ª:��¨<¡��s¢ ±´�£G°´�x�Y�,ð��¨��Uµ �s°M O·x¥§¡<¡��x·¨<±´¥§£!µ:��U·x¥§£#¨�¥§ª ¡��,µ �x�Y¢LÇ_¨<±²¼Z�£#¨��U¯6¡©Ç§·x� _ª.À¹Í�¥§£:�x�Jµ ��¡��x·x¥§ªXµ#¡��¼Z�£#¨pº�����¢LÇ_¨<±²¼Z�£#¨À�£Ì�Íµ�ªÌ·x¥§°²°´³¯����x�<¨)©� _¡J·x¥§£#¨<¡���ª £Ã©2�ªº _¢ ª:�<±�µ@�¼Z�£#¨J·x¥§¡<¡<±²¯�®µ: _£:�)�� P©� _¡<¨<±´�O«� _ª ¨���º��T Z·x¥§¼P©� _¡� _±´��¥§£»©2�¡<¼Z�¨J _ª:����±Tµ �À¡� �Âl¥§ª ¨��¡)µ �x�)·x¥§±²£:�=¡�®�Ì��x·¨��ª ¡��½�<ª ¡)µ �x�=�£:µ�¡�¥§±²¨��¥§ª ¢ °²±´®x�¸¼H¢LÇ_¨<±²¼Z�£#¨��¾®¨<¡�¥§±²¨��3²�©� _¡��,À �¼P© °´��·x�ª.À8µ�ª\·x�£#¨<¡���µ �Z°M Î·±²¨�®¯×Q 3»@ _¡�µL¿À�¨��<ª ¡O°´�x�
¢LÇ_¨<±²¼Z�£#¨���£:¥§£¡��x·¨<±²°²±²¯6£:�x�pº ° £º·x¥§£#¨<¡��¾©� _¡<¨<±´�*²�·x�°M G©2�ª ¨½¡� �Â<¥§ª ¨��¡Àµ �x�J�¡<¡��ª ¡��J°MÈG¥('Ã°´�x�J·x¥§±²£:�J®¨� _±´�£#¨À¢ ±´�£Ìµ ®¨��x·¨�®x�6Ð�±²°´���¥§£#¨½®°M _¡<¯6±´�pº�Ê)¥§¨�¥§£:�J¿@ª:�
°´�x�)¢ÒÇ_¨<±²¼Z�/£Ê¨��J·x¥§¼P© °´�,À �x�Jµ �
°M �·±²¨�®:×Q 3»# _¡�µ¶£:����¥§£#¨)©� §�)¢ ±´�£Ì��®©� _¡�®x�Jµ: _£:�)°M ·°M §����±ËÂ�·� _¨<±´¥§£ÏÐ2·x�°M !�x�<¨J�£8 §·x·¥§¡�µº 3µ��x·¾°M ¯µ@®/¡�±Ë¨�®�¨��¡<¡� _±²£Oi¦Øp°�»» G�,ð��x·¨<±�µ��¼Z�£#¨Àª £:�� _¡�·�«:��¿@ª ±�¡��°²±´�¾¨�¥§ª:�°´�x�s¢LÇ_¨<±²¼Z�£#¨��=�£Î«� _ª ¨��ª ¡pº
Ê)¥§¨<¡��P®/¨3 _©2��µ �P·x¥§¡<¡��x·¨<±´¥§£:�À£:�¾© ¡��£:µÌ©� §�À�£8·¥§¼P©:¨���¨�¥§ª:�J°´�x�À·x¥§£7Ì:±²¨��O¿@ª ±%�,À�±´�<¨��£#¨J°´¥§¡��Àµ �¾°M !·x¥§¼!�©� _¡� _±´��¥§£Î�£#¨<¡��J°´�x�´Í�¥§£:�x�Q© ¡�¥�Âl�¨�®x�x�s�¨Q°M ¾·°M §���<±ËÂ�·� _¨<±´¥§£Î© ¡�®x·x®xµ �£#¨���º ° £Æ©� _¡<¨<±´·ª °²±´�¡3²:�°²°´�J±²¯6£:¥§¡��J°´�x�Q·°M §�����x�µ�¤¦¥§¼�¢ ¡��
¥§ª¶µ �O·x¥§±²£Î¡�®�Ì��x·¨��ª ¡½µ �J°M P·°M §���<±ËÂ�·� _¨<±´¥§£»¿#ª ±�£�¤¦¥§£#¨=©� §�Q°´�ª ¡=©2�£:µ: _£#¨)µ: _£:�s°M ¾© ¡�¥�Â<�x·¨<±´¥§£�º���¤¦�¡%�¡��ª ¡ÅµÊ±´�£#¨Q��¥§±²¨sµ�ª¬ÔEÊJÁG¿@ª:±����¨¸¼� _°��x��¨<±²¼Z®*² ��¥§±²¨Qµ �½°M �·°M §���<±ËÂ�·� _¨<±´¥§£¶¿@ª ±��x�<¨¸¼� _ªXµ6 _±´����ºXØÏ°��x�<¨Qµ�±�³�·±²°´�Oµ �¨<¡� _£:·�«:�¡
 3µ@�x·¾°´�x�½±²£.¶e¥§¡<¼� _¨<±´¥§£:�O¿@ª:�¾£:¥§ª:�O 3µ�¥§£:�À�,ÀÊ¨<¡� _±²¨��x�pº¦Øp°Ã¶Ð _ª:µ�¡� _±²¨J© ¡��£:µ�¡��P�£º·x¥§¼P© ¨���°M �¯�®x¥§¼Z®¨<¡<±´�µ �x�Å¶�¥§¡<¼Z�x�pºÒÆ½¤¦�x�<¨sª £Î©2¥§±Ë£Ê¨=¿@ª ±T�x�<¨=È¾¡� �Âl¥§ª ¨��¡=µ: _£:�sª £Î¨<¡� 3µ§ _±²°¦¶�ª ¨<ª ¡pº
ÄJ _£:�½°´�¾·�«� _© ±²¨<¡����<ª ±�µ6 _£#¨)£:¥§ª��½µ ¥§£ £:¥§£��½© °²ª:�Jµ�¤¦�,À �¼P© °´��Àµ ��°M �¶Hª:��±´¥§£�ºÒÊ½¥§ª:�½·x¥§¼P©� _¡�¥§£:�À®¯@ _°´�¼Z�£#¨°´�x�s«� _ª ¨��ª ¡��=�x�<¨<±²¼Z®x�x�) _ª.À¬«� _ª ¨��ª ¡��=¡�®x�°²°´�x�pº

Ñ¥
(»



·7º¼»7º¼»7ºLÉ=¼Z®°²±´¥§¡� _¨<±´¥§£»µ�ª¹ÔEÊJÁ!�¨=µ �À°´ P·°M §���<±ËÂ�·� _¨<±´¥§£

����� �����

��¦u� ��§(�

Ñ�Ò]Ó	ó3Ô ô¹¸ã¸UöRÕ,û û þ��,ý��%øCý�ü��� Ö ú	û�Û õ$ý�øØÜNúíÖ úí������#úC��ý�ü/��É��¨Ãù�þ��#úØ���]Ý4��ú$ýH�UÖ��Ó�!Ö ú·û�øÐ��û�ø���)ü ¨ �©ø*ý�ü/�� �(Ý$ý(ú<�NþXúKÜ.ø�0û�ø
�,þ��)ü/��Ð�¼¨�ù�þ��#úØ����ø��¾ú$ý9�U�{�M�6å¼ñÃúØ�IÜ.ø6�,ý�ü�úØ�	ü	�Lý'õ��©úØ����ø�Lý(úØ�?�<��Lý´ú��LýN��þ��Cõ©úØ�GÖ úUo$ø�þ���úÍå
ñÃú��òÝC���Ö��òÖ úíÝ�;*ý�üÙ÷¯ú��Lý	������Lý�ÜÒûÞþ(�
��ú�ý	�Ë���,þ��$ýN��þ.ýãÜ8�*þ��0û�úíÝ�;*ý�üÙ÷�ú<�Lý�ú��öÝ%ø��ÞÐÖ����ü�ý(ú?Ö ú0û�øÐ�$üÙý'õ
�!ø(�Cø��Ö�å ñDú��ô����üê� �ß�Cõ�ÃiúC��ý(ú,þ��Ø�ø�<�6�Lý
�#ø{o<�*þ|ý'õØ�ø�)þ��¾û�øì��üÙý'õÐ�!ø(�Cø��Öcú$ý��)þ��¾û�úáÝ�;*ý�üÙ÷�ú<�Lý]ú��Úñ
Ö*þö����û û�â�ù ú¬�9ÜXø�$ý�ü�ú!Ö6����üÙý(ú�Ö ú9ûCÛ üÙ÷�ø3ù ú��]Ý4�Ó�6å¾æ$��þ��9û�úØ�:ø�þ.ý��#úØ��Ý�;*ý�ü ÷¯ú<�Lý	��éÁû�ú��G����üê� �í�Cõ�ÃiúC��ý(ú,þ��Ø�
�#ø{o<�*þ|ý'õØ�ð�<�6�Lý¼ÜÒûÞþ(�9ü ÷
Üã�CõC�$üê��å¾Õ)û��í�#ú<�ãÖ ú��Lý$����÷
Ü�ý(ú�Ö ú�Ö(õ$ý�ø�üÙû��9û9�#�©ø�þàÃÖCø�À�Wû�ú:ýN��ü�ýD©$þ|ü$õ$ý�ø�ü�ú��Lý
ü�ù�ã�6�CõØ�1o,þ(� ©$þ1Û ÞòÜ��CõØ��ú<�Lý'å � �CýN��À�Ï©�þXú]û�øòÜ.ø6�,ý�ü�úð�ØÜ4ÜÀ����õ©ú9ø�þÃ�©øØÜ�ý(ú,þ��èÖ ú	ûCÛ õ�ù�ûÞü¹�3ú9úØ�$ý+��õ���þÍÜ õ��Cõ©ú
÷�ø�üê�í��û�ø����õ©ú6ú���ø�ÍÝ��#ú¨ú<�ö�%ø�üê�<��QÖ*þï��ú,þ|ü û,�,þ��]ûCÛ ø�ü	�#úèÖ úWû�øß�Cõ�ù�ü��6�\�¼¨�ù�þ��#ú��]Ý4�Ó�6å

Ñ¥
Æ7



ã äÓÒ¹ÔÖÕÊ×
Ø�Ù Ú

Û ÜÞÝàßTá èÌâ ãäâæå ç\èéåºê ßTë\Ýìë å

�T ½·�«� �í´£:�¸µ �U¨<¡3 _±Ë¨��/¼Z�£Ê¨���î6µ ®x·¡<±²¨��Q _ªP·�«� _© ±²¨<¡��,© ¡�®x·x®xµ �£#¨�î� ½®¨�®¸ _© © °²±´¿#ª:®x�Q _ª�ï�¨<¡�¥§±´�K±²¼� _¯��x�%ð=ñ½òÌÁÊóUÁµ �x�¾¿#ª� _¡<¨<±´�¡��¾ôQ �õ# _¡�µ\�¨PöU«:�¼P±²£:¥§¨P�¨¾µ ��°M Î÷�¥§£:�G±²£:µ�ª:�<¨<¡<±´�°²°´��º��T�x��¡�®x�<ª °²¨� _¨�����¥§£#¨�© ¡�®x���£#¨�®x�¾µ� _£:��ª £:�© ¡��¼P±´³¡��¸���x·¨<±´¥§£ÆøÐÁÊ�x·¨<±´¥§£ 
/º²Ñ ù�º_���ª ¡% _£� _°²õÊ���Y©2�¡<¼Z�¨%µ �U·x�¡<£:�¡�°´�x�z°²±²¼P±Ë¨���K�¨z°´�x�z©2¥§¨��£#¨<±´�°´�Kµ:�Y°M s¼Z®¨<«:¥#µ ��¨=µ �À¯�®/£�®/¡3 _°Ë±´���¡½È¾°Ð¤ ±²£#¨��¡lú�®¡�¥§¼Z®¨<¡�±´�!øÐÁÊ�x·¨<±´¥§£ 
/º¼À ù�º

û <�ü ý¹þ2ÿFs3IFK9A3BDA3GMvHK wyIFs þ�ÿFs]�yL{A3BDA"s t�vH��þzA�þCvHGMszGM}~B EHIFs ����� @��\@

���x�=¨<¡�¥§±´�½¿@ª� _¡<¨<±´�¡��½��¥§£#¨½ÈP°Ð¤¦¥§ª:�x�<¨½µ �	�½ª £�
@�¡�¿@ª:�!øH±²°´�)��¥§£#¨)�£¶úe _±²¨)�<ª ¡=°M Z·x¥§¼P¼�ª £:�¾µ �¾Á� _±²£#¨��¥§°��<ª ¡òÃ�¡3ù�º�ö,�À��¥§£#¨Q¨<¡�¥§±´�s±²¼� _¯��x�=µ �=À������ × À������P© ±Ëï �°´�sµ: _£:�s°Ð¤ ±²¼� _¯��O¼Z¥§£:¥����#ª:��º
��� P � P �_d)TC¡�ej^;Z	¡��$T%W+TC¡#[

����� ����� ��¦�� ��§(�

�� ��! Ù#"%$'&�(*)*+#,.-%/%0�1�23)547684(�:9;0<2¤�>=��@?A-B6C/:2ED��;FEDG4IH7DG=7)J)K2��(�:9;0<2ML¬� N?�@?POI4�QRFSDT2E6#OM2��(�:9;0<2ML¬� O?�U2S/P-V)5=;HW2X4M+3�
/%-©S0<2Í�BY_^ � ·© ���>1��	LM0ZD*,[2Ï©S0�=7DS/%-\2SD^]_=���=�DG1�`U�a2_Lb476C/�,[2EL/%DG47-cL�2E6C/%DTFI2ML�1�2,d=5OEQZ=��V682�1�2eDT2GOI476<LÓ�
/%DE0RO;/%-%476f`

���J¿@ª� _¡<¨<±´�¡sô¸ �õ# _¡�µºø�É�±Ë¯6ª:¡�� g/º²Ñ ùU�x�<¨,¨<¡�³x�Qµ�±[���¡��¸·� _¡¸±²°�¡��¯6¡�¥§ª ©2�Àµ �x�,¢Ch_¨<±²¼Z�£#¨��Q±´��¥§°´®x��îÊµ �x�¸¢Ch_¨<±²¼Z�£#¨��µ �Oú�¥§¡<¼Z�x�)��±²¼P© °´��½�¨)µ�¤u _ª ¨<¡��x�½µ �Àúe¥§¡<¼Z�x�)·x¥§¼P© °´�/ï �x��î�µ �x�=÷�¥§£:�x�=©� ;�Ê±²°²°´¥§£ £� _±²¡��x��î2µ �O°M X�@®¯�®¨� _¨<±´¥§£�º�º�º�ö,�°M �£Íúe _±²¨�ª £:�G¨<¡�³��¢2¥§£ £:�!÷�¥§£:�¬µ �!¨��x�<¨¾©2¥§ª ¡J�6 _°²±´µ �¡�°M »·�«� �í´£:�¬µ �!¨<¡� _±²¨��¼Z�£#¨��pºi��¥§ª ¡Z·x�¨<¨��!¡� _±´��¥§£�î�£:¥§ª:�
Ñ@g(Á



g/º²Ñ�º²Ñ�º8j)ª� _¡<¨<±´�¡)ô¸ �õ# _¡�µ

 ;�@¥§£:�)úe _±²¨½ª £:�¾®¨<ª:µ �¾¨��¡<¡� _±²£8 _© © ¡�¥_úe¥§£:µ�±´�¾©2¥§ª ¡À·x¥§¼P© ¡��£:µ�¡���°´�x�½±²¼� _¯��x�J�¨½°´�x�½¡�®x�<ª °²¨� _¨��¥º8�À _£:�½°M G�<ª ±²¨��6î£:¥§ª:�=µ ®x�<±²¯6£:¥§£:�s°´�x�Q¢Ch_¨<±²¼Z�£#¨��=©� _¡Q°´�ª ¡s£:¥§¼ ¥§ªÆ°´�ª ¡s¡<ª:�5k�ª £:�O·� _¡<¨��O���J¨<¡�¥§ª����
È¾°M �É�±²¯6ª ¡�� À7º¼» î ©� _¯�� �:Ñ º

lnmSo l[p7o l�¦To

l�§�o l�ÎTo ldq�o

�� ��! Ù#"crs&��_FMLE0W,d/�=�/BL31�2MLtLM-[uv1�FS/:2TOb/:2E0ZDML	LE0WD	,n2y©b0R=7DS/%-�2ED�]_=(�w=7DG1W`yxz={DTFMLS4�,.0R/%-%4�6|-B6<-B/%-\=7,n232MLS/}0Z/%-B,.-VLbFI2;`zx~2ML
-B)5=;H�2ML3���:9@0�2MLtLb476C/aLM0ZDM�GFGOSQZ=76C/%-B,V,d4�6<68FI2MLb`
� =E��OS,[=�LMLM- ¨}OI=�/%-%476<? � N �|-V6C/:2SDV�;FEDG4IH7DG=7)J)K2Ï¨a,d/%DTFM? � O����*OI47-V6<L�DTF�ÃP2TOb/:2E0ZDMLI? � 1E���*4�)5NSDT2MLI? � 2>���
N�;�/%-B)K2E6C/BL	1z� =M+#DT�MLt,n2ML�47)KNEDT2MLM? � �@���~DG470R/:2MLb`

���x�Z¡�®x�<ª °²¨� _¨���µ �x�Z�<±Ëï¹µ ®¨��x·¨��ª ¡��G��¥§£#¨Z© ¡�®x���£#¨�®x�GÈÃ°M ºÉ�±²¯6ª ¡�� g/º¼À º��T º·°M §���<±ËÂ�·� _¨<±´¥§£Åµ ¥§£ £:�Æª £ ¢2¥§£ _©2�¡�ÜªÇµ ��°M !�<¨<¡<ª�·/¨�ª ¡��Pµ�ª8¿@ª� _¡<¨<±´�¡O¼� _°²¯6¡�®P¿#ª:�°´¿@ª:�x�O�¡<¡��ª ¡��À¢Ch_¨<±²¼Z�£#¨ÓÒ��@®¯�®¨� _¨<±M¥§£�ºT�T ¬·� _¡<¨��Pµ �x�O·x¥§±²£:�¡�®�Ì��x·¨��ª ¡��Pø�É�±²¯6ª ¡�� g/º¼À ø�· ù<ùQ©2�ª ¨½��ª ¡<© ¡��£:µ�¡���¿#ª� _£:µ»¥§£»°M Z·x¥§¼P©� _¡���ÈP°Ð¤ ±²¼� _¯��¾µ�¤u _¼P© °²±²¨<ª:µ �vk:±²°zõÎ Z¢ ±´�/£© °²ª:�)µ �O¨<¡� _±²¨��s¢ ¡<±²°²°M _£#¨��½�£Ã _¼P© °²±²¨<ª:µ �%i�òÌ _±´�s±²°´�=·x¥§¡<¡��x�<©2¥§£:µ �£#¨À _ª�ïÆ¡�®©2¥§£:���x�)µ �x�s¨�¥§±²¨��=©2�£#¨<ª:�)¿#ª:�À£:¥§ª:� ;�@¥§£:�Q¼P±´���x�=�£¶ ;�6 _£#¨) _ª��K _¡3 _¯6¡� _© «:� »7º¼»7º¼À7º¼À º�ñ £��J©� §�=·x¥§£�ú�¥§£:µ�¡��� ;���x·À°´�x�s·x¥§±²£:�s¼�ª ¡ÓÒ_��¥§°�i�T�x�Q¡<ª���s© ¡<±²£:·±²©� _°´�x�)��¥§£#¨Q¢ ±´�£Î±´µ �£Ê¨<±ËÂ�®x���ø�Éz±²¯6ª ¡�� g/º¼À øIú3ù<ù/î:¿#ª:�°´¿@ª:�x�=¥§¼�¢ ¡��x�=��¥§£#¨=µ ®¨��x·¨�®x�x�)�£Î¨<¡�¥§©�î:�£©� _¡<¨<±´·ª °²±´�¡�î�°´�J°´¥§£ ¯�µ �À°M �¡<ª:�Àµ �À°M Pð=®© ª ¢ °²±´¿#ª:�O�¨= _ª ¨�¥§ª ¡)µ�ªÎ·x¥§°²°´³¯���º���¬¡�®x��ª °²¨� _¨Zµ �¬°M »ú�ª:�<±´¥§£ ø�É�±²¯6ª ¡�� g/º¼» ù�¼Z¥§£#¨<¡��Æª £:�Æ¢2¥§£ £:�Æ¡��x·x¥§£:�<¨<¡<ª:·¨<±´¥§£ ¯6°´¥§¢� _°´�Îµ�ª ¿#ª� _¡<¨<±´�¡�î�µ�ª¼Z¥§±²£:�=�<ª ¡s°´�x�Q¯6¡� _£:µ �s¢Ch_¨<±²¼Z�£#¨��pºC�½¥§ª:�sµ ®x·¡<±[��¥§£:�=© °²ª:�<±´�ª ¡��s¢Ch_¨<±²¼Z�£#¨��=°´¥#·� _°²±´��®x�)È¾°M PÉ�±²¯6ª ¡�� g/º � º

Ñ@g7�



g/º²Ñ�º<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

lnmSo

l[p7o

�� ��! Ù#"n��&�FZ0<2�¸:Ê�170ª� �� 2MLS/%-V)KF � =E��2E65�E0WLM-\476<6#=76C/A,n2ML3-B6;�S4�DM)5=�/%-\476�L31�2MLX17- f*FEDT2S6C/BL3DTF�Ã^2TOb/:2E0ZDML3LE0WD
,n2�©b0R=7DS/%-�2EDe]_=(�w=7DG1U2S/�OS,d=7LILM- ¨}OI=�/%-\476#OI47DMDI2ML�+�476#1w=�6C/:2 � N>��`

Ñ@g�g



g/º²Ñ�º²Ñ�º8j)ª� _¡<¨<±´�¡)ô¸ �õ# _¡�µ

Plateforme

Bâtiment au

centrale

cité
bout de la

Rue Gabriel

Ecole

�� ��! Ù#"[��&�xz4@OI=7,.-VLS=�/%-\476|1W23N�;�/%-B)K2E6C/BL	1�FTOSDE-B/BL�1w=�6�L�,[2�/:2Gu�/:2@`

ò��¼Z�Q°M À·±²¨�®=ô¸ �õ# _¡�µZ¿#ª ±��x�<¨�©2¥§ª ¡<¨� _£#¨Y¨<¡�³x�Y·x¥§¼P© °´�/ï ��ø�É�±²¯6ª ¡�� g/º¼Á øe �ù<ùK�x��¨%¡��x·x¥§£:�<¨<¡<ª:±Ë¨��=·x¥§£W�@�£� _¢ °´�¼Z�£#¨pº�z !© °M _¨��/ú�¥§¡<¼Z�Z·x�£#¨<¡� _°´�� !ª £:��«� _ª ¨��ª ¡O¼Z¥ õ@�£ £:�Pµ ��À7º¼Á!¼Z³¨<¡��x�O�<ª ©2®¡<±´�ª ¡���È¬·x�°²°´�Pµ�ª8��¥§°� _ª ¨�¥§ª ¡Oµ ��°M ·±²¨�®�º#ö,�°M À·x¥§¡<¡��x��©2¥§£:µ�ÈJ°´ J¡�®� _°²±²¨�®tk6°M ½© °M _¨��/úe¥§¡<¼Z�s·x�£#¨<¡� _°´�=�x�<¨Y _ªZ£ ±[���� _ª�µ�ªZ© ¡��¼P±´�¡Y®¨� _¯��sµ �x��¢Ch_¨<±²¼Z�£#¨��¡��x·¨� _£ ¯6ª °M _±²¡����pº����ª ¡=«� _ª ¨��ª ¡)�x�<¨s�x�<¨<±²¼Z®x�
È5�jÒ�g�¼Z³¨<¡���)�¨Q°M Pô����z¥§©2¥Zµ �J°Ð¤��G�e� °´�x�=·°M §�����OÈKg�¼Z³¨<¡��x�pº�T�G¢Ch_¨<±²¼Z�£#¨Z��±²¨<ª:®¬ _ª¹¢2¥§ª ¨Pµ �G°M Ã·±²¨�®ºø��£¹«� _ª ¨Pµ: _£:�¾°Ð¤ ±²¼� _¯��¬¡� §µ: _¡�î�© «�¥_¨�¥ÌÉ�±²¯6ª ¡�� g/º¼Á ù��x�<¨¾¨<¡�³x��¢ ±´�/£µ ®¨��x·¨�®¶µ: _£:�P°M º·°M §���<±ËÂ�·� _¨<±´¥§£t�Y��¥§£  _¡<¡�¥§£:µ�±)�¨Z���x�Z·x¥§±²£:�P¡�®�Ì��x·¨��ª ¡��Gµ: _£:�Z°´�x�Zµ �ª�ï¹©� _¡<¨<±´�x�Z¡��x·¨<±²°²±²¯6£:�x� _© ©� _¡� _±´�����£#¨Z·°M _±²¡��¼Z�£#¨�µ: _£:�P°M Ã·°M §���<±ËÂ�·� _¨<±´¥§£�ºUÁ� Ã«� _ª ¨��ª ¡Z�x�<¨P�x�<¨�±Ë¼Z®x�ÎÈS»7º¼Á»¼Z³¨<¡��x�Z�¨�°M Ìô����z¥§©2¥µ ¥§£ £:�Oª £:�À«� _ª ¨��ª ¡=µ �=»¾¼Z³¨<¡��x�Ti
� ®°M §�P¨�¥§ª:�P°´�x�P¢Ch_¨<±²¼Z�£#¨��Z£:�!úe¥§£:·¨<±´¥§£ £:�£#¨�©� §�� _ª:���<±Q¢ ±´�/£+ºi�%¡��£:¥§£:��°M Ì��®¡<±´�Æµ �Æ�<±ËïÍ©2�¨<±²¨��Z±²¼P¼Z�ª ¢ °´�x�ø�¿#ª� _¨<¡��º¼� _±´��¥§£:�» §·x·x¥§°´®x�x�»µ �8µ �ª�ï ®¨� _¯��x�3ù!¡<ª:���O _¢ ¡<±´�°Gø�·x�£#¨<¡��8¯@ _ª:·�«:�Çµ: _£:�Æ°Ð¤ ±²¼� _¯��8¡� §µ: _¡3ù�º=���ª ¡��·x¥§£#¨�¥§ª ¡��=��¥§£#¨Q¨<¡�³x�= _© © ¡�¥�ï�±²¼� _¨<±Ëú��=µ: _£:�Q°M �·°M §���<±ËÂ�·� _¨<±´¥§£¶�¨Q°´�ª ¡Q«� _ª ¨��ª ¡=�x��¨Q�x�<¨<±²¼Z®x�O�£#¨<¡��«»��¨_��¼Z³¨<¡������°²¥§£Î°M �¡�®¯6±´¥§£Î© ¡<±´���O�£¶·x¥§¼P© ¨��6î� _°´¥§¡��=¿#ª:�J°M PôA���z¥§©2¥Z°´�x�sµ ¥§£ £:�
È�Á¾¼Z³¨<¡��x�=�£W�Ê±²¡�¥§£�º
� £º _ª ¨<¡����/ï �¼P© °´��µ�¤¦®x·�«:�x·P�x�<¨½°Ð¤¦®x·x¥§°´��¡<ª:�¾µ �x�J¡�¥6���<±²¯6£:¥§°´�Zø�µ: _£:�J°M �©� _¡<¨<±´�P·�£Ê¨<¡� _°´��µ �¾°Ð¤u _¡<¡�¥§£:µ�±��£Ì«� _ª ¨ÈGµ�¡�¥§±²¨��¾µ ��°Ð¤ ±²¼� _¯���¡� §µ: _¡�î2© «:¥§¨�¥!É�±²¯6ª ¡�� g/º¼Á ø�µ�ù<ù	k�°´�x�½·x¥§£#¨�¥§ª ¡��Àµ �
°Ð¤¦®x·x¥§°´����¥§£#¨)¨<¡�³x�½¼� _°�µ:®/¨��·¨�®x�Àµ: _£:�°M ¶·°M §���<±ËÂ�·� _¨<±´¥§£�º%Á� Î«� _ª ¨��ª ¡��x�<¨¾�x�<¨<±²¼Z®x�G�£\¼Z¥ õ��£ £:�¬È_»Î¼Z³¨<¡��x�¬ø�·x�G¿#ª ±U�x�<¨¾·x¥§¡<¡��x·¨3ùO¼� _±´���°²°´�K�6 _¡<±´�¢2�� _ª:·x¥§ª ©¶°´�À°´¥§£ ¯�µ�ªÎ¨�¥§±²¨pº�T�x�!¢Ch_¨<±²¼Z�£#¨��Æ¿#ª ±½©2¥6���£#¨¬© ¡�¥§¢ °´³¼Z�ºÈÇ°M \¡��x·x¥§£:�<¨<¡<ª:·¨<±´¥§£ »7� ��¥§£#¨!°´�x�!¢Ch_¨<±²¼Z�£#¨��Îµ �»©2�¨<±²¨��Ã¨� _±²°²°´�Ì¥§ªµ �ZúÐ _±²¢ °´��«� _ª ¨��ª ¡vk�°M Î¡�®x��¥§°²ª ¨<±´¥§£¹µ �x��±Ë¼� _¯��x�¾£�¤¦�x�<¨�©� §�¾ §µ: _©:¨�®x�G�¨�°M ¶·�«� �í´£:�G£�¤u _¡<¡<±[���G©� §�¾ÈÎ¯�®¡��¡¾µ �x���¨<¡<ª:·¨<ª ¡��x�s¨<¡�¥§©Î¢� §�����x�s�¨s©2�¨<±²¨��x�pº

�½�½© °²ª:��î#°´�Jò���Å¼Z¥§£#¨<¡��½ª £:�½© ¡�¥§¢ °´³¼Z�Àµ�¤¦���¨<±²¼� _¨<±´¥§£Îµ �)°M 
¢� §���3kÊ�<ª ¡,°M �©� _¡<¨<±´�Jµ�¡�¥§±²¨��Jµ �)°Ð¤ ±²¼� _¯��6î�°´���¥§°:���¼�¢ °´�_�/¨�¡��Q© °²ª:�Y«� _ª ¨�î@·x¥§¼P¼Z�=� ¤ ±Ë°�õP ;�§ _±²¨Yª £:�s¼P±²£ ±d�p·x¥§°²°²±²£:��ºR )¡Y°´�Q¨��¡<¡� _±²£!�x�<¨�©� _¡lúÐ _±²¨��¼Z�£#¨U© °M _¨,ÈÀ·x�¨�£:µ�¡�¥§±²¨pºW�Ï°:õP Oµ ¥§£:·sª £:�=�¡<¡��ª ¡Uµ: _£:�Y°´�x��©� _¡� _¼Z³¨<¡��x�z�@°´��Y¼Z¥§ª����¼Z�£#¨��Uµ �s°Ð¤u ;�#±´¥§£G¥§£Ê¨�¼� _°�®¨�®=·x¥§¼P©2�£:��®x�µ: _£:�=·x�¨<¨��À©� _¡<¨<±´�
µ �J°Ð¤ ±²¼� _¯���º

Ñ@g7�



g/º²Ñ�º<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

lnmSo l[p7o

l�¦To l�§�o

�� ��! Ù#"c¡s&sX�0<2E,Ö©b0�2ELa+CQZ4�/�47L*170�©S0R=�DE/%-�2ED�]*=(�w=7DG1��#,T� -B6C/:FEDE-�2E0WD*1W2_,[=3Ob-B/:F�]*=(�w=7DG1 � =E��?y,n2eN�;�/%-V)K2E6#/�=70vNT470Z/
1�2	,[=�OS-%/:F � N>�@?a,n2ML�+<2S/%-B/BL3N<;w/%-V)K2E6C/BL	1W2t,[=KDE0�2G^^=�NSDM-�2E, � O �{2S/},G� FTOT4�,[2�DM0<231�2MLtDG4�LMLM-[H76#47,.L � 1E�w`

Ñ@g7�



g/º²Ñ�º²Ñ�º8j)ª� _¡<¨<±´�¡)ô¸ �õ# _¡�µ

lnmEo l[p7o

l�¦To

�� ��! Ù#"n¢�&�(*)KFE,.-\47DG=w/%-%476	+�=7D^,[=JOT47)*+�=7DG=7-VLS4�6U=79�2TO,n2^£v¤ � -cLMLM0{1�2_,[=¥�E0�LE-%4�6U¦ � =E��OS,[=�LILE- ¨AOT=�/%-\476v-cLILE0�21�2
,[=e�E0�LE-%476<? � N>�UOS,d=7LILM- ¨}OI=�/%-\476�=M+#DT�ELX=7)KFE,.-\47DG=w/%-%476�? � O �{£v¤ � ¸:Ê�=7)KFE,§-%4�DTFK2E6¨6<-B9�2T=70�u©1W2tH7DM-VL
L;2E,d4�6�,d=KQZ=70Z/:2S0WDM? � 1E�J£v¤ � ¸:Êª=7)KFE,§-%4�DTF�=�9�2TO	LE0;+<2ED:+R47LM-%/%-%476¨1�2t,[=�OS,[=�LILE- ¨AOT=�/%-\4768`

Ñ;���



g/º²Ñ�º<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

�T ¶© «� §���!µ �{�§ _°²±´µ: _¨<±´¥§£ µ �x�¾¡�®x�<ª °²¨� _¨��P ;���x·G°´�!ò��ÀÁº±´���<ªÍµ �G°M Îú�ª:�<±´¥§£Í©2�¡<¼Z�¨Pµ �!·x¥§¡<¡<±²¯��¡P·x�¡<¨� _±²£:�·x¥§£#¨�¥§ª ¡���µ ��¢Ch_¨<±²¼Z�£#¨��¬ø�É�±²¯6ª ¡�� g/º«� ù/îz�°²°´��©2�¡<¼Z�¨¾®¯@ _°´�¼Z�£#¨Pµ �Z¡� �¬<¥§ª ¨��¡¾µ �x�¾·x¥§±²£:�
¡�®�Ì��x·¨��ª ¡���¥§ª ¢ °²±´®x� _±²£:��±�¿#ª:�Pµ �x�O÷�¥§£:�x�
µ�¤¦¥§¼�¢ ¡���µ �P©2�¨<±²¨��Z¨� _±²°²°´��ºTòÃ _±´�
·x�/°M Æ£:�Z·�«� _£ ¯��Z©� §�Júe¥§£:µ: _¼Z�£#¨� _°´�¼Z�£Ê¨
°´�P¡�®x�<ª °²¨� _¨© ¡�®x·x®xµ �£#¨pº��T �·x¥§¼P© °´�/ïÊ±²¨�®¾µ �x�=¨�¥§±²¨��½µ �
°M Z·±²¨�®�ôQ �õ@ _¡�µ»�x�<¨=¼P±´�ª�ï¶¡��£:µ�ª:��·� _¡)°´�x�)·x¥§±²£:�)¡�®�Ì��x·¨��ª ¡��J�¨=°´�x�¥§¼�¢ ¡��x�s��¥§£#¨s �¬l¥§ª ¨�®x�¥º:Á#ª ¡¸°´�x�,¡<ª:�x�¸¡�®x��±²µ:�/£Ê¨<±´�°Ë°´�x�=¥7¬°´�x�,¡�®x��ª °²¨� _¨��¸£�¤¦®¨� _±´�£#¨Q©� §�Q�� _¨<±´�lúÐ _±´�� _£#¨���îÊ±Ë°�£�¤ õ! �©� §�µ�¤u _¼Z®°²±´¥§¡� _¨<±´¥6£\£:¥§¨� _¢ °´�G·� _¡
±²°%úÐ _ª ¨Oª £\ò��ÀÁ»Â� _¢ °´�Z©2¥§ª ¡
°Ð¤¦®¨� _©2��µ �5�§ _°²±´µ: _¨<±´¥§£�ºzó%£\�E®��¨�î���±%°M Æ«� _ª ¨��ª ¡£�¤¦�x��¨Q©� §�s¢ ±´�£¶�x�<¨<±²¼Z®x�6î °´�x�Q÷�¥§£:�x�=µ �À¡��x·x¥§ª��Ê¡��¼Z�£#¨)�¨sµ�¤ ¥§¼¾¢ ¡��O��¥§£Ê¨Q¼� _°T·� _°´·ª °´®x�x�pº
���:¯°�V± �©²a³f´�µw¶:·<´¨¸�¹a·#º»¶>¼a½yµ

lnmEo l[p�o l[¾To ln¿�o

�� ��! Ù#"�Ù�&�(*)*+#,.-%/%0�1�23)5476847�:9;0<2 � =E�@?A-B6C/:2EDB�;FEDG4IH7DG=7)J)K25�7�:9;0<2ML � N �@?POI4�QRFSDT2E6#OM2{�7�:9;0<2ML � O �U2S/P-V)5=;HW2X4M+#�
/%-\ÀS0<2 � Y_^¥¤ ·© � � 1E��LM0ZD�,n2�ÀS0R=�DE/%-�2EDÂÁ~QR2S)3-B6#4�/:`JÁa2ULb476C/	,n2ML©/%DG47-VL�2E6#/%DTFT2EL�1�2�,d=sOEQZ=7ÃB682�1�2
DT2TOI476�LS/%DM0�Ob/%-\476

����¿@ª� _¡<¨<±´�¡�öU«:�¼P±²£:¥§¨¾�x�<¨O¨<¡�³x�Oª £ ±Ëúe¥§¡<¼Z���¨O¡�®¯6ª °²±´�¡�k�¡<ª:�x�
�£Í _£ ¯6°´�Zµ�¡�¥§±²¨�îT¼� _±´��¥§£:�� ;�@�x·P°M ¬¼5�¼Z� _¡�·�« ±²¨��x·¨<ª ¡���Ä����x��µ ¥§£ £:®x�x�Pµ�¤¦�£#¨<¡�®x�ºø�É�±²¯6ª ¡�� gZÄÅg ùO°M _±´�����£#¨¾© ¡�®x�� _¯��¡�°´�x�¾µ�±dÆ�·ª °²¨�®x�Zµ �G°M ¶¡��x·x¥§£:�<¨<¡<ª:·¨<±´¥§£��ª ¡½°´�x�Àµ ¥§£ £:®x�x�Xk2°´��·x¥§£#¨�¥§ª ¡Oµ �¾°M �© °²ª ©� _¡<¨Oµ �x�J¢Ch_¨<±²¼Z�£#¨��O�x�<¨J¨<¡�³x�Àµ�±dÆ�·±²°´�ZÈGµ ®¨��¡<¼P±²£:�¡t�Ê±´�<ª:�°²°´�¼Z�£#¨�i�Y¤ ±²£#¨��¡lú�®¡�¥§¯6¡� _¼Z¼Z�¬�x�<¨�¿@ª� §��±d�p·¥§£��<¨� _£#¨�¼5�¼Z��°MÈÎ¥7Í��¥§£#¨
°´�x�
¼� _±´��¥§£:�@ÄTó%£Í�E®��¨�î�°´�x�
¼� _±´��¥§£:����¥§£#¨�¨<¡�¥§©©2�¨<±²¨��x�)�/¨s¨<¡�¥§©Î¢� §�����x�;Ä �T �¡�®x��¥§°²ª ¨<±´¥§£»µ �x�Q±²¼� _¯��x�s£�¤¦�x�<¨) _¢:��¥§°²ª ¼Z�£#¨=©� §�) §µ: _© ¨�®x�
ÈP·x�À¿#ª� _¡<¨<±´�¡;Ä�T P·°M §���<±ËÂ�·� _¨<±´¥§£»�£Î�£#¨<¡�®x�Oµ �À°M �ú�ª:�<±´¥§£Çø�É�±²¯6ª ¡�� gZÄ«� øe �ù<ù¸�x�<¨�î �3 _£:�Q��ª ¡<© ¡<±´���6î�¨<¡�³x�s¼� _ª��§ _±´���À�<ª ¡Q¨�¥§ª ¨��°M Î©� _¡<¨<±´�G·x�£#¨<¡� _°´�Gµ ��°Ð¤ ±²¼� _¯���Äz�T���¯6¡� _£:µ ��¢Ch_¨<±²¼Z�£#¨��¾µ�ª\¢� §��µ �Z°Ð¤ ±²¼� _¯��!��¥§£#¨�îT�ª�ï�î�¢ ±´�£\¡��x·x¥§£ £#ª:�;Äz�z µ ®¨��x·¨<±´¥§£Åµ �x�P·x¥§±²£:�Z¡�®EÇ��x·¨��ª ¡��»ø�É�±²¯6ª ¡�� gZÄ«� ø�¢�ù<ù�£�¤u Ã©� §�Zµ �Æ���£:�P·� _¡P±²°Qõ¹ Ãµ �¬£:¥§¼�¢ ¡��/ª����x�P¡�®/©2¥§£����x�°²±²£:®� _±²¡��x�)¢ ¡<±²°²°M _£#¨��x�½µ �À©2�¨<±²¨��x�)¨� _±²°²°´�x�;Ä���¤u _°²¯�¥§¡<±²¨<« ¼��
© ¡<±[�Ê±²°´®¯6±´�O°´�x�=¯6¡� _£:µ �x�=°²±²¯6£:�x�)�¨�î�µ �O© °²ª:��î:±²°T��¤u _© © ª ±´���ª ¡
°M ¶·°M §���<±ËÂ�·� _¨<±´¥§£Í©2¥§ª ¡��6 _°²±´µ �¡�°M Æ©2¥6��±²¨<±´¥§£Íµ�ªÍ·x¥§±²£\¡�®EÇ��x·¨��ª ¡�µ: _£:��°´��¢Ch_¨<±²¼Z�£#¨;Ä[Ä[ÄK�T ¶µ ®¨��x·¨<±´¥§£¹µ �x�¥§¼�¢ ¡��x�)�x�<¨Q¼Z¥ õ@�£ £:��ø�É�±²¯6ª ¡�� gZÄ«� ø�µ�ù<ù/î:�£Î©� _¡<¨<±´·ª °²±´�¡�î�¥§£Æ©2�¡�µÎ°Ð¤ ±²£�ú�¥§¡<¼� _¨<±´¥§£Ã�<ª ¡s·x�¡<¨� _±²£:�=¢Ch_¨<±²¼Z�£#¨��)µ�ª¢� §�=¿#ª ±T��¥§£#¨) _°´¥§¡��s¼� _°zµ ®¨��x·¨�®x�)µ: _£:�s°´�Oµ ®¨��x·¨��ª ¡½µ �x�Q¢#h_¨<±²¼Z�/£Ê¨��½È�©� _¡<¨<±²¡)µ �x�=¥§¼�¢ ¡��x��ø�É�±²¯6ª ¡�� gZÄ«� øe��ù�ùEÄ�T�x�Q¡�¥§ª ¨��x� î�©� _¡=·x¥§£#¨<¡��6î���¥§£#¨s¢ ±´�£¶µ ®¨��x·¨�®x�x��ø�É�±²¯6ª ¡�� gZÄ«� øIú/ùEÄö,¥§¼P¼Z�J°´�J°M _±´�����½© ¡�®x�� _¯��¡Q°Ð¤u _£� _°²õ����Àµ �x�¸±²¼� _¯��x�sµ�¤¦�£#¨<¡�®x�O�¨¸°´�x�sµ ®¨��x·¨��ª ¡���î °M �¡��x·x¥§£:�<¨<¡<ª:·¨<±´¥§£�È7� £�¤u ©� §�¾µ �����£:���<ª:¡
°M Æ©� _¡<¨<±´�G·x�£#¨<¡� _°´�!µ ��°Ð¤ ±²¼� _¯��Ìø�É�±²¯6ª ¡�� gZÄ«� ùEÄz�T Î°²±²¼P±²¨��K�Ê±´�£#¨¾µ �x�
±²¼� _¯��x�¾�¨
±²°Yúe _ª:µ�¡� _±²¨© °²ª ¨TÉ§¨%±´µ �£#¨<±ËÂ��¡Y _ª�© ¡�®� _°M _¢ °´�Q°´�x��÷�¥§£:�x�%©� ;�#±²°²°´¥§£ £� _±²¡��x�)øe ;���x·¸µ �x�%·¡<±²¨�³¡��x�%��ª ¡�°M =ú�¥§¡�¼Z�¸µ �,°M )·°M §���<±ËÂ�·� _¨<±´¥§£�î°M Ãµ �£:�<±²¨�®¬µ �x�¾©2¥§±²£#¨��P�¨�°Ð¤ ±²£#¨��¡lú�®¡�¥§¯6¡� _¼Z¼Z� ù�¿@ª�¤¦�x���� �õ��¡�µ�¤¦�x�<¨<±²¼Z�¡P°M ¶«� _ª ¨��ª ¡Zµ �!÷�¥§£:�¬¥7Í°M »¼Z®¨<«:¥#µ �®x·�«:¥§ª:�¡� �úe¥§¡�·x®¼Z�£#¨)ÈP·� _ª:���Oµ �J°M �¡�®x��¥§°²ª ¨<±´¥§£yÄ

Ñ;��Ñ



gZÄ²Ñ�Ä«ÊRÄ8j)ª� _¡<¨<±´�¡JöU«:�¼P±²£:¥§¨

lnmSo l[p7o l[¾To

ln¿�o l[ËTo ldq�o

�� ��!�Ì "nÍ�&�Î_FMLE0W,d/�=�/BL�1�2ML5LE-du|1WFS/:2GO;/:2E0ZDMLKLE0WDK,n2vÀS0R=�DE/%-�2ED|Á~QR2E)J-B6#4�/:`axy=�DTFMLb47,§0Z/%-\476�-V6<-%/%-\=7,[2v2MLE/0Z/%-B,§-cL;FT2;`
x~2ML�-B)5=;H�2ML3���:9@0�2ELtLS476C/aLM0ZDM�GFTOEQZ=76C/%-B,V,[476<68FI2ML;`
� =E��OS,[=�LMLM- Ï}OI=�/%-%476<? � N �|-V6C/:2SDV�;FEDG4IH7DG=7)J)K2�Ïa,d/%DTFM? � O��'¦*OI47-V6<L�DTF%ÐP2TOb/:2E0ZDMLI? � 1E�'¦*4�)5NSDT2MLI? � 2>�'¦
N�;�/%-B)K2E6C/BL	1z� =M+#DT�MLt,n2ML�47)KNEDT2MLM? � �@�K¦~DG470R/:2MLb`

Ñ;��Ê



gZÄ²Ñ�Ä<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

lnmSo

l[p7o

�� ��!�Ì "nÑ�&�FZ0<2	Ò�ÓÔ170v£v¤ � � N>�K2S/}Ob,d=�LMLM- Ï}OI=�/%-%476|OI47DEDT2ML�+�476#1�=�/:2 � =E�52ELE/%-V)KF�2E6��E0�LE-%4�6<6#=76C/i,[2ML�-V6;�b47DE)5=7�
/%-\476�L�1�2MLt17- f*FEDT2E6#/BLeDTFBÐ^2GO;/:2E0ZDIL�LM0ZDe,[2	ÀS0�=7DS/%-\2SDKÁ~QR2E)J-V684�/:` � N �5¦y£v¤ � 2E6�Ò�Ó�?Õ,n2MLe6<-B9�2T=70�u{1�2
H7DE-VL�DT2:+#DTFELb2E6C/:2S6C/},[=5QZ=70R/:2E0ZDb`

Ñ;��È



gZÄ²Ñ�Ä«ÈRÄ8Ö2¥§£:�À±²£:µ�ª:�<¨<¡<±´�°²°´�

lnmSo l[p�o

�� ��!�Ì "%$R×s&�(*)KFE,§-%47DT=�/%-%4�6X+�=7D�,[={OI47)*+�=7DG=7-VLS476�=79�2TO�,n2e£U¤KØ�¦ � =E�KOS,d=7LILM- Ï}OI=�/%-\476�-VLILM0<2�1�2t,d=_�E0�LE-%476�? � N �
Ob,d=7LILM- Ï}OI=�/%-%4�6�=M+#DT�ML�=7)KFE,§-%4�DG=�/%-\4768`

���x�
¡�®x��ª °²¨� _¨��
£:�G��¥§£#¨
©� §�¾ §�����÷ZÂ� _¢ °´�x��©2¥§ª ¡3�¨<¡��5�Ê¡� _±²¼Z�£#¨� _¼Z®°²±´¥§¡�®x��©� _¡�°M Îµ �¡<£ ±´³¡��!®¨� _©2�Gµ �Z°M ·�«� �í´£:�Pø�Éz±²¯6ª ¡�� gZÄ²Ñ;� ùEÄÊ���)¡�®x�<ª °²¨� _¨UÂ:£� _°2¡��x�<¨��)¨<¡�³x�,·x¥§£�ú�ª:�,�<ª ¡U°M 
÷�¥§£:�½·x�£#¨<¡� _°´�Jµ �=°Ð¤ ±²¼� _¯��J�¨U°M 
¿#ª� _°²±²¨�®½µ�ªò��ÀÁ�£:�À©2�ª ¨s©� §�=®S��¥§°²ª:�¡;Ä
���:¯°�VÙ Ú ½z¼a·�¶>¼¥Û}²¥Ü�µ�´�¶�·#Ý:Ý\·

lnmSo l[p�o l[¾To ln¿�o

�� ��!�Ì "%$#$¨&�(*)*+#,§-B/%0�1�2�)X4�6#47�:9@0�2 � =E��?3-B6C/:2EDB�bFSDG4IH7DG=7)J)K2'���>9;0<2ML � N>��?5OI4�QRFEDT2S6#OM2Â���>9;0�2EL � O ��2b/X-V)5=;HW2
4E+8/%-%Àb0�2 � Y_^¥¤ ·© � � 1S�tLM0ZD*,[2�ÀS0�=7DE/%-�2EDeÞWß@?w`aÁa2_Lb476C/~,n2ML/%DG47-VLe2E6C/%DTFI2ML�1�2,d=XOSQZ=7ÃB682�1�2DT2GOI476<LM�
/%DE0�Ob/%-\476

�T O÷�¥§£:�s±²£:µ�ª��<¨<¡<±´�°²°´�)�x��¨�¨<¡�³x�,µ�±d®�®¡��£#¨��½µ �x�Uµ �ª�ï�¿@ª� _¡<¨<±´�¡��U© ¡�®x·x®xµ �£#¨��;ÄÊó%°²°´�)�x�<¨U·x¥§£:��¨<±²¨<ª:®x�)µ �s¯6¡3 _£:µ �¢Ch_¨<±²¼Z�£#¨��Pµ ��«� _ª ¨��ª ¡3�§ _¡<±M _¢ °´�¬ _ªÍ���±²£Íµ�ª\¼5�¼Z�G¨�¥§±²¨�îT°´�x��¼�ª ¡��¾��¥§£#¨¾��¥§ª��@�£#¨�¼Z®¨� _°²°²±´¿@ª:�x���£#¨<¡� �í´£� _£#¨
Ñ;���



gZÄ²Ñ�Ä<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

µ �¾úe¥§¡<¨��x�J¡�®EÇ��/ï�±´¥§£:�;Ä����x�O�£#¨<¡�®x�x�O��¥§£#¨J© ¡�®x���£#¨�®x�x��ÈG°M ¬Éz±²¯6ª ¡�� gZÄ²Ñ6Ñ Ä���¤ ±²¼� _¯��Zµ�¤u _¼P© °²±²¨<ª:µ ���x�<¨Àµ�±dÆ�·±²°´��È±²£#¨��¡<© ¡�®¨��¡½�£Æ¡� _±´��¥§£Îµ �À£:¥§¼�¢ ¡��ª�ï¬úe¥§¡<¨��Q¡�®EÇ��x·¨��ª ¡��;Ä

lnmSo l[p7o l[¾To

ln¿�o l[ËTo

�� ��!�Ì "%$�rÂ&�Î_FMLE0W,d/�=�/BLU1�2ELKLE-du'1�FS/:2TOb/:2E0ZDML�LE0WD�,n2�ÀS0�=7DE/%-�2EDUÞWß�?�`}xz=|DTFMLb47,.0R/%-\476�-B6<-%/%-%=7,n2U2ELE/e0R/%-B,.-VLbFI2;`Ax~2ML
-B)5=;H�2EL����>9;0<2MLtLS476#/iLM0ZDE��FTOEQZ=76C/%-B,V,[476<68FI2ML;`
� =E�©OS,[=�LILE- Ï}OI=�/%-\476�? � N>��-V6C/:2SDV�;FEDG4IH7DG=7)J)K2^Ïa,d/%DTFM? � O ��¦�OI47-V6�LXDTFBÐ^2TOb/:2E0ZDMLI? � 1S�©¦�47)KNEDT2ELI? � 2>��¦
N�;�/%-B)K2E6C/BL	1z� =M+#DT�ML�,n2ML	47)KNSDT2MLb`yxz2�1�FS/:2TOb/:2E0ZD{àcDG470R/:2ML7á^6f� =e+R=7L	FS/:F3=M+w+#,§-\ÀS0<FP+R=�DGOI23ÀS0a� -V,°6°� âK=
+�=�L�1�2tDT470Z/:2EL�1w=76�L	OM2S/\/:2�ã;47682@`

���x��µ ®¨��x·¨��ª ¡��¾��¥§£#¨� §�����÷Z© ¡�®x·±´��µ: _£:�
°Ð¤¦�£:���¼�¢ °´�Ãø�É�±²¯6ª ¡�� gZÄ²Ñ;Ê ùÀ�¨
°M _±´�����£#¨��x�<©2®¡��¡
ª £:�Z¢2¥§£ £:��¡��E�·x¥§£:��¨<¡<ª:·¨<±´¥§£�È7�JÄ:�T Zµ ®¨��x·¨<±´¥§£»µ �x�=¥§¼�¢ ¡��x�)�x�<¨Qª £¶©2�ª¶µ ®x·x�S�§ _£Ê¨��O¨�¥§ª ¨=µ �À¼5�¼Z�
�¨�î:�£¶·x¥§£:��®x¿#ª:�£:·x�6î:°´�·� _°´·ª °Tµ �x�¸¢Ch_¨<±²¼Z�£#¨��)È¾©� _¡<¨<±²¡sµ �x�s¥§¼�¢ ¡��x�s�x�<¨Q¨<¡�³x�¸©� _¡�¨<±´�/°�Ä<�Ï°�£�¤ õ¬ �©� §�sµ �Àµ ®¨��x·¨<±´¥§£¶µ �J¡�¥§ª ¨��x�s�<ª ¡Q·x�¨<¨��±²¼� _¯��
·� _¡s±²°�£�¤ õÆ ¾©� §�^�#¡� _±²¼Z�£#¨)µ �J¡�®x���� _ªÎ¡�¥§ª ¨<±´�¡)µ: _£:�=·x�¨<¨��À÷�¥§£:��Ä
Éz±²£� _°´�¼Z�£#¨�î2°´��ò��ÀÁÆ�x�<¨)¨<¡�³x�)¢ ¡<ª ±²¨�®¾·� _¡)±²°zõÆ© °²ª:�<±´�ª ¡��J¥§¼�¢ ¡��x��î��£Ã©� _¡<¨<±´·ª °²±´�/¡À��ª ¡=°´�x�)¨�¥§±²¨��½µ�ª»¢Ch_¨<±d�¼Z�£#¨�� î�¿#ª ±Ê��¥§£#¨�±²¯6£:¥§¡�®x�x�;Ä� )£¾°´�}��¥§±²¨KÈ=°M s© ¡�®x���£:·x�,µ �Y£:¥§¼�¢:¡��ª�ï�© ±´·x��µ: _£:��°´�Uò��ÀÁ8Ä_Á#±²£:¥§£�°M =·x¥§¼P©� _¡� _±´��¥§£�£#¨<¡��Q°´�x�K«� _ª ¨��ª ¡����x�<¨�±Ë¼Z®x�x�Y�<ª ¡K°´�x�%¢Ch_¨<±²¼Z�£#¨��Y�¨%°M ½«� _ª ¨��ª ¡Yµ ¥§£ £:®x�Q©� _¡%°M Jô��»�z¥§©2¥À¼Z¥§£#¨<¡��Q¿#ª:�¸°´�¸ò��ÀÁ¡��x��¨��s© ¡�®x·±´�;Ä@�T�s© ¡�¥§¢ °´³¼Z�*�Ê±´�£#¨Y© °²ª:�Uµ �s°M 
·°´ §���<±ËÂ�·� _¨<±´¥§£�k@µ �x�Y÷�¥§£:�x�,µ�¤¦¥§¼�¢ ¡��x�,��¥§£#¨U¥§ª ¢ °²±´®x�x�,�¨,µ �x�Y÷�¥§£:�x�µ�¤u _¡<¢ ¡��x����¥§£#¨� �¬<¥§ª ¨�®x�x�;Ä��T Î·°M §�����©=7DbNSDT2O�x�<¨À¨�¡�³x�À© ¡�®x���£#¨��Z·� _¡O°M Æµ ®¨��x·¨<±´¥§£Íµ �x�O¢Ch_¨<±²¼Z�£#¨��¾È!©� _¡<¨<±²¡�µ �x�

Ñ;��ä



gZÄ²Ñ�Ä«ÈRÄ8Ö2¥§£:�À±²£:µ�ª:�<¨<¡<±´�°²°´�

lnmSo

l[p7o

�� ��!�Ì "%$R�s&�FR0�2	Ò�Óå170v£v¤ � 2MLS/%-V)KF � N>�K2E63�M0WLM-\476<6#=76#/Õ,n2ML�-V6;�b47DE)5=�/%-%4�6�Le1�2ML	17- f*FEDT2E6#/BLeDIFBÐP2TOb/:2S0ZDIL�LE0WD
,n2�ÀS0�=7DE/%-�2EDeÞWß�?52S/iOS,[=�LILE- ÏAOT=�/%-\476©OI47DEDT2ML�+�476#1�=76C/:2 � =E��` � N �J¦8£v¤ � 2E6�Ò�Ó�?~,n2ML*6<-B9�2G=�07uK1�2PH7DM-VL
DI2:+#DTFML;2E6C/:2E6#/},d=KQZ=70Z/:2S0WD;`

Ñ;���



gZÄ²Ñ�Ä<�%¡�®x���£#¨3 _¨<±´¥§£»µ �x�Q¡�®x��ª °²¨� _¨��s©2¥§ª ¡s¨<¡�¥§±´�Q±²¼� _¯��x�)ð=ñ½òÌÁÊóUÁ

¥§¼�¢ ¡��x�¸�x�<¨Y©� _¡<¨<±´�°²°´�½�¨Y© °²ª:��±´�/ª:¡��U¨�¥§±²¨��U��¥§£#¨,·°M §����®x�U�£G¢Ch_¨<±²¼Z�£#¨¸��¥§¼�¢ ¡��)µ: _£:�U°M O·°M §����±ËÂ�·� _¨<±´¥§£yÄ#�z ÀúHª:�<±´¥§£µ ®x·±´µ �Æ _°´¥§¡��Pµ �G°´�x��©� §�����¡��£  _¡<¢ ¡��x�;Ä��K¥§ª ¡P�¼P©8�·�«��/¡Z·x�°M �î�±²°Uúe _ª:µ�¡� _±²¨�¼Z¥#µ�±ËÂ��¡�°´�x�¾¨��¡<¼Z�x�Pµ�¤¦®£:�¡<¯6±´�x�©2¥§ª ¡s©2®£� _°²±´���¡s°M P·°M §�����5=�DbNEDI2Q¿#ª ±�£�¤¦�x�<¨s©� §�Q© ¡�®���£#¨��O�<ª ¡s·x�¨<¨��O÷�¥§£:��Ä:òÌ _±´�Q£:¥§ª:�= ;�@¥§£:�sµ ®x·±´µ ®
µ�¤ ª ¨<±²°²±´���¡ª £\ª £ ±´¿#ª:�t¬l�ªÍµ ��©� _¡� _¼Z³¨<¡��x���<ª ¡
°´�x��¨<¡�¥§±´��÷�¥§£:�x��©2¥§ª ¡�¼P±´�ª�ï8¼Z�x��ª ¡��¡�°M Î¡�¥§¢ ª:�<¨��x�����Gµ ��°Ð¤u _°²¯�¥§¡<±²¨<« ¼Z��Äö,�°M G£:¥§ª:�J©2�¡<¼Z�¨À±´·±Kµ �¾¼Z�¨<¨<¡����£º®S�#±´µ �£:·x��°Ð¤ ±²¼P©2¥§¡<¨� _£:·x�Pµ:��°M !µ ®¨��x·¨<±´¥§£8µ �x�J¥§¼�¢ ¡��x��î�¿#ª ±Ðî2��±��°²°´���x�<¨¼� _°�¡�®� _°²±´��®x�6î:±²£#¨<¡�¥#µ�ª ±²¨)µ �x�s�¡<¡��ª ¡��=µ: _£:�s°´�Oµ ®¨��x·¨��ª ¡)µ �J¢Ch_¨�±Ë¼Z�£Ê¨��;Ä���x�¸·x¥§£#¨�¥§ª:¡��Qµ �x�¸¥§¢R¬<�¨��¸��¥§£#¨,¢ ±´�£Æ�x�<¨<±²¼Z®x�¸¼� _±´�¸·6¤¦�x��¨,°M �·°M §����±ËÂ�·� _¨<±´¥§£Æ¿#ª ±2°²±²¼P±²¨��½°M �¿#ª� _°²±²¨�®)Â:£� _°´�Jµ�ªò��ÀÁ8Ä
�)¥§¨�¥§£:�s _ª:���<±�¿@ª:�J�<±�¥§£!úe _±²¨s _¢:�<¨<¡� §·¨<±´¥§£Îµ �x�¸÷�¥§£:�x�¸¢ ¡<ª ±²¨�®x�x�Qµ�ª:�x�s _ª�ï!¥§¼�¢ ¡��x��î�°´�½ò��ÀÁ����¨UÂ�µ ³°´�OÈ
°M ��·x³/£����¨Àµ ¥§£ £:��¼5�¼Z��¢2�� _ª:·x¥§ª ©8µ ��µ ®¨� _±²°´�O�<ª ¡J°M !�<¨<¡<ª�·/¨�ª ¡���µ ªÌ¨�¥§±²¨;Ä��T�x�O _¡�·�«:�x�Àµ�ªº¢Ch_¨<±²¼Z�£#¨
È!µ�¡�¥§±²¨��µ �À°Ð¤ ±²¼� _¯��� _© ©� _¡� _±´�����£#¨)·°M _±²¡��¼Z�/£Ê¨;Ä

lnmSo l[p�o

�� ��!�Ì "%$Z��&�(*)KFE,§-%47DT=�/%-%4�6X+�=7D�,[={OI47)*+�=7DG=7-VLS476�=79�2TO�,n2e£U¤KØ�¦ � =E�KOS,d=7LILM- Ï}OI=�/%-\476�-VLILM0<2�1�2t,d=_�E0�LE-%476�? � N �
Ob,d=7LILM- Ï}OI=�/%-%4�6�=M+#DT�ML�=7)KFE,§-%4�DG=�/%-\4768`

�T �µ �¡<£ ±´³¡��J®¨� _©2�½±²°²°²ª:�<¨<¡�®x�JÈ
°M �É�±²¯6ª ¡�� gZÄ²ÑS� £:�)©2�¡<¼Z�¨¸©� §�¸µ �½·x¥§¡<¡<±²¯��¡¸¨�¥§ª ¨��x�,°´�x�¸�¡<¡��ª ¡��¸µ �½·°M §�����x�@Äó�£¬�E®��¨�îÊ°´�x�,÷�¥§£:�x�Q·°M §����®x�x�¸·x¥§¼P¼Z�e��®¯�®¨� _¨<±´¥§£Æ£:�J·x¥§¼P©2¥§¡<¨��£#¨Q©� §�¸¢2�� _ª:·x¥§ª ©Îµ �)÷�¥§£:�x�Qµ �½¡��x·x¥§ª��#¡��¼Z�£#¨øH°M ¶µ�±´��·x¥§£#¨<±²£#ª ±²¨�®G£�¤¦�x�<¨�©� §�� §�����÷G¼� _¡�¿@ª�®�¬È¶·� _ª:���Gµ�¤¦¥§¼�¢ ¡��x�¾¼� _°,µ ®¨��x·¨�®x�x��¿#ª ±Y¢ ¡<ª ±²¨��£Ê¨¾°M Æ«� _ª ¨��ª ¡3ùEÄ
�J�½© °²ª:�s¥§£Î _ª ¨�¥§¡<±´���Àµ �À·x¥§£:���¡G���¡Q°M ¾·°M §�����À _¡<¢ ¡��J©2¥§ª ¡sµ �x�Q¥§¢R¬l�¨��Qµ:�½©2�¨<±²¨��x�Q¨� _±²°²°´�x�;Ä���¥§ª ¡s·x�¨<¨��J÷�¥§£:�6î�°M ��¥§°²ª ¨<±´¥§£!�x�<¨,µ �=¼Z¥#µ�±ËÂ��¡¸¨�¥§ª:�U°´�x�U©� _¡� _¼Z³¨<¡��x�,©2¥§ª ¡,£:�=©� §�¸ _ª ¨�¥§¡<±´���¡¸µ �)·°M §�����½ _¡<¢ ¡���ÄÊñz�@�x·=·x�¨<¨��½·x¥§£ £� _±´����3 _£:·x�½ O© ¡<±´¥§¡<±Ðî#°´�x�Y¡�®x��ª °²¨� _¨��,���¡� _±´�£#¨,¢ ±´�£G¼Z�±²°²°´�ª ¡��¸¼� _±´�,·x�°M 
�/ï�±²¯��=ª £:�=±²£#¨��¡G�@�£#¨<±´¥§£Æ�<ª © © °´®¼Z�£#¨� _±²¡��Jµ �°Ð¤ ª ¨<±²°²±´�� _¨��ª ¡@Ä � £:�� _ª ¨<¡��¾��¥§°²ª ¨<±´¥§£Ã�x��¨)µ �
¡��x·x¥§£:�<¨<¡<ª ±²¡���°´�x�)¢Ch_¨<±²¼Z�£#¨��J·x¥§¼P¼Z��ª £Ã�£:���¼�¢ °´�¾µ �
¡��x·¨� _£ ¯6°´�x�;ÄòÌ _±´�,·x�/¡�¨� _±²£:�U¢Ch_¨<±²¼Z�£#¨��¸±²£:µ�ª:�<¨<¡<±´�°´�¸¥§£#¨,µ �x�Yúe¥§¡<¼Z�x�U¨<¡�³x�,·x¥§¼P© °´�/ï��x�Àø��<ª ¡<¨�¥§ª ¨QÈ
·� _ª:���)µ:��U÷�¥§£:�x�¸µ�¤¦¥§¼�¢ ¡��¿#ª ±�µ�±[�Ê±´���£#¨s°´�J¨�¥§±²¨=�£Î© °²ª:�<±´�ª ¡��s©� _¡<¨<±´�x�3ù¸�¨s°M ¾¼Z¥#µ ®°²±´�3 _¨<±´¥§£¶©� _¡s°´�x�Q¡��x·¨� _£ ¯6°´�x�=£�¤¦�x�<¨s©� §�s�<ªRÆ��3 _£#¨���Ä

Ñ;�wg



gZÄ²Ñ�Ä �<Ä<æY _°²±´µ: _¨<±´¥§£»µ �x�Q«� _ª ¨��ª ¡��
���:¯°�nç è ³°Ý:¶>Ûa³8µw¶�½z¼�Ûa·#Ü©¹a³°²aµ7·#²a´�Ü

�T Àô��é�z¥§©2¥Oµ �Q°Ð¤��G�e�Å£:¥§ª:�Y���¡<¨Yµ �P�@®¡<±²¨�®Q¨��¡<¡� _±²£G�<ª ¡¥�½ª £�
��¡�¿#ª:��Äw�½¥§ª:�U ;��¥§£:�Y·x¥§¼P©� _¡�®s°´�x��«� _ª ¨��ª ¡���x��¨<±²¼Z®�x�z©� _¡z°M s·�«� �í´£:�Uµ �Y¡��x·x¥§£:�<¨<¡<ª:·¨<±´¥§£XÈ7� �<ª ¡T© °²ª:��±´�ª ¡��T¢Ch_¨<±²¼Z�£#¨��Kµ�ª�¿#ª� _¡<¨<±´�¡�ôQ �õ@ _¡�µ¾ ;���x·Y°´ s«� _ª ¨��ª ¡¡�®x�°²°´�
µ:�À¼� _£ ±´³¡��
© °²ª:�=�<õ��<¨�®¼� _¨<±´¿#ª:�O¿#ª�¤u _ª©�% _¡� _¯6¡� _© «:� gZÄ²Ñ�Ä²Ñ Ä��T ZÉz±²¯6ª ¡�� gZÄËÑ;ä © ¡�®x���£#¨��O°M P·x¥§¼P©� _¡� _±´��¥§£µ �x�K«� _ª ¨��ª ¡��;Ä6�T )¡�®x��¥§°²ª ¨<±´¥§£� _°²¨<±²¼Z®¨<¡<±´¿#ª:�Qµ �x�K±²¼� _¯��x�%®¨� _£#¨�úÐ _±²¢ °´�6î_ª £P®x·� _¡<¨%µ �¸µ �ª�ï�¼Z³¨<¡��x���x�<¨Kµ �,°Ð¤¦¥§¡�µ�¡��µ�ªÎ¢ ¡<ª ±²¨�i:�T�x�Q¡�®x��ª °²¨� _¨=¥§¢ ¨��£#ª:�=��¥§£#¨=µ ¥§£:·À¨<¡�³x�Q©:¡�¥#·�«:�x�=µ �À°´ �¡�®� _°²±²¨�®O¨��¡<¡� _±²£yÄ

0 2 4 6 8 10 12 14 16 18
0

2

4

6

8

10

12

14

16

18

Hauteurs de la BD Topo

H
au

te
ur

s 
de

 l’
in

te
rfe

ro
gr

am
m

e

Validation des hauteurs mesurees

�� ��!�Ì "%$�¡Â&*Áa47)*+R=7DG=�-cLb476�1�2�,[=�QZ=70R/:2E0ZD�2MLE/%-B)KFI2UêK+R=�DE/%-BD�1�2�,T� -B6C/:2EDB�;FEDG4IH7DG=7)J)K2 � 2E6ë47DG1�476<68FI2MLU2S/	2E6
)K�b/%DT2ML:�©=79�2TO{,[=UQZ=70R/:2E0ZD{1�25,[=�]}ÓìØ#4M+�4 ·© � 2S6s=�NMLbOS-cLMLb2ML�2S/2E6Â)5�b/%DT2ML:�vLE0WDK17-[u7�:6f2E0M��NTí�/%-V�
)K2S6C/BLb`ax	� FTOT=�DE/�=79�2TOv,d=|1�DG47-%/:2Kâwî�u�2ELE/*DI2E,d=w/%-V9�2S)52S6C/��b=7-\NS,[2v1�2E9�=76C/,n2vNSDM0Z-B/�1�2{,T� -B6C/:2EDB�bFSDG47�
H�DG=7)J)K25OM2{ÀS0W-~+8DG470Z9�250Z682{NG4�6<682K=w1�FTÀS0�=�/%-%476�2E6C/%DI2J,[=UDIFG=�,.-%/:F{2S/P,T� 2MLE/%-B)5=�/%-%4�68`~xz=©OT47)*+�=7�
DT=7-cLb476|=vFb/:F¥�S=7-%/:2�LM0ZDt,[23ÀS0�=7DE/%-�2EDe]*=7âw=7DG1�`

�T !·x¥§¼P©� _¡� _±´��¥§£Ç���¨)úÐ _±²¨���¼� _£#ª:�°²°´�¼Z�£Ê¨;Ä�ó%£º�E®��¨�î�£�¥§ª:�½£:��µ�±´�<©2¥6��¥§£:�½©� §�Àµ ���<ªRÆ��� _¼P¼Z�£#¨Oµ �¾©� ��¡� _¼Z³¨<¡��x�Æ©2¥§ª ¡Æ¯�®x¥§¡�®/ú�®¡��£:·x�¡Î£:¥6�¬±²¼� _¯��x�Æ�¨¬°´�x�Æ�<ª ©2�¡<©2¥6���¡¶ ;���x·Ã°M ��@®¡<±²¨�®Ã¨��¡<¡� _±²£yÄ=ö½¤¦�x�<¨¬ª £:�Ã°²±²¼P±²¨��±²¼P©2¥§¡<¨� _£#¨��ÀÈÀ°M ��6 _°²±´µ: _¨<±´¥§£!µ �=°M À¼Z®¨<«:¥#µ ��Ä � £�¡��x·� _°M _¯��)�£#¨<¡��=°´�x�,µ �ª�ïZ±²¼� _¯��x�U£:�=µ ¥§£ £:�=©� §�Uª £�¡�®x�<ª °²¨� _¨��ªRÆ��� _¼P¼Z�£#¨s© ¡�®x·±´�s©2¥§ª ¡_�¨<¡��Jª:¨<±²°Ë±´��®�Ä�T Æ·x¥§¼P©� _¡� _±´��¥§£\¼� _£#ª:�°²°´�Z¼Z¥§£#¨<¡���¿@ª� _£:µº¼5�¼Z��¿#ª:�P�<±�°²�P¢Ch_¨<±²¼Z�£#¨¾�x�<¨À¢ ±´�£8±´µ �£#¨<±ËÂ�®G�£º¨� _£#¨�¿@ª:�¨��°Ðî °Ð¤¦�x�<¨<±²¼� _¨<±´¥§£»µ �O�� ¾«� _ª ¨��ª ¡)�x�<¨Q© ¡�®x·±´����Ä
ûeï ð ñ þ8òGó#òTôeõ�öi÷�ø3öÔùTúüû ÿ�ó8ý�þ�ø�ö

���V±Õ�:¯ ÿ ¶:º ¶\µ7·#Ü�·�µ�³ � ³°¼zµ�³��y·#Ü�Û¥·sÝ:³���¹a³�� ¼a·
Ì "crf"%$C"%$ �	��
���������������

��¤u _°²¯�¥§¡<±²¨<« ¼Z�
µ�¤¦¥§© ¨<±²¼P±´�� _¨<±´¥§£¶·x¥§£7¬<¥§±²£#¨��Àµ �½°M ¾·°M §�����J�¨Qµ �½°M �«� _ª ¨��ª ¡s�x�<¨¸¡�¥§¢ ª:�<¨��Xk�µ �½°´®¯��¡��s·�«� _£ ¯��E�¼Z�£#¨��=µ: _£:�s°M Pµ ®/Â:£ ±²¨<±´¥§£»µ �J°Ð¤¦®£:�¡<¯6±´�O£�¤u �®��x·¨��£#¨=©� §�Q°´�À¡�®x�<ª °²¨� _¨QÂ:£� _°�Ä:ó%£¶�E®��¨�î:µ �x�Q¡�®x�<ª °²¨� _¨��=�<±²¼P±²°M _±²¡��x���¥§£#¨Q¥§¢ ¨��£#ª:�s�<ª ¡¸°´�x�¸¨<¡�¥§±´�¸÷�¥§£:�x�= ;���x·J�/ï: §·¨��¼Z�£#¨Q°´�x�Q¼5�/¼Z�x�Q©� _¡� _¼Z³¨<¡��x�=�¨,úe¥§£:·¨<±´¥§£:�sµ�¤¦®£:�¡<¯6±´�J©2¥§ª ¡Q°M ú�ª:�<±´¥§£yÄR��¥§ª ¡= ;�@¥§±Ë¡Qµ �½¼Z�±²°²°´�ª ¡��s¡�®x�<ª °²¨� _¨���îÊ±²°2úÐ _ª:µ�¡� _±²¨s §µ: _© ¨��¡Q°´�x�¸©� _¡� _¼Z³¨<¡��x�)È
°M �÷�¥§£:�6î �<ª ¡<¨�¥§ª ¨Q©2¥§ª ¡¸°M ÷�¥§£:�À±²£:µ�ª:��¨<¡<±´�°²°´�
¿@ª ±�£:�O·x¥§£#¨<±´�£#¨=©� §�sµ�¤u _¡<¢ ¡��x�@Ä�T�x�K© ¡�¥§¢ °´³¼Z�x�Yµ �¸¡�¥§¢ ª:�<¨��x�����Q���¸�<±²¨<ª:�£#¨%© °²ª:�Y _ª�£ ±[�@�� _ªZµ �x�%µ ®¨��x·¨��ª ¡���î��£P©� _¡<¨<±´·ª °²±´�¡Yµ �¸°M ½µ ®¨��x·¨<±´¥§£�µ �x�
Ñ;���



gZÄ«ÊRÄ�öU¡<±²¨<±´¿@ª���=µ:�J°M �¼Z®¨<«:¥#µ �

¥§¼�¢ ¡��x�=�¨sµ �x�Q·x¥§±²£:�Q¡�®EÇ��x·¨��ª ¡��=¿#ª ±�¼Z�¨<¨��£#¨=�£J¬<�ªÆµ �x�Q©� _¡� _¼Z³¨<¡��x�)È�¡�®/¯6°´�¡s©� _¡Q°Ð¤ ª ¨<±²°²±´�� _¨��ª ¡;Ä�òÃ _±´�Q°Ð¤u _°d�¯�¥§¡<±²¨<« ¼Z�=µ�¤¦¥§© ¨<±²¼P±´�� _¨<±´¥§£G�x�<¨%±²£:µ ®©2�£:µ: _£#¨,µ �x��µ ®¨��x·¨��ª ¡��Y�¨%±²°:�x��¨%µ ¥§£:·Q¨<¡�³x�KúÐ §·±²°´�Qµ �¸¼Z¥#µ�±ËÂ��¡Y°Ð¤ ª £Zµ�¤¦�ª�ï©2¥§ª ¡) _¼Z®°²±´¥§¡��¡=°´�À¡�®x�<ª °²¨� _¨QÂ:£� _°�Ä����Oµ ®¨��x·¨��ª ¡)µ �x�Q¢Ch_¨<±²¼Z�£#¨��½È¾©� _¡<¨<±²¡)µ �x�s¥§¼�¢ ¡��x�=µ ®©2�£:µÎ¢2�� _ª:·x¥§ª ©»µ �°M P·� _¡<¨��Oµ �x�s¥§¼¾¢ ¡��x�;Ä<�p°��x��¨sµ ¥§£:·À±²£:µ�±´�<©2�£:�� _¢ °´�
µ �À¡��£:µ�¡��À© °²ª:�s¡�¥§¢ ª:�<¨��À°´�Oµ ®¨��x·¨��ª ¡)µ�¤¦¥§¼�¢ ¡��x�;Ä
�p°��x�<¨K®¯@ _°´�¼Z�£#¨%£:®x·x�x���� _±²¡��¸µ�¤u _¼Z®°²±´¥§¡��¡�°M )µ ®¨��x·¨<±´¥§£Zµ �x�% _¡<¢ ¡��x�;Ä7�½¥§ª:��£�¤u ;��¥§£:�K©� §��¡�®ª:����± È)·x¥§£:�<¨<¡<ª ±²¡��ª £¬µ ®¨��x·¨��ª ¡¸�EÆ�·� §·x�ÀÈO©� _¡<¨<±²¡¸µ �=°Ð¤u _¼P© °²±²¨<ª:µ �J�¨U°M 
·x¥§«:®¡��£:·x�J�£!·x¥§£:��±´µ ®¡� _£#¨¸µ �x�,·¡<±²¨�³¡��x�¸�<¨� _¨<±´�<¨�±²¿#ª:�x�,�¨µ �½·x¥§¡<¡�®°M _¨<±´¥§£yÄ:���x�,÷�¥§£:�x�¸¿#ª ±���¥§£#¨,¼� _°�·°M §����®x�x�,¥§£Ê¨�îÊ�£¬�E®��¨�îÊµ �x�,© ¡�¥§© ¡<±´®¨�®x�¸¨<¡�³x�,© ¡�¥#·�«:�x�;Ä � £!µ:®/¨��·¨��ª ¡úe¥§£:µ ®s�<ª ¡Yµ �x�Y·x¥§£#¨<¡� _±²£#¨��x�U·x¥§£#¨��/ï�¨<ª:�°²°´��,�¨Yµ �¸ú�¥§¡<¼Z�x�Y���¡� _±²¨Y© °²ª:�U §µ: _© ¨�®s�¨�©2¥§ª ¡<¡� _±²¨¸ _© ©2¥§¡<¨��¡Yª £:�Q¢2¥§£ £:�±²£�úe¥§¡<¼� _¨<±´¥§£»�<ª ¡Q°M J�@®¯�®/¨3 _¨<±´¥§£yÄ

�z �·�«� �í²£��O·x¥§¼P©2¥§¡<¨��
µ ¥§£:·À© °²ª:�<±´�ª ¡��s°²±²¼P±²¨��x��k
� �°²°´�Q�x�<¨%���¼P±d�Ï _ª ¨�¥§¼� _¨<±´¿#ª:�s�¨%·x�¡<¨� _±²£:��µ ®¨��x·¨��ª ¡��)ø�·x¥§±²£:�K¡�®EÇ��x·¨��ª ¡�� î§¢Ch_¨<±²¼Z�£#¨���µ�¤u _© ¡�³x�%°´�x�%¥§¼�¢ ¡��x�3ù¥§£Ê¨Q© °²ª:�<±´�ª ¡��s©� _¡� _¼Z³¨<¡��x�½È¾¡�®¯6°´�¡=¿#ª ±�µ ®©2�£:µ �£#¨)µ �x�s÷�¥§£:�x��î
� ·x�¡<¨� _±²£:�)µ ®¨��x·¨��ª ¡��=©2¥§ª ¡<¡� _±´�£#¨*�¨<¡��À© °²ª:�s©2�¡lú�¥§¡<¼� _£#¨��¾ø�·x¥§±²£:�s¡�®EÇ��x·¨��ª ¡���î�¥§¼�¢ ¡��x�3ù/î
� °Ð¤u _© © ¡�¥#·�«:�
©� _¡=¥§¢R¬l�¨��s£�¤¦�x�<¨Q©� §�Q¨<¡�¥§©¶µ ®S�@�°´¥§© ©2®x�6î:°M �úe¥§¡<¼Z�Àµ �S�Ê¡� _±²¨_�¨<¡��À© °²ª:�s© ¡<±´���À�£¶·x¥§¼P© ¨���Ä

�z ¾¯�®x¥§¼Z®¨<¡<±´���<¨�¥#·�«� §�<¨<±´¿#ª:�O�x�<¨Qª £:�À¡�®©2¥§£:���À©2¥6����±²¢ °´�OÈP·x�Àµ �¡<£ ±´�¡=©2¥§±²£#¨�� j)ª� _¡<¨<ª °²°²±z�¨_�À §·¨<ª�îCÊ�����È �:Ä
���x�½¡�®x�<ª °²¨� _¨��J¥§¢ ¨��£#ª:�½©2�ª��@�£#¨J���¼�¢ °´�¡½¼Z¥§±²£:�½¢2¥§£:�J¿@ª:�¾·x�ª�ï¶© ¡�®x���£#¨�®x�½©� _¡OÁÊ¥#�¡<¯��°%�¨J _°�Ä�� ÁÊ¥#�¡<¯��°�¨� _°�Ä²î�Ê�����È_¢ �Q·� _¡�£:¥§ª:��£�¤u ;�@¥§£:�
±²£#¨<¡�¥#µ�ª:±Ë¨Z _ª:·ª £:�G·x¥§£#¨�¡� _±²£#¨��!�<ª ¡�°M ¬úe¥§¡<¼Z��ÄzòÌ _±´�
£:¥§ª:��£�¤u ;�@¥§£:��ª ¨<±²°²±´��®¿#ª�¤ ª £Z���ª ° ·x¥§ª © °´�Q±²£#¨��¡lú�®¡�¥§¼Z®¨<¡<±´¿#ª:�s·x�Q¿#ª ±�¡�®xµ�ª ±²¨�·x¥§£:�<±´µ ®¡� _¢ °´�¼Z�x£#¨�°´�¸£:¥§¼�¢ ¡��sµ�¤ ±²£�ú�¥§¡<¼� _¨<±´¥§£:�@Äw�½�¸© °²ª:��î±²°´�%£:�¸© ¡�®x���£#¨��£#¨Yµ �x�%¡�®x�<ª °²¨� _¨��Y¿@ª:�Q�<ª ¡%ª £:�Q©2�¨<±²¨��Q÷�¥§£:��Ä��T J·x¥§¼P© °´�/ï�±²¨�®sµ �Q°´�ª ¡�·�«� �í´£:�s�x��¨� _ªZ¼Z¥§±²£:�Y _ª:����±¯6¡� _£:µ �O¿@ª:�½°M ¾£:¥§¨<¡��6î ·x�J¿#ª ±�°M _±´�����J��¥§ª:�G�p�£#¨��£:µ�¡��À¿#ª:�½°Ð¤¦�/ïÊ¨<¡� §·¨<±´¥§£¶µ �Àò��ÀÁGÈ¾©� _¡<¨<±²¡sµ�¤ ±²£#¨��¡lú�®¡�¥§¯6¡� _¼Z¼Z�x��£Î¼P±²°²±´�ªÎª ¡<¢� _±Ë£»�x�<¨¸úe¥§¡�·x®¼Z�£#¨=·x¥§¼P© °´�/ï ��Ä

Ì "crf"%$C"cr �! � ��"�$#%�&��'(�����*),+��-�/.0�)*�1�*2%�3�4+��-�/5�6(���&�7�$)*�1�
8:9<;>=<?�@-AB?�CEDB;GFE9<;>H h AJILK/9M@-AB; � IN9M@E@O9M@-AGF(ILDB9<=MAB9MK/9M@-APFE9<;RQSDUT3VEWO9<;GFE9XDBYMQSIN?�@O; Äf�[Z @:\ õ T]V�T�;>F^\_T3VEVEDB? ï I �

K]T3AJIN?�@`V�T3DaFE9<; ú ?�DJK/9<;bQ0Y<?�K/YMAJDJINc-CO9<; Ä:ó @`9 ® 9MA î$Z 9<;dH h AJILK/9M@-AB;a;U?�@-AbQ0YM@OYMDUT Z 9MK/9M@-AeV*? Z²õ Q0?�@�T3C ï�� ?�ILDB9G=MILD �
=MC Z T3ILDB9<; ÄW�fZ ;B9MDUT3ILAgFE?�@O=eV*?S;B;JILH Z 9eFE9bh Z IN;U;B9MDji Z 9MCEDg=<?�@-AB?�CEDgV*?�CEDgAB9M@OF(DB9 � 9MDB;gFE9<; ú ?�DJK/9<;kV Z CO;kQ0Y<?�K/YMAJDJINc-CO9<; Ä
� T3@O; � � IN;B?�@l9MAeT Z�Ä²îCÊ������ H � 9MAe9M@ ñ @E@O9 ï 9 ó^Ä � î @O?�CO;dVEDB?�V*?S;U?�@O;aCE@O9GK/YMAJWO?-FE9PV*?�CEDe=1T Z =MC Z 9MD Z TmK/9MI ZnZ 9MCEDB9ú ?�DJK/9dV*? Z²õ Q0?�@�T Z 9oT3VEVEDB? ï ILK]T3@-AB9 Ä 8p\_T Z Q0?�DJILAJWEK]9eFE9a=<?�@-AB?�CEDB;qT�=MAJI ú ;p9<;BArIL@O;JVEILDBYaF(C ö,ñ>sZ��� ð Y ú DBYMQSIN9MDk9MAgT Z�Ä²î
t;���wg î ö W�9M;B@�T3COFl9MAoT Z�Ä²î:t;����� �:Ä

8%T/u�ILQSCEDB9 gZÄLt;� VEDBY<;B9M@-AB9 Z 9<;eDBY<;JC Z AUT3AB;oFE9 Z \ 9<;BAJILK]T3AJIN?�@vFE9<; ú ?�DJK/9<;oFE9<;eH h AJILK/9M@-AB;R9MARF(C ò��>s c�CEI�9M@
FEY<=<?�C Z 9 Ä�� T3@O;k=<9a=1T�; îSZ 9<; ÷ ?�@O9<;kFE9dDB9<=<?�C � DB9MK/9M@-Aq;B?�@-ApILFO9w@$AJInx�Y<9<; î QSD h =<9eT3C]=<?�IL@]DBY Ç 9<=MAB9MCED î 9MA Z T>W�T3CEAB9MCED
9<;BAq9<;JAJILK/Y<9R;JCED Z TPV�T3DJAJIN9R@O?�@	DB9<=<?�C � 9MDJAB9>F(C	AB?�ILA Ä �o@O9eCE@EINc-CO9 � T Z 9MCEDb9<;BAqFE?�@E@OY<9RV*?�CEDb=UW�T�c�CO9oH h ABInK/9M@$A Ä
8%9<;RDBY<;JC Z AUT3AU;>;U?�@-ARH*?�@O;>V*?�CED Z 9<;RH h AJILK/9M@-AB;Pc-CEIyYMAUT3IN9M@-AGHEIN9M@z= Z T�;B;BY<;>9MA>W�T3CEAB; Äf� T3DG=<?�@-AJDB9 î FOT3@O; Z 9{=1T�;
FE9<;eH h AJILK/9M@-AB;oK]T Z INFE9M@-AJInx�Y<; î�Z 9GDBY<;BC Z AUT3Ae@:\_T4V�T�;eF^\ IL@-ABYMD � AoVT3DB=<9�c�CO9 Z 9GV*? Z²õ Q0?�@O9�@O9GDB9MVEDBY<;U9M@-AB9PV Z CO; Z 9
H h AJILK/9M@-AeDBY<9 Z�Ä

�[Z @:\|9<;JAoV�T�;R;B}EDoc-C:\ I Z ;B?�ILAoAB?�C ¬ ?�CEDB;RV Z CO;oVEDB?3xOAUT3H Z 9mF^\_T3VEVEDB? ï ILK/9MD Z T ú ?�DJK/9{FE9<;oH h AJILK/9M@-AB; Ä^s 9 Z ?�@ Z 9<;
T3VEV Z IN=1T3AJIN?�@O; î-Z 9oDBY<;JC Z AUT3AqV�T3DgDBYMQSIN?�@O;qV*9MCEA � AJDB9eV Z CO;qIL@-ABYMDB9<;B;UT3@-A ÄZ� ?�CEDbFE9<; ú ?�DJK/9<;q;JILK4V Z 9<; î-Z 9<;gV*? Z²õ Q0?�@O9<;
;BILK4V Z I~x9w@$AoHEIN9M@ Z T];B? Z CEAJIN?�@�K]T3IN;R;JI Z 9�H h AJILK/9M@-A>9<;JAeK/?�DB=<9 Z Ym�/=1T3CO;B9XFE9�@O?�KXHEDB9MCO;B9<; ÷ ?�@O9<;RF^\|?�KXHEDB9{?�C
F^\ CE@O9mK]T3C � T3IN;B9mFEYMAB9<=MAJIN?�@7IL@EILAJI�T Z 9 ø =1T�;GFE9 Z T ÷ ?�@O9{IL@OF(C�;JAJDJIN9 ZLZ 9 ù/î�Z 9{V*? Z²õ Q0?�@O949<;JAJILK/Y{@:\_T�T3CO=MCE@z;U9M@O;>9MA
9<;BAdHEIN9M@`V Z CO;dK]T3C � T3IN;ec�CO9 Z T ú ?�DJK/9GIL@EILAJI�T Z 9�FE?�@E@OY<9PV�T3D Z 9<;dDBYMQSIN?�@O; Ä

� T3D`=<?�@-AJDB9 îbZ \_T � T3@-AUT3Q09zFE9<;�V*? Z²õ Q0?�@O9<;`9<;BA�c-CO9 Z 9vH h AJILK/9M@-Al9<;JA�= Z T3ILDB9MK/9M@-A`INFE9M@-AJInx�Y Ä 8�T ÷ ?�@O9zFE9
DB9<=<?�C � DB9MK/9M@-A>9M;BAoT Z ?�DB;o=1T Z =MC Z Y<9X9MAo?�@lV*9MCEA ú ?�CEDJ@EILDeCE@O9PCE@EINc-CO9PW�T3CEAB9MCEDoV*?�CED Z \|9M@O;B9MKXH Z 9{F(C`H h ABInK/9M@$A Äñ~� 9<= Z \_T3VEVEDB?-=UWO9>DBYMQSIN?�@ î @O?�CO;qVEDB?�V*?S;B?�@O;qV Z CEA É AdFE9eQ�T3DBFE9MDbCE@O9eW�T3CEAB9MCEDbV�T3DqDBYMQSIN?�@ � =<9 Z T{T Z \_T � T3@-AUT3Q09>FE9
Q�T3DBFE9MD Z 9<;aF(I ® YMDB9M@-AB9<;aW�T3CEAB9MCEDB;oF^\ CE@`K � K/9GAB?�ILA Ä

t;���



gZÄ«ÊRÄ«ÊRÄ 8^ILK4ILAB9<;eFE9<;aILK]T3Q09<;

lnmEo l[p7o

�� ��!�Ì "%$R¢s&�Î_FMLE0W,d/�=�/BL^1�2P,T� =M+w+#DG4;u�-V)5=�/%-\476�1�2MLf�b47DM)K2ML~+R=�DA,n2	Áy( �(� LM0ZD�,n2^Àb0R=7DS/%-�2ED}]_=7âw=7DT1�` � =E�	¦;�S47DE)K2ML
+�47,§â;Hw476#=�,[2ML � NE,n2E0�î¨�S4�DM)K2_-V6C-B/%-\=7,[2*1�0�NTí�/%-B)K2E6C/Õ=�NT=76#1w476<6fFT2*,[47DML*170�Áy( �(� ?yDT4707HW2eîÂ+8-du�2S,ÅL
DT=j�S4�0Z/:FML�1�=76�L�,n2�+�47,§â;Hw47682E?�NE,d=�6#O���DG470�H�2Xî��S4�DM)K2�170�NTí�/%-B)K2E6C/CÏa68=7, �w` � N>�{¦~£v¤ � 2MLE/%-B)KF�ê
+�=7DS/%-BD	1�2ML�+�47,.â;Hw4�682MLtDTF�H70Z,.-�2EDMLb`
� 470WD	,T� 2MLS/%-V)5=�/%-\476|1�2	,[=5QZ=70R/:2E0ZDI?},n2ML	/�47-%/BL	1�2ML3NTí�/%-V)K2S6C/BLA+�47,§âbH�476#=70�uKLb476C/A=M+w+#DG4@u7-V)KFEL�+R=�D
0Z63+#,[=76vQZ47DE-nã;476C/�=�,[` � � -V,CâJ=30Z6©OT4�-V6UDTFBÐ^2TOb/:2E0ZDt=7,[47DIL*,[=tã;47682�1�2*DI2GOI470Z9;DT2S)K2E6C/}2MLS/i1�FE,§-V)J-%/:FT2
2b/P2E,B,[236f� 2MLS/°+�=�LP+#DE-cLb2X2E6¨OI47)*+8/:2^+�470ZD	,n2JOT=�,dOS0Z,Õ1�2�,[=KQZ=�0Z/:2E0ZD�)547â�2E6C682;`yÓ�=76�Lt,T� 2S6�Lb2E)KNE,n2
,n2MLeDIFMLM0Z,§/�=w/BLLS476#/#+8DTFTOS-cL�)X=�-cL,[=JQZ=70R/:2E0ZD	1W2ML	NTí�/%-V)K2E6#/BLtNT=�L	2MLS/ÕLb470�LE��2MLS/%-V)KFI232S/a-V,.L6f� =M+w+�=7�
DT=7-cLMLb2E6#/f+#,§0�L�1w=76<L�,[2t£v¤ � `

���V±Õ�V± ÿ ¶:º ¶\µ7·#ÜvÛ¥·CÜ©¶>º ³��y·#Ü
8:9<;kDBY<;B? Z CEAJIN?�@O;q;JV�T3AJI�T Z 9<;g9MAqT Z AJILK/YwABDJINc�CO9<;qFE9<;kILK]T3Q09<;g;B?�@-A Z 9<;kFE9MC ï =wDBInAU�wDU9M; Z ILK4ILAUT3AJI ú ;gVEDB? � 9M@�T3@-AgFE9<;

ILK]T3Q09<; Äw  @{DB9MAJDB?�C � 9 Z 9<; Z ILK4ILAB9<;rYM@O?�@O=<Y<9<;pT3C ö W�T3VEILAJDB9 Ê Ä 8:9bc�C�T3DJAJIN9MD ö WO9MK4IL@O?�AyI ZLZ CO;BAJDB9gV�T3DJAJIN=MC Z IN�MDB9MK/9<@-A
HEIN9M@ Z 9dVEDB?�H Z �MK/9 kSZ 9ac-C�T3DJAJIN9MDk9<;BAp=<?�@O;JAJILAJCOYeFE9dK]T3IN;U?�@O;pIL@OF(I � INF(C�9 ZLZ 9<;qFE9dCE@]?�C]FE9MC ï YMAUT3Q09<;k9MAkFE9 ¬ T3DBF(IL@O;
VEDJI � T3AJI ú ;q9M@-AB?�CEDBY<;bFE9oKXCEDb9M@!H*YMAB?�@ ø u�ILQSCEDB9 gZÄLt@g ùEÄEs CED Z 9<;gILK]T3Q09<;bDUT�FOT3D î-Z 9<;q=<?�@-AB?�CEDB;d;B?�@-AqAJDB�<;qF(I Æ =MI Z 9<;
�]FEY Z ILK4ILAB9MD � IN;JCO9 ZLZ 9MK/9M@-A>9MA Z T/W�T3CEAB9MCEDG9<;JAoAJDB?�V ú T3ILH Z 9�V*?�CEDGT3VEV�T3DUT í AJDB9m= Z T3ILDB9MK/9M@-A Ä 8p\ IL@-AB9MD ú YMDB?�QSDUT3K4K]9
@O9 ú T3ILA{DB9<;B;U?�DJAJILDmc-CO9 Z 9<;{H h AJILK/9M@-AB; Z 9<;{V Z CO;mW�T3CEAB; Ä 8%9 ò��Gs ?�HEAB9M@-C�;BCEDm=<9wABAB9 ÷ ?�@O9�9<;JA{IL@-CEAJI Z IN;�T3H Z 9��
V�T3DJAG;JCED>c-CO9 Z c-CO9<;RH h AJILK/9M@-AB;GIN;B? Z Y<; Ä 8%T	;UT3AJIN; ú T�=MAJIN?�@z9<;JA>c�CO9 Z \_T Z Q0?�DJILAJWEK/9 ú ?�@O=MAJIN?�@E@O9m;BCED Z 9<;RH h AJILK/9M@-AB;
;BC Æ ;UT3K4K/9M@-A Z T3DJQ09<;e9MAaW�T3CEAB;ec�C�9 Z c-CO9G;B?�ILA Z 9MCEDe9M@ � ILDB?�@E@O9MK/9M@-A Ä

8%T]=<?�K4V�T3DUT3IN;B?�@�FE9<;oW�T3CEAB9MCEDB;R9<;JAJILK/Y<9<;R9MARFE9<;eW�T3CEAB9MCEDB;RIN;B;JCO9<;oFE9 Z T ô��� ?�V*? =© K/?�@-AJDB9XYMQ�T Z 9MK/9M@-A
CE@

∆h
F(}l� Z T ú T3ILH Z 9>VEDBY<=MIN;JIN?�@�T Z AJILK/YMAJDJINc-CO9 Ä8  @�V*9MCEAdV*9M@O;B9MDec�CO9G;JI Z Tm=UW�T í @O9G9<;BAaT3VEV Z INc-COY<9P;JCEDdCE@ ¬ 9MC

FE9PFE?�@E@�YM9<;oFE9GK/9MI ZLZ 9MCEDB9<;oDBY<;B? Z CEAJIN?�@O; îOZ 9<;aDBY<;JC Z AUT3AB;e;B9MDB?�@-AeV Z CO;aVEDBY<=MIN; Ä<� ?�CO;d@%\|T � ?�@O;aK]T Z WO9MCEDB9MCO;U9wK/9<@-A
V�T�;aVEC ú T3ILDB9 Z 9GAB9<;JA Ä

� 9mV Z CO; î�Z 9<; ÷ ?�@O9<;�F^\|?�KXHEDB9/9MAPFE9mDB9<=<?�C � DB9MK/9M@-AXc�CEIp;B?�@-A Z 9<;P=<?�@O;BY<c-CO9M@O=<9<;PFE9 Z T�Q0YM?�K/YMAJDBIL9/DUT�FOT3D î
9M@ Z � � 9M@-AbFE9 Z \ IL@ ú ?�DJK]T3AJIN?�@`;JCEDqFE9o@O?�KXHEDB9MC ï VEI ï 9 Z ; Ä�ö 9<=MI^9<;JAgIL@EWOYMDB9M@-AaT3C ï ILK]T3Q09<;qDUT�FOT3Db9MAb?�@�;1\_T3V*9MDB�<?�ILA
c-CO9 Z TeK]T3C � T3IN;B9qINFE9M@-AJInx�=1T3AJIN?S@]FE9<;r?�KXHEDB9<;yHEDJCEILAB9 Z 9 ò��Gs 9MAyV*9MDJAJCEDJH*9d;�T � IL;BC�T Z IN;UT3AJIN?�@ Ä 8k\_T ¬ ?�CEApF^\ ILK]T3Q09<;
T�=<c-CEIN;B9<;a;U9 Z ?�@`FE9<;aAJDUT�=<9<;e=<?�K4V Z YMK/9M@-AUT3ILDB91;o;1\_T � �MDB9PT Z ?�DB;aIL@OF(IN;JV*9M@O;UT3H Z 9<; Ä
t;���



gZÄ«ÊRÄ�ö DJILAJINc�C�9M;eFO9 Z TmK/YMAJWO?-FE9

��>��!PÌ "%$ Ì & � QZ4w/�4�1z� 0Z682tDE0�2�/%âM+#-\ÀS0<2 � DE0�2v�y-%Ob/�4�Do��07H�4E�{170�ÀS0�=7DS/%-\2SD{Á~Q�2E)J-V6#4w/:`

���V±Õ�VÙ ÿ ¶:º ¶\µ7·#Ü�·�µ��P½°µ�·C¼~µw¶�·CÝ>ÜvÛ¥·sÝB�V¶:¼~µ�·<´0�j�<´w½zº���µ7´�¶\·'·#¼�º ¶:Ý:¶�·C²�²¥´0�¥³°¶:¼
8p\|YMAJCOFE9eFE9<;rDBY<;JC Z AUT3AB;rV*9MDJK/9MAgFE9bDBYMV*?�@OF(DB9e9M@4QSDUT3@OFE9dV�T3DJAJIN9e� Z T>c-CO9<;JAJIN?�@4IL@EILAJI�T Z 9 k 9<;JA � =<9bV*?S;B;BILH Z 9dFE9

=1T Z =MC Z 9MDgCE@ ò��>s 9M@/K4I Z IN9MC]CEDJH�T3IL@��>V�T3DJAJILDgF^\ CE@];U9MC Z =<?�CEV Z 9aIL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9R�>W�T3CEAB9aDBY<;U? Z COAJIN?�@o� órZLZ 9
VEDB?�C � 9Gc�CO9>=S\|9<;JAdQ Z ?�H�T Z 9MK/9M@-AaV*?S;B;BILH Z 9 î =<9MDJAB9<;eT3C�VEDJI ï F^\ CE@`9M@O;B9MKXH Z 9PFE9RAJDUT3ILAB9MK/9M@-AB;oT�;B;B9 ÷>Z ?�CEDBFE;dK]T3IN;
Z T�;JABYMDBY<?S;B=<?�VEIN9/?�VEAJINc-CO949M@zK4I Z IN9MC7CEDJH�T3IL@79<;BAGYMQ�T Z 9MK/9M@-A�=<?�K4V Z INc-COY<9 Ä 8p\ IL@-AB9MD ú YMDB?�K/YMAJDBIN9/DUT�FOT3DGVEDBY<;B9M@-AB9
V Z CO;BIN9MCEDB;oT � T3@-AUT3Q09<;e9MAaIL@O=<?�@ � YM@EIN9w@$AB;ec-CO9>@O?�CO; Z IN;JAB?�@O;aIN=MI Ä
� ���!�&)%.0�*)*��$)����$)*�1�5k

� 8k\_T Z AJILAJCOFE9mF^\_T3KXHEILQSCE��ABY49<;JARAJDB�<; Z ILK4ILAUT3AJI � 9m;JCED Z T!c-C�T Z ILABY{F(C ò��>s8Ä�ó @z;UT3AB9 ZLZ ILAUT3ILDB9 î I Z V*?S;B;JILH Z 9{FE9
¬ ?�CO9MDm;JCED Z TlH�T�;B9	F(C�=<?�CEV Z 9�=UWO?�IN;JIb9M@�VEDJI � I Z YMQSI�T3@-A4=<9MDJAUT3IL@O9<;4?�DJHEILAB9<; Ä�ó @,T�YMDB?�V*?�DJABY î�Z T`HT�;B9!9<;JA
x ï Y<9/V�T3DXFE9<;X=<?�@-AJDUT3IL@-AB9<;XAB9<=UWE@�? Z ?�QSINc-CO9<;m9MA Z \_T Z AJILAJCOFO9!F^\_T3KXHEILQSCE��ABY!@O9]FEYMV*9M@OF�V�T�;XFE9 Z T ÷ ?�@O9!�
AJD�T3InAU9wD Ä:ó @l9 ® 9MA î 9 ZLZ 9G@O9>V*9MCEAaV�T�; � AJDB9�T ¬ CO;BABY<9PT3C�A õ V*9GFE9G;U=<�M@O9 ø�Z \ IL@-AB9MD ú YMDB?�K/YMAJDJIN9X;JCED � 9M���k?�D 

?�C ò 9 
 @O�<;o@O9XFE9MK]T3@OFE9XINFEY1T Z 9MK/9M@-A>V�T�; Z T]K � K/9mT Z AJILAJCOFE9{F^\_T3KXHEILQSCE��ABYr� ùEÄ 8:9�K/?-FE9XVEIL@EQ � V*?�@EQ`T
V*9MDJK4IN;oFE9GF(I � IN;B9MDaF^\ CE@ ú T�=MAB9MCED ÊmZ \|T Z AJILAJC�FE9�F^\_T3KXHEILQSCE��ABY � � CEVECEIN;e9MA � CEH*?�IN; � u�9MDJ@�T3@OFE9 ÷�î#Ê������ �:Ä

� 8�T!Q0Y<?�K/YMAJDJIN9mDUT�FOT3DGIL@OF(CEILAPFE9<; ÷ ?�@O9<;PFE9XDU9M=<?�C � DB9MK/9M@-A�9MAGF^\|?�KXHEDB94FE?�@-A>I Z @:\|9<;JA>V�T�;>V*?S;B;JILH Z 9mFE9;�\_T ® DUT3@O=UWEILDd9M@!K/?�@O? � AJDUT�=<9 Ä��fZ�õ TXFE?�@O=oCE@	QSDUT3@OF!@O?�KXHEDB9>FE9 ÷ ?�@O9<; ø ;BCEDJAB?�CEAb9M@	K4I Z IN9wC�CEDJH�T3IL@ ù ? 
I Z @:\ õ T{V�T�;eF^\ IL@ ú ?�DJK]T3AJIN?�@ Ä

� 8�TX=UW�T í @O9RFE9oAJDUT3ILAB9MK/9M@-Aa9<;JA Z ?�@EQSCO9>9MAb=<?�K4V Z 9 ï 9 Ä:ö \|9<;JAdT3CO;B;BI Z 9R=1T�;qFE9 Z TX;B? Z CEAJIN?�@ Z T�V Z CO;dT3H*?�CEAJIN9VEDU?�V*?S;BY<9PFOT3@O; Z T Z ILAJABYMDUT3AJCEDB9 � s ?-9MDJQ09 Z 9wAoT Z�Ä²îCÊ�����È T �:Ä
� � ?�CO;4@:\_T � ?�@O;/V�T�;]F(C�AB?�CEA/ABDUT3ILABY Z 9�VEDB?�H Z �MK/9lF(C,Q0Y<?�DBY ú YMDB9M@O=<9MK/9<@-A	c�CEIaDUT ¬ ?�CEAB9MDUT3ILA]CE@O9`YMAUT3V*9
;BCEVEV Z YMK/9M@-AUT3ILDB9 Ä�ó @`DUT3IN;B?�@lFE9<;aIL@O=<9MDJAJILAJCOFE9<;o;JCOD Z \|9<;JAJILK]T3AJIN?�@�FE9 Z TmW�T3CEAB9MCEDo9MAe;JCED Z 9<;aV�T3DUT3K/�MAJDB9<;
F(C�=1T3VEAB9MCED îgZ T7VEDB? ¬ 9<=MAJIN?�@�F(C ò��Gs T3C�;B? Z @:\|9<;JA!V�T�;]V�T3D ú T3ILAB9 kkZ 9<; ÷ ?�@O9<;	FE9lDB9<=<?�C � DB9MK/9M@-A�@O9
F(IN;BV�T3DUT3IN;B;B9M@-AaV�T�;e=<?�K4V Z �MAB9MK/9M@-A ø @O?�DJK]T Z 9MK/9M@-AR9 ZLZ 9<;a;U?�@-Aa=1T�=UWOY<9<;aV�T3D Z \_T3CEAJDB9PV�T3DJAJIN9PF(C`AB?�ILA ùEÄ

� ���]'0�E'�)*�1'E
�����k
� 8�T>W�T3CEAB9MCEDg9<;JAp=1T Z =MC Z T3H Z 9o9M@/CE@/QSDUT3@OF4@O?�KXHEDB9eFE9dV*?�IL@-AB; Ä-s COD Z 9<;rAB?�ILAB;kFE9<;pH h AJILK/9M@-AB; î0Z T>K]T ¬ ?�DJILABYFE9<;RVEI ï 9 Z ;>FE?�@E@O9XCE@O9XIL@ ú ?�DJK]T3AJIN?�@z;JCED Z 9�AB?�ILA Ä 8%9<;RFEYMAUT3I Z ;>FO9 Z T ú ?�DJK/9{F(C�AU?�InA>;U?�@-A � IN;JILH Z 9<;RFOT3@O;
Z 9 ò��>s8Ä

� �fZ 9<;JArV*?S;B;JILH Z 9dF^\_T � ?�ILDrV Z CO;JIN9MCEDB;r@EI � 91T3C ï F^\_T3@�T Z²õ ;B9dFE9 Z \ IL@-AB9MD ú YMDB?�QSDUT3K4K/9 Ä��rZ CO;p?�@ � 9MCEAyCE@4DBY<;JC Z AUT3A
VEDUYM=MIN; î V Z CO;^I Z�õ TbFE9rAJDUT3ILAB9MK/9M@-AB;�� ú T3ILDB9 Ä�ò T3IN;%=<9<;^AJDUT3ILAB9MK/9M@-AB;�;B?�@-A:K/?�IL@O;�T3CG@EI � 91T3C�FE9 Z \|9<;JABInK]T3ABIL?�@
FE9 Z T�W�T3CEAB9MCED{c-CO9]FE9 Z \ INFE9M@-AJInx�=1T3AJIN?�@ FE9<;X?�H ¬ 9MAB; Ä�s Ik;U9MC Z 9 Z T�W�T3CEAB9MCED{9<;JAPILK4V*?�DJAUT3@-AB9	9MAXc-CO9 Z 9<;
=<?�@-AU?�CEDB;aV*9MC � 9M@-A � AJDB9�T3VEVEDB? ï InK]T3ABI ú ; î ?�@�V*9MCEAaDUT3VEINFE9MK/9M@-A>T � ?�InDaCE@`DBY<;JC Z AUT3Ae9 ï V Z ?�ILAUT3H Z 9 Ä

� 8%9<;>ILK]T3Q09<;>DUT�FOT3D î 9MAGFE?�@O= Z 9<;>IL@-AB9MD ú YMDB?�QSDUT3K4K]9<; î ;B?�@-A>FE9<;>ILK]T3Q09<;GAB?�CEA>AB9MK4VO; k FE?�@O={I Z 9<;JA>AB?�C �
¬ ?�CEDB;PV*?S;B;BInH Z 9]F^\_T � ?�ILDPCE@ ò��>s c-CO9 ZLZ 9/c-CO9/;B?�ILA Z T Z ?-=1T Z IN;UT3AJIN?�@¡Q0Y<?�QSDUT3VEWEINc�CO9!FEC7V�T õ ;�9MA Z \ WO9MCEDB9

t;�(t



gZÄ«ÊRÄ �<Ä2ö ?�K4V�T3DUT3IN;B?�@vT � 9<= Z TmDUT�FOT3DJQSDUT3K4K/YMAJDJI�9

F^\_T�=<c-CEIN;JILAJIN?�@ Ä
� 8�T4=UW�T í @O9GVEDB?�V*?S;BY<9P@:\|9<;JAaV�T�; Z ILK4ILABY<9PV�T3D Z T{AUT3I ZLZ 9PFE9 Z T ÷ ?�@O9 Ä�ö \|9<;JA ¬ CO;JAB9GCE@O9Gc-CO9<;JAJIN?�@lFE9GAB9MK4VO;
FE9P=1T Z =MC Z�Ä[Ä[Ä

� 8%9<;�DBY<;JC Z AUT3AB;{;B?�@-A�V*?S;JILAJI ú ;XFOT3@O; Z \|9M@O;B9MKXH Z 9	=<T3D{?�@�T�CE@O9/H*?�@E@O9]VEDBY<=MIN;JIN?�@�;JCED Z 9<;�H h AJILK/9M@-AB;{9M@T�=<=<?�DBF¡T � 9<= Z T�DBY<;B? Z CEAJIN?�@¡FE9<;GILK]T3Q09<; Ä 8%9<;GDBY<;BC Z AUT3AB;PV*?�CEDJDUT3IN9M@-A � AJDB9]T3K/Y Z IN?�DBY<;X9M@�=<?�@-AJIL@-C�T3@-A Z T
=UW�T í @O9 Ä 8:9GAJDUT � T3I Z ;B9 ú T3ILAeT3C�@OI � 91T3ClFE9<;a?�H ¬ 9MAB; ø =M?�@$AB?�CEDB; î INFE9M@-AJInx�=1T3AJIN?S@ ùEÄ

���V±Õ�nç ¸{½~º¢�}³f´w³°¶:Ü�½z¼ ³ � ·��ÂÝ�³�´�³fÛ¥³f´0�y´w³°º º���µ�´�¶�·
8%T/DUT�FOT3DJQSDUT3K4K/YMABDJIN9m9<;JA Z \_T3CEAJDB9XK/YMAJWO?-FE9{;B?�C � 9M@-AeCEAJI Z IN;UY<9X9M@�DUT�FOT3DoV*?�CEDR=1T Z =MC Z 9MD>FE9<;oK/?-FE� Z 9<; È7�JÄ

j C�T3@OF Z ToH�T�;B9q9M@-AJDB9 Z 9<;yFE9MC ï =<T3VOAB9MCEDB;rFE9 � IN9M@-AyAJDB?�VmQSDUT3@OFE9qV*?�CED Z \ IL@-AU9wD ú YMDB?�K/YMAJDJIN9 î 9 ZLZ 9q9<;BAyT Z ?�DB;pT�FOT3VEABY<9
� Z T�DUT�FOT3DJQSDUT3K4K/YMAJDBIN9 Ä 8�T�DUT�F�T3DJQSDUT3K4K/YMAJDJIN9!V*9MCEA{T3AJAB9MIL@OF(DB9]CE@O94H*?�@E@O9]VEDBY<=MIL;BIN?�@¡;JCED Z \|9<;JAJILK]T3AJIN?�@�FE9<;
W�T3CEAB9MCEDB;oK]T3IN;o9 ZLZ 9P9<;BA Z ILK4ILABY<9PV�T3D Z 9PDB9<=1T Z T3Q09X9M@-AJDB9 Z 9<;eFE9MC ï ILK]T3Q09<; Ä 8%T4W�T3CEAB9MCEDo@O9GV*9MCEA � AJDB9�9<;JABInK/Y<9
c-CO9G;JCED Z 9<;dV*?�IL@-AB;ec-CEI:;B?�@-AeT3VOV�T3DB9MI ZnZ Y<;RFOT3@O; Z 9<;eFE9MC ï ILK]T3Q09<; Ä

� T3@O;{;U9M;XAJDUT � T3C ï FE9]AJWO�<;B9 îys ILK/?�@O9MAJAB? � s ILK/?�@O9MAJAB? îiÊ�����Ê � TlYMAJCOF(INY Z 9!=<?�K4V*?�DJAB9MK/9M@-A4FE9 Z T`DUT�FOT3D �
QSDUT3K4K/YMAJDJIN9{9M@lK4I Z IN9MC�IL@OF(CO;JAJDJIN9 Z �4V�T3DJAJILDRF^\ ILK]T3Q09<; ð=ñ½òzsÊógs ;BCED � CE@ 
 9MDBc�CO9 Ä�órZLZ 9PVEDBY<;U9M@-AB9�YMQ�T Z 9MK/9M@-A
FE9<;aDBY<;JC Z AUT3AB;e;JCED Z TmK � K/9 ÷ ?�@O9GIL@OF(CO;BAJDJIN9 ZLZ 9�c-CO9>@O?�CO; Ä��fZ 9<;JAaFE?�@O=GIL@-ABYMDB9<;B;�T3@-AeFE9G=<?�K4V�T3DB9MD Ä

s Tm=UW�T í @O9PY<=UWO?�CO9�;JCED Z 9<;dH h AJILK/9M@-AB;eFE9GV*9MAJILAB9<;dA�T3I ZLZ 9<; îÊú ?�@O=MAJIN?�@E@O9�� ä��0£ ;JCOD Z 9<;dH h AJILK/9M@-AU;eFE9>AUT3I ZLZ 9
K/? õ 9M@E@O9�9MA/�vc�C�T�;BI t;���z£ ;JCED Z 9<;mQSDUT3@OFE;mH h AJILK/9M@-AB; Ä 8p\|9<;JABInK]T3ABIL?�@�FE9 Z T�W�T3CEAB9MCED/;JCED Z 9<;mH h AJILK/9M@-AB;
9<;BAaAJDB�<;oVEDBY<=MIN;B9 Ä 8%T ú ?�DJK/9XFE9<;eH h AJILK/9M@-AB;>9<;JA Z ILK4ILABY<9{�/FE9<;eDB9<=MAUT3@EQ Z 9<; Ä8�fZ K]T3@Oc-CO9�CE@O9PQSDB?S;U;B9PV�T3DJAJIN9XF(C
H h AJILK/9M@-A4=<9M@-AJDUT Z FE9!@O?�AJDB9!ILK]T3Q09 Ä 8:9<;{DBY<;JC Z AUT3AB;m;B?�@-AmFE?�@O=!AJDB�<;mF(I ® YMDB9M@-AB;4FE9<;X@ É AJDB9<; Ärs 9MC Z 9MK/9M@-A4CE@O9
V�T3DJAJIN9	FE9<;�H h AJILK/9M@-AB;m9M;BA�DB9<=<?�@O;JAJDJCEILAB9�T Z ?�DB;{c�CO9/@O?�CO; Z 9<;�DB9<=<?�@O;JAJDJCEIN;B?�@�;XAB?�CO;�K]T3IN;{=<9MDJAUT3IL@O;{;B?�@-AXK]T Z
= Z T�;B;UY<; Ä_ó @mDUT�FOT3DJQSDUT3K4K/YMABDJIN9 îSZ 9<;�H h AJILK/9M@-AB;rDB9<=<?�@O;JAJDJCEILAB; Z 9q;B?�@$A�AJDB�<;�HEIN9M@ Ä�� T3Dr=<?�@-AJDB9b?�@mV*9MDBF Z 9<;yFEYMAUT3I Z ;
FE9<;aAB?�ILAB;a=1T3DaI Z @:\ õ T{V�T�;aFE9GV*?�IL@-AB;aV*?�CEDoT3VEV�T3DB9MI ZLZ 9MDR;JCED Z 9<;dAB?�ILAB; Z TmV Z CEV�T3DJAeF(C`AB9MK4VO; Ä
8k\ IL@-AB9MD ú YMDB?�K/YMAJDBIN9>9MA Z TPDUT�F�T3DJQSDUT3K4K/YMAJDJIN9PT3VEV�T3DUT3IN;B;B9M@-AqV Z CO;q=<?�K4K/9>FE9<;gK/YMAJWO?-FE9<;b=<?�K4V Z YMK/9M@-AUT3ILDU9<;dc�CO9
=<?�@O=MCEDJDB9M@-AB9<;R=<?�K4K/9 Z 9P;JCEQSQ0�MDB9 s =UW-CEH*9MDJA � s =UW-CEH*9MDJA î#Ê������ � FOT3@O;a;�T{AJWO�<;B9 Ä

8%T`=MDJILAJINc-CO9]FE9 Z T�=UW�T í @O9!9<;JA�DB9MVEDJIN;B9]FOT3@O; Z T`=<?�@O= Z CO;JIN?�@¡Q0YM@OYMDUT Z 9!FE9]=M9/DUT3VEV*?�DJA Ä 8k\ IL@-AB9MD ú YMDB?�K/YMABDJIN9
DUT�FOT3D õ 9<;JAaYMQ�T Z 9MK/9M@-AoK4IN;B9G9M@`V*9MDB;JV*9<=MAJI � 9GV�T3DaDUT3VEV*?�DJAR� Z \ ILK]T3Q09MDJIN9�?�VEAJINc-CO9 Ä

t;��Ê



¤ ¥§¦©¨«ª êÞåz¬ ¥¦

� 9MC ï QSDUT3@OFE9<;rV�T3DJAJIN9<;p=<?�@O;JAJILAJC�9w@$Ap=<9bAJDUT � T3I Zyk3Z \|YMAJCOFE9dF(C/;JILQS@�T Z:ðRs�  9MA � @ ðRs�  �oW�T3CEAB9bDBY<;U? Z COAJIN?�@/9M@
K4I Z IN9MC4CEDJH�T3IL@ ø%� T3DJAJIN9 �T� ù 9MA Z TR=<?�@O;JAJDJCO=MAJIN?�@/F^\ CE@O9d=UW�T í @O9bFE9qDB9<=<?�@O;JABDJCO=MAJIN?�@ È7� �eV�T3DJAJILDpF^\ CE@4;U9wC Z =<?�CEV Z 9
IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9 ø\� T3DJAJIN9 �T�G� ùEÄS� ?�CO;:DB9MVEDB9M@O?�@O;%IN=MI Z 9<;%=M?�@�= Z CO;BIN?�@O;�FE9p=<9<;:FE9MC ï V�T3DJAJIN9<;�9wA:VEDU?�V*?S;B?�@O;%F^\ CE@O9
V�T3DJA î CE@O9R=MDJILAJINc-CO9RFE9 Z \ IL@-AB9MD ú YMDB?�K/YMAJDJIN9PT3IL@O;JI�c-CO9oF^\_T3CEAJDB9RV�T3DJA î FE9<;dT ï 9<;bFE9oDB9<=UWO9MDB=UWO9G�XFEY � 9 Z ?�VEV*9MDbV*?�CED
T3K/Y Z IN?�DB9MDo?�Cl=<?�K4V Z YMAB9MD Z 9<;aDBY<;JC Z AUT3AB; Ä

® ú^õ	ó#öÖþ�ÿi÷Cþ^ùTõ	ó#òTþa¯ ö�ó û òTùIòTöiõ õ�þ°Jú^òB¯
8:9>V�T�;U;UT3Q09GFE9 Z TmH�T�;B;B9>DBY<;B? Z CEAJIN?�@�� Z TmW�T3CEAB9GDBY<;B? Z CEAJIN?�@`@:\|9<;JAaV�T�;dAJDUT3@O;JV�T3DB9M@-AeV*?�CED Z 9<;dAJDUT3ILAB9MK/9M@-AU;

F^\ ILK]T3Q09<; ðRs� 3Ä 8�T�VEDB9MK4IN�MDB9	DUT3IN;U?�@ Y � INFE9M@-AB9�9<;JAmc-CO9 Z 9<;m?�H ¬ 9<=MAJI ú ;mFE9<;{AJDUT3ILAB9MK/9M@-AB;/=UW�T3@EQ09M@-A4VECEIN;Bc-CO9
Z 9<;4ILK]T3Q09<;]FE?�@E@O9M@-A!T�=<=<�<;!�vFE9<;/?�H ¬ 9MAB;/F(I ® YMDB9M@-AB; Ä�ó @O;JCEILAB9 îrZ 9<;4VEDB?�VEDJINYMABY<;]FE9<;4ILK]T3Q09<;]=UW�T3@EQ09M@-A kyZ 9<;
AB9 ï AJCEDB9<;P;U?�@-AGK/?-F(Inx�Y<9<; î^Z 9<;GVEWOYM@O?�K/�M@O9<;XY Z 9<=MAJDB?�K]T3QS@OYMABINc�CO9<;XFE94DBY Ç 9 ï IN?�@O;PKXC Z AJILV Z 9<;P@O94V*9MC � 9M@-APV Z CO;
� AJDB9kILQS@O?�DBY<; Ä�� ?�CO;yT � ?�@O;%VEDU?�V*?S;BYkAJDB?�IN;�@EI � 91T3C ï F^\_T3@�T Z²õ ;B9gF(C{;JILQS@�T ZÊðRs�  V*?�CED�=<?�K4VEDB9M@OF(DU9q;B?�@{=M?�@$AB9M@-C k
Z 9<;e;JILKXC Z T3AJIN?�@O;eY Z 9<=MAJDB?�K]T3QS@�YMAJINc-CO9<; îOZ 9PFEY<=<?�CEV�T3Q09�9M@l;B?�CO; ��� CO9<;a9MA Z 9<;e;JAUT3AJIN;JAJINc-CO9<; Ä

� ?�CED Z 9<;�;BILKXC Z T3AJIN?�@O; î @O?�CO;lT � ?�@O;�DB9MVEDJIN; î ;UT3@O;�K/?-F(Inx�=1T3AJIN?�@ îaZ 9�K/?�FO� Z 97FE9zuEDUT3@O;U=<9<;B=UWO9MAJAJIP9MAlT Z�Ä
� uODUT3@O=<9<;B=UWO9MAJAJI-9MA�T Z�Ä²î@Ê�����Ê � =<9pc�CEI0@O?�CO;%TbV*9MDJK4IN;%FE9 ú T3ILDB9rCE@O9p=<?�K4V�T3DUT3IN;B?�@X?�DJILQSIL@�T Z 9k9M@-AJDB9 Z 9<;%;JILKXC Z T3AJIN?�@O; î
Z 9<;dILK]T3Q09<;aDBY<9 ZLZ 9<;e9MA Z T � YMDJILABYGAB9MDJDUT3IL@ øÐö W�T3VEILAJDB9 È ùEÄ 8:9GD É�Z 9GF(Cl=<?�In@`KXCED�±3;B? ZÐî c-CEI:=<?�@O=<9M@-AJDB9 Z 9<;aFE?�CEH Z 9<;
DBY Ç 9 ï IN?�@O;!9MA!T�CE@O9l;JILQS@�T3AJCEDB9lAJDB�<;]Y Z 9 � Y<9l9M@�T3K4V Z InABCOFE9�FOT3@O;/H*91T3CO=<?�CEV�FE9`=1T�; î TzYMABY�K4IN;!9M@¢T � T3@-A Äö 9MV*9M@OFOT3@-A Z 9RK/?-FE� Z 9PY Z 9<=MAJDB?�K]T3QS@OY<AJINc-CO9�TmFE9>@O?�KXHEDB9MCO;B9<; Z ILK4ILAB9<; k$Z 9<;a=<?�@OF(ILAJIN?�@O;eFE9 � T Z INF(ILABYG;B?�@$AbAJDB�<;
;BAJDJIN=MAB9<;49MAm@O9�=<?�DJDB9<;JV*?�@OFE9M@-A/V�T�;mAB?�C ¬ ?�CEDB;/� Z T�DBY1T Z ILABY�FE9<;mILK]T3Q09<;]T�YMDB?�V*?�DJABY<9<; îyZ 9<;mV�T3DUT3K/�MAJDB9<;]FE9 Z T
DJCEQ0?S;BILABY/F(C�;B? Z ?�@-A�YMABYmx ï Y<;PFE94K]T3@EIN�MDB9]AJDB?�V�9MK4VEILDJINc-CO9]FOT3@O;P@O?�AJDB9/YMAJCOFE9]9MA Z 94AJDUT ¬ 9MA�FE9<;P?�@�FE9<;�c�CEI
;U?�@-AdDBY Ç Y<=UWEIN9<;oFE9MC ï!ú ?�IN;a9<;BAe�{DB9<=1T Z =MC Z 9MD Ä
8�TX;JILKXC Z T3AJIN?�@�Y Z 9<=MAJDB?�K]T3QS@OY<AJINc-CO9G9<;JAgCE@	AJDB�<;qH*?�@�?�CEAJI Z V*?�CED � T Z INFE9MD Z 9<;gW õ V*?�AJWO�<;B9<;b;BCED Z 9<;qK/Y<=1T3@EIN;JK/9<;
FE9�DBYMAJDB?-F(I ® CO;BIN?�@ Ä�ò T3IN; Z 9PK/?-FE� Z 9XVEDB?�V*?S;BYX=<?�K4V*?�DJAB9{9M@O=<?�DB9�AJDB?�VvFE9 Z ILK4ILAB9<;oV*?�CED Z \ CEAJI Z IN;B9MDRFE9�K]T3@EIN�MDB9
; õ ;JABYMK]T3AJINc-CO9 ÄR�fZ2ú T3COF(D�T3InAeFE?�@O= Z 9RDB9MVEDB9M@OF(DB9P9M@`9<;B;UT õ T3@-AdFE9 Z \|YMAB9M@OF(DB9GV*?�CEDa9M@EQ Z ?�H*9MDaV Z CO;dFE9G=<?�@OF(ILAJIN?�@O;
FE9 � T Z INF(ILABY Ä�� 9M;XK/9<;JCEDB9<;mFE9]VEDB?3x Z ;{;JCED{FE9<;{;JCED ú T�=<9<;X;U?�@-AXYMQ�T Z 9MK/9M@-Am@OY<=<9<;B;UT3ILDB9<;{V*?�CED{=<?�@O;BAJDJCEILDB9!CE@O9
� YMDJILAUT3H Z 9GH�T�;U9GFE9PFE?�@E@OY<9<;eFE9P;JCED ú T�=M9<;e9MAeT � ?�ILDaFO9M;aV�T3DUT3K/�MAJDB9<;axT3H Z 9<; Ä
� ?�AB?�@O;qYMQ�T Z 9MK/9M@-Aac�CO9 Z T � YMDJILABYoAB9MDJDUT3IL@`T�YMABYoIL@OF(IN;JV*9M@O;UT3H Z 9RV*?�CED Z 9 � 9wDbFE9<;bT3KXHEILQSCE��ABY<;dFOT3@O; Z 9<;gILK]T3Q09<; Äó @zV�T3DJAJIN=MC Z IN9MD î%Z T�=<?�@ ú C�;JIN?�@79M@-AJDB9 Z 9<;GAB?�ILAB;PV*9M@-AJCO;�9MA Z 9<;P=<?�IL@O;PDBY Ç 9<=MAB9MCEDB;X9<;JA � ILAB9 ú T3ILAB94;BCED Z 9<;PV*9MAJILAB;
H h AJILK/9M@-AB; Äi� T3@O;m=<9�=1T�; î�Z T�VEW�T�;U9	IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9�@O9	V*9MDJK/9MA4V�T�;4FE9�=<?�@O= Z CEDB9�=1T3D Z TvF(I ® YMDB9M@O=<9�FE9
W�T3CEAB9MCED]9M;BAmFOT3@O; Z 9	@EI � 91T3C�F(C HEDJCEILA Ä¥� D h =<9`� Z T � YMDJILABY	AB9MDJDUT3IL@ î FE9<;49MDJDB9MCEDB;/F^\ IL@-AB9MDJVEDBYMAUT3AJIN?�@¢?�@-AmVEC
� AJDB9>Y � ILABY<9<;b9MAb@O?�CO;aT � ?�@O;bV*?�DJABYRV Z CO;dF^\_T3AJAB9M@-AJIN?�@l�{FE9<;b?�H ¬ 9MAB;bc-CO9o@O?�CO;aT3CEDJIN?�@O;bVEC�ILQS@O?�DB9MDaT3C�VEDB9MK4IN9MD
T3H*?�DBF Ä

8:9`FEY<=<?�CEV�T3Q09l9M@�;B?�CO; ��� CO9<; øÐö W�T3VEILAJDB9 � ù =<?�K4V Z �MAB9 Z 9<;];JILKXC Z T3AJIN?�@O;!Y Z 9<=MAJDB?�K]T3QS@OYMAJINc-CO9<;�T � 9<=�CE@O9
T3VEVEDB?-=UWO9{� Z \ Y<=UWO9 ZLZ 9XFE9 Z \ ILK]T3Q09�9MAa@O?�@`V Z CO;o� Z \|Y<=UWO9 ZLZ 9�FE9 Z T4=<9 ZLZ C Z 9�FE9GDBY<;U? Z CEAJIN?�@ ÄC� ?�CO;oT � ?�@O;dVEDB?�V*?S;BY
CE@O9dK/YMAJWO?-FE9aF^\|9 ï AJDUT�=MAJIN?�@!T3CEAB?�K]T3ABILc-CO9eFE9<;rV*?�IL@-AB;p;JAUT3H Z 9<; ø =S\|9<;JA � � � F(ILDB9ac-CEIO;B?�@-A � IN;JILH Z 9<;rFOT3@�;rAB?�CEAB9<; Z 9<;
;U?�CO; ��� CO9<; ù 9MAaFE9<;dV*?�IL@-AB;aIL@O;JAUT3H Z 9<; ø =S\|9<;JA � � � F(ILDB9�c�COI�@O9P;B?�@-A � IN;JILH Z 9<;ac�CO9GFOT3@O;a=<9MDJAUT3IL@O9<;o;B?�CO; ��� CO9<; ùEÄ 8:9<;
DBY Ç 9 ï IN?�@O;�;JV*Y<=MC Z T3ILDB9<;y;B?�@-A�T3IL@O;BI-F(IN;B=MDJILK4IL@OY<9<;yFE9<;�DBY ú DUT�=MAJIN?�@O;y;JCED�;B? Z DJCEQSCO9MC ïfÄ 8%Te=1T3DJAB9gFE9<;�V*?�IL@-AB;�;JAUT3H Z 9<;
T4YMABY>COAJI Z IN;UY<9P9M@�IL@-AB9MD ú YMDB?�K/YMAJDJIN9�V*?�CEDoT3K/Y Z IN?�DB9MD Z \|9<;JAJILK]T3AJIN?�@�FE9 Z T{W�T3CEAB9MCEDo;JCED Z 9<;a=<?�IL@O;aDBY Ç 9<=MAB9MCEDB; Ä

t;��È



gZÄ«ÊRÄ �<Ä2ö ?�K4V�T3DUT3IN;B?�@vT � 9<= Z TmDUT�FOT3DJQSDUT3K4K/YMAJDJI�9

ó @(xO@ Z 9!FE9MDJ@EIN9MD{@OI � 91T3C F^\_T3@�T Z²õ ;B9	9<;JAXV Z CO; Z T3DJQ09	=1T3DXI Z ;�\_T3QSILA{=<9MAJAB9 ú ?�IN;{FE9!=1T3DUT�=MABYMDJIN;B9MD Z 9<;{;JAUT3AJIN; �
AJINc-CO9<;RFE9<;>;JCED ú T�=<9<; Ä 8%T]K/?-FEY Z IN;UT3AJIN?�@zFE9<;RAB9 ï AJCEDB9<;>9M@vInK]T3Q09MDJIN9 ð>s�  9<;JAoCE@vVEDBY � DB9<c�CEIN;P�]FE9�@O?�KXHODB9MC ï
AJDUT3ILAB9MK/9M@-AB;g9M@mDUT3IN;U?�@4FECmHEDJCEILApAJDB�<;yV�T3DJAJIN=MC Z IN9MDgFE9d=<9M;rILK]T3Q09<; îSZ 9b=UW�T3AB?�IN9MK/9M@-A Ä��fZ @:\|9<;JArV�T�;yV*?S;B;BILH Z 9bF^\_T3V �
V Z INc-CO9MD Z 9<;aT Z Q0?�DJILAJWEK/9<;eFEY � 9 Z ?�VEV*Y<;aV*?�CED Z 9<;bILK]T3Q09<;a?�VEAJINc�CO9<;aF(ILDB9<=MAB9MK/9M@-Ae;BCED Z 9<;bILK]T3Q09<; ðRs� ¾î ;BCEDJAB?�CEA
9M@`K/?�@O? ��� CO9 Äñ W�T3CEAB9�DBY<;U? Z CEAJIN?�@�9MA î T ú ?�DJAJIN?�DJI î 9M@�K4I Z IN9MC,CEDJH�T3IL@ îrZ 9<;4WEIN;BAB?�QSDUT3K4K/9<;]Y � ? Z CO9M@-A � 9MDB;/FE9<; ú ?�DJK/9<;/c�CEI
T�=<=<9MVEAB9M@-AoV Z CO;oFE9PV*?�IL@-AB;eHEDJI ZLZ T3@-AB; ø c-CO9MCO9 Z ?�CEDBFE9 ùEÄ 8:9<;eK/?-FE� Z 9M;R= Z T�;B;JINc-CO9<;e;B?�@-Ao9M@lFEY ú T3CEA ÄC� ?�CO;oT � ?�@O;
K/?�@-AJDBY/c-CO9 Z 9mK/?-FE� Z 9/FE9<; Z ?�IN;PFE94u�IN;JWO9MD î IL@-AJDB?-F(CEILAPV�T3D � IN=<? Z T�; � � IN=<? Z T�; îzÊ�����Ê T � DBYMV*?�@OFzV�T3DJAJIN=MC Z IN�MDB9 �
K/9M@-AGHEIN9M@7� Z T!K/?-FEY Z IN;UT3AJIN?�@�FE9<;RK4I Z IN9MC ï CEDJH�T3IL@O; øÐö W�T3VEILAJDB9 ä ùEÄf�fZ T]CE@O9{QSDUT3@OFE94;B?�CEV Z 9<;B;U9 øB� 9M@�T3@-AGFE9
;U9<; Z ILK4ILAB9<; î-Z 9<; Z ?�IN; � T3K4K]TX9MA Z 9<; Z ?�IN;bFE9 � T3K4K]T � @ � 9MDB;B9 ù c-CEI Z CEI*V*9MDJK/9MAdFE9oDB9MVEDBY<;B9M@-AB9MDbAB?�CO; Z 9<;qA õ V*9<;
FE9/;JCED ú T�=<9<;PF(C7K4I Z IN9MC7CEDJH�T3IL@ Ä 8:94K/?-FE� Z 9];JAUT3AJIN;JABILc-CO9/c�CEI Z CEIp9<;BA�T�;B;B?-=MINY � I�T Z T	AJDUT3@O; ú ?�DJK/Y<9/FE9 ò 9 ZLZ IL@
? ® DB9oYMQ�T Z 9MK/9M@-AqCE@O9eK/YMAJWO?-FE9RF^\|9<;BAJILK]T3AJIN?�@�c-CEI9<;JAgAJDB�<;gDB?�HECO;JAB9 � � IN=<? Z T�;q9MAbT Z�Ä²îZÊ������ �:ÄW�fZ K]T3@Oc-CO9o=<9MV*9M@ �
FOT3@-AdCE@O9RK/YMAJDJINc-CO9>F�T3@O; Z \|9M;BV�T�=<9>FE9<;bV�T3DUT3K/�MAJDB9<;e9MAdFOT3@O; Z \|9<;JV�T�=<9>FO9M;dF(IN;BAJDJILHECEAJIN?�@O;ac�CEI�V*9MDJK/9MAJAJDUT3ILAeFE9
=<?�K4V�T3DB9MD Z 9<; Z ?�IN;a9M@-AJDB9P9 ZLZ 9<; Ä

ñ§Z \ IN;B;JCO9�FE9l=<9<;!AJDB?�IN;!YMAJCOFE9<; îkZ 9<;!DBYMV*?�@O;B9<;	FE9<;]H h AJILK/9M@-AB;�;B?�@-A]K4IN9MC ï T3VEVEDBYMWO9M@OFEY<9<; k 9 ZLZ 9<;	;B?�@-A
Q0YM@OYMDUT Z 9MK/9M@$A>=<?�@O;JAJILAJCOY<9<; î FOT3@�; Z 9<;o=1T�; Z 9<;eV Z CO;o;BILK4V Z 9<; î F^\ CE@v=<?�IL@�DBY Ç 9<=MAB9MCED>FE9 ú ?�DJAU9XT3K4V Z ILAJCOFE9{9MAoFE9
VEW�T�;U9�IL@-AB9MD ú YMDB?�K/YMAJDJINc�C�9{VEDB?-=UWO9mF(Cv;U? Z 9MA>F^\ CE@O9{?�KXHEDB9 Ä 8:9<;RAB9 ï AJCEDB9<;>FE9XAB?�CO; Z 9<;>Y Z YMK/9M@-AB;>FO9 Z T!;B=<�M@O9
;U?�@-AdK/?-FEY Z IN;UT3H Z 9<;eV�T3DaCE@�K/?-FE� Z 9�;JAUT3AJIN;BAJINc�CO9 î �{V�T3DJAJILDoF(COc�CO9 Z I Z 9<;JAaFE?�@O=GV*?S;B;BILH Z 9GFE9P= Z T�;B;B9MD Z Tm;B=<�M@O9 Ä

ñ ý3úq²w¯3ö´³dµ
�e@O9/DB9<=<?�@O;JAJDJCO=MAJIN?�@¡K/9M@-AUT Z 9!F(C7K/?-FE� Z 9 È7� V�T�;B;U94F^\_T3H*?�DBF�V�T3D Z \ INFE9M@-AJInx�=1T3AJIN?�@ FE9<;PH h AJILK/9M@-AB; î FE9<;

DB?�CEAB9<; î 9MAB= Ä QSD h =<9�T3C ï AB9 ï AJCEDU9M;mc-CEIq;B?�@-A{F(I ® YMDB9M@-AB9<;mF^\ CE@O9 ÷ ?�@O9�� Z \_T3CEAJDB9	9MA4�lFE9<;XDBYMV*?�@O;B9<;{A õ VEINc�CO9<;
=<?�K4K/9 Z 9<;R=<?�IL@O;oDBY Ç 9<=MAB9MCEDB; Ä2ó @O;JCEILAB9X@O?�CO;RFEY<F(CEIN;U?�@O; Z T/W�T3CEAB9MCEDP�4V�T3DJAJILD>FE9 Z \ IL@-AB9MD ú YMDB?�QSDUT3K4K/949M@ ú T3I �
;�T3@-ARCE@O9XK/? õ 9M@E@O9m;JCED Z 9<; ÷ ?�@O9<;>c-CO9X@O?�CO;GT � ?�@O;RINFE9M@-AJInx�Y<9<;PT3C�VEDBY1T Z T3H Z 9 Äf� ?�AJDB9{=UW�T í @O9/T Z Q0?�DJILAJWEK4INc�CO9øÐö W�T3VEILAJDB9 � ù DB9MVEDB9M@OFv=<9MAJAB9{FEYMK]T3DB=UWO9{9M@v;1\_T3VEVEC õ T3@-AR;JCED Z \ YMAJC�FE9�VEDBY<=<Y<FE9M@-AB9mF(Cv;JILQS@�T Z�ðRs� 3Ä#�rZ CO;JIN9MCEDB;
FEYMAB9<=MAB9MCEDB; ø = Z T�;B;JInx�=1T3AJIN?�@��{V�T3DJAJILDeFE9<;bAB9 ï AJCEDB9<; î =1T3DJAB9PFE9<;dDB?�CEAB9<; î =1T3DJAB9PFE9<;d?�KXHEDB9<; î H h AJILK/9M@-AB;e=1T Z =MC Z Y<;
��V�T3DJAJILDbFE9<;b?�KXHEDB9<; î =1T3DJAB9>FE9<;q=<?�IL@O;qDBY Ç 9<=MAB9MCEDB; ù ;B?�@-A ú CO;BIN?�@E@OY<;gV�T3DqCE@�=UW�T3K4V�FE9 ò T3D 
 ? � FEYwxO@EI�;BCEDgCE@
QSDUT3VEWO9oFE9aDBYMQSIN?�@O;bT"xO@!F^\|?�VEAJILK4IN;B9MDb=<?�@ ¬ ?�IL@-AB9MK/9M@-AqCE@O9o= Z T�;U;JInx�=1T3AJIN?�@	9MAkCE@ ò��>s8Ä@ó @!9 ® 9MA î0Z TGW�T3CEAB9MCEDq9MA
Z T4= Z T�;B;B9G@O9GV*9MC � 9w@$AaV�T�; � AJDB9PFEYwxO@EIN9<;eFO9 ú T��<?�@`AB?�AUT Z 9MK/9M@-AoIL@OFEYMV*9M@OFOT3@-AB9 Ä 8:9<; � ?�IN;JIL@�T3Q09<;e9M@-AJDB9GDBYMQSIN?�@O;
;U?�@-AP=<?�@OF(ILAJIN?�@E@OY<;XV�T3D Z 9<;GIL@-AB9MDUT�=MAJIN?�@O;{9M@-AJDB9 Z 9<;�FE9MC ï�k^Z 9<;�T3DJHEDB9<;X;B?�@-AGV Z CO;PW�T3CEAB;�c-CO9 Z T�DB?�CEAB9]c�C:\ I Z ;
H*?�DBFE9M@-A îOZ TmV*9 Z ?�CO;B9P9<;JAdQ0YM@OYMDUT Z 9MK/9M@$ART3C`@EI � 91T3ClFE9 Z TmDB?�CEAB9Pc-C:\|9 ZLZ 9 ¬ ?�C ï AB9 î 9MAB= Ä
8%9<;XDBYMQSIN?�@O;m;B?�@-A{?�HEAB9M@-CO9<;m9M@ ;JCEV*9MDJV*?S;UT3@-A{AB?�CO; Z 9<;{FEYMAB9<=MAB9MCEDB; Ä 8p\_T3VEVEDB?-=UWO9�V�T3DXDBYMQSIN?�@O;{V*9MDJK/9MAmF^\ IL@ �
AJDB?-F(CEILDB9�FE9<;4=MDJILAB�MDB9<;4FE9	AUT3I ZLZ 9�9MA4F^\_T � ?�ILDmCO@O9	9<;BAJILK]T3AJIN?�@�;BCED Z T�W�T3CEAB9MCED Ä �e@O9	AB9 ZLZ 9�T3VEVEDB?-=UWO9�VEI ï 9 Z �
VEI ï 9 Z DBY<F(CEILDUT3ILA Z \|9M@O;B9MKXH Z 9!FE9<;GIL@ ú ?�DJK]T3AJIN?�@O;XF(IN;BV*?�@EILH Z 9<; Ä 8p\|?�DJILQSIL@�T Z ILABY!FE94@O?�AJDB9!T3VEVEDB?-=UWO9/DB9MV*?S;U9/FOT3@O;
Z \ CEAJI Z IN;UT3AJIN?�@�F^\ CE@�CE@EINc�CO9m=<?�CEV Z 9mIL@-AB9MD ú YMDB?�K/YMAJDJINc�CO9/9MA>;BCED Z \|?�VEAJILK4IN;UT3AJIN?�@ ¬ ?�IL@-AB9m= Z T�;B;U91±"WT3CEAB9MCEDP;JCED>FE9<;
DBYMQSIN?�@O; Äñ VEDB�<; Z T ú CO;JIN?�@ î CE@O9dYwA�T3V*9dFE9 � T Z INFOT3AJIN?�@]9<;JAkT ¬ ?�CEABY<9 Ä 8:9 ò��>s 9<;BAJILK/Yd9<;JAyVEDB? ¬ 9MABYbV*?�CEDp=1T Z =MC Z 9MD Z 9<; ÷ ?�@O9<;
F^\|?�KXHEDB9P9MAdFE9RDB9<=<?�C � DB9MK/9M@-Ae9MAd9 ZLZ 9<;a;B?�@-Ad=<?�K4V�T3DBY<9<;o� Z T{= Z T�;B;JInx�=1T3AJIN?�@l?�HEAB9M@-CO9 ÄCj CO9 Z c-CO9<;a=<?�@-AB?�CEDB;aFE9
H h AJILK/9M@-AB;X;B?�@-A�=<?�DJDJILQ0Y<; î^Z 9<;�=<?�IL@O;PDBY Ç 9<=MAB9MCEDB;X;B?�@-A�T ¬ ?�CEABY<; Äy�[Z 9<;BAPYMQ�T Z 9MK/9M@-A�V*?S;B;JILH Z 9/FE94DUT ¬ ?�CEAB9MD�CE@O9
V*? Z²õ Q0?�@EIN;UT3AJIN?�@�FE9<;R=<?�@-AB?�CEDB;RFE9<;oH h AJILK/9M@-AB;R;BCEI � I�F^\ CE@O9{9<;JAJILK]T3AJIN?�@�F^\ CE@O9�CE@EINc-CO9PWT3CEAB9MCEDR;BCEDeCE@lH h AJI �
K/9M@-A ÄÊö 9MV*9M@OFOT3@-AgI Z @:\|9<;BApV�T�;pAB?�C ¬ ?�CEDU;gT � T3@-AUT3Q09MC ï FE9a;BInK4V Z Inx�9MD Z T ú ?�DJK/9eFE9<;k?�H ¬ 9MAB; Ä 8:9dDBY<;BC Z AUT3Ak;U9MKXH Z 9
V Z CO; Z IN;BILH Z 9o=1T3D Z 9<;gV*9MAJILAB9<; ÷ ?�@O9<;b;B?�@-Aq;JCEVEVEDJILK/Y<9<;b9MAqAB?�CEAq9<;JAgV Z CO;gDBYMQSC Z IN9MDbK]T3IN;q9<;JA � =<9Rc�CO9eV*?�CEDdT3CEAUT3@-A î
=<9 Z T4DB9MVEDBY<;U9M@-AB9PK4IN9MC ï`Z T4;B=<�M@O9%�X8%9<;oFEYMAUT3I Z ;R;B?�@-AaV*9MDBF(CO;R9MAaI ZTõ T/9M@ ú T3ILAaK/?�IL@O;oF^\ IL@ ú ?�DJK]T3AJIN?�@ Ä�s CED Z 9<;
H h AJILK/9M@-AB;o=<?�K4V Z INc�COY<; îEZ T{V*? Z²õ Q0?�@EIN;UT3AJIN?�@�9w@$AJDUT í @O9PFE9<;a9MDJDB9MCEDB; � FOT3@�;a=<9G=1T�; î I Z 9<;JAdVEDBY ú YMDUT3H Z 9�FE9>Q�T3DBFE9MD
Z 9<;e=<?�@-AB?�CEDB;aIL@EILAJI�T3C ï°Ä

8:9<; ò��>s ?�HEAB9M@-CO;R;B?�@-AoFE9PH*?�@E@O9Xc-C�T Z ILABYPK]T Z QSDBY Z T ú T3ILH Z 9�VEDBY<=MIN;JIN?�@�T Z AJILK/YMAJDJINc�CO9XIL@EILAJI�T Z 9XF(C ¬ 9MC�FE9
FE?�@E@OY<9<; Ä �o@O9	QSDUT3@OFE9 Z ILK4ILAB9�9<;BA Z T�DUYM;U? Z CEAJIN?�@�FE9<;mILK]T3Q09<;/c-CEId9MK4V � =UWO9`FE9�DB9<=<?�@O;JAJDJCEILDB9 Z 9M;/c-C�T3DJAJIN9MDB;
V�T � I ZLZ ?�@E@�T3ILDB9<; ÄA�[Zsú T3COF(DUT3ILA�T ¬ ?�CEAB9MD]CE@¢K/?�FEC Z 9�FE9`DB9<=<?�@E@�T3IN;B;UT3@O=<9�T3CEAB?�K]T3AJINc�CO9vFE9l=<9<; ÷ ?�@O9<;�T"xO@¢FE9
t;���



gZÄ«ÊRÄ�ö DJILAJINc�C�9M;eFO9 Z TmK/YMAJWO?-FE9

@O9mV�T�;GAB9M@-AB9MDPFE9mDB9<=<?�@O;JAJDJCEILDB9/FE9<;GDBYMQSIN?�@O;Pc-CEIr;B?�@$A � ?�COY<9<;P� Z \|Y<=UWO9<= Ä �e@O94;B9<=<?�@OFE9 Z ILK4ILAB9/FE9 Z T�=UW�T í @O9
9<;BA Z \_T3HO;B9M@O=<9�F^\ CEAJI Z IN;UT3AJIN?�@�FE9 Z T ú ?�DJK/9`V*?�CED Z \ INFE9M@-AJInx�=1T3AJIN?S@�FE9<;!= Z T�;B;B9<; ÄA  D Z T ú ?�DJK/9lFE9<;]?�H ¬ 9MAB;]9<;JA
CE@v=MDJILAB�MDB9{FEYMAB9MDJK4IL@�T3@-A>V*?�CED>F(I ® YMDB9M@O=MIN9MD Z 9<;eH h AJILK/9M@-AB;GFE9 Z T � YMQ0YMAUT3AJIN?�@ Ä 8�T]=<?�@ ú CO;JIN?�@v9M@-AJDB9mT3DJHEDB9<;R9MA
H h AJILK/9M@-AB;b9<;JAkILK4V*?�DJAUT3@-AB9 ÄZ� ?�CO;k@:\_T � ?�@O;kAJDB?�C � YoT3CO=MCE@	=MDJILAB�MDB9o;JCED Z \ IL@-AB9MD ú YMDB?�QSDUT3K4K/9 î$Z \_T3K4V Z ILAJCOFE9R?�C Z T
=<?�WOYMDB9M@O=<9ac�COI(F(IN;B=MDJILK4IL@O9 � YMDJILAUT3H Z 9MK/9M@-A Z 9<;yAB?�ILAB;rFE9<;pT3DJHEDB9<; Ä 8%9<;r;JAUT3AJIN;JAJINc-CO9<;pT3CmVEDB9MK4IN9MDp9MAr;B9<=<?�@OFm?�DBF(DB9
9M@vT3K4V Z ILAJCOFE9{;B?�@-Ae;BInK4I Z T3ILDB9<;Rc�C�T3@OF Z T/= Z T�;B;JInx�=1T3AJIN?�@vY<=UWO?�CO9 Ä#�fZ @O9PDB9<;JAB9�T Z ?�DB;eV Z CO;oc-CO9 Z T ú ?�DBK/9P9MAo;B?�@
=<?�@-AB9 ï AB9oc-CEI;B?�@-AgF^\_T3I ZLZ 9MCEDB; Z 9<;g=MDJILAB�MDB9<;bc�CO9a@O?�AJDB9R=M9MD � 91T3C!CEAJI Z IN;B9 Ä 8�TGQ0Y<?�K/YMAJDJIN9>;JAB?-=UW�T�;JAJINc-CO9 � j C�T3DJAJC ZLZ I
9MA � T�=MAJC îfÊ�����È î j C�T3DJAJC ZLZ Ip9MA � T3AB=MC îfÊ�����È î 8%T�=<?S;BAB9 î°Ê������ � 9<;BAoCE@O9XDBYMV*?�@O;B9XV*9MDJAJIL@O9M@-AB94�]CE@O9X=<?�@-AJDUT3IL@-AB9
;BCED Z T ú ?�DJK/9 Ä<�fZ ;U9MDUT3ILAdV*?S;B;BILH Z 9GFE9>DUT ¬ ?�CEAB9MDaCE@O9PYMAUT3V*9PFE9>Q0Y<?�K/YMAJDJIN9�;JAB?-=UW�T�;BAJINc�CO9P9M@�IL@EILAJI�T Z IN;UT3@$AoT � 9<= Z 9ò��Gs 9MA Z T�= Z T�;U;JInx�=1T3AJIN?�@�9<;JAJILK/Y<; Ä 8%9<;�H h AJILK/9M@-AB;{;B9MDUT3IN9M@-A�CE@¡9M@O;U9MKXH Z 9]FE9/DB9<=MAUT3@EQ Z 9<;{FO94A�T3I ZLZ 9 � T3DJINY<9 Äö 9MAJAB9dYMAUT3V*9q@:\_TeV�T�;rYMABY ú T3ILAB9b=<T3Dr9 ZLZ 9qDB9<;JAB9qAJDB�<;y=<?�K4V Z 9 ï 9qK]T3IN;r=S\|9<;JA�CE@/T ï 9gAJDB�<;�IL@-ABYMDB9<;U;UT3@-Ap�oFEY � 9 Z ?�VEV*9MD
FOT3@O; Z 9 ú CEAJCED Ä�� ?�AB?�@O;rc-CO9bFOT3@O; Z 9dFE?�K]T3IL@O9aFE9 Z \ ILK]T3Q09MDJIN9e?�VEAJINc�CO9 Z T ú ?�DJK/9bFE9<;rH h AJILK/9M@-AB;p@:\|9<;JA � DUT3ILK/9M@-A
T�=<9<;B;BILH Z 9PFE9 ú T��<?�@�xT3H Z 9�c�C:\_T3C`VEDJI ï FE9GQSDB?S;dIL@ � 9<;JAJIN;B;U9MK/9M@-AB; � � T3I ZLZ T3@OF(IN9MD î8Ê������ �:Ä

8%T]=UW�T í @O9{=M?�K4V*?�DBAB9{FE9<;eILK4V*9MD ú 9<=MAJIN?�@O; î ;JCEDJAB?�CEAGT3Cl@EI � 91T3CvFE9<;oFOYwAU9M=MAB9MCEDU; Ä�ö 9MDJAUT3IL@O; î 9M@�V�T3DJAJIN=MC Z IN9MD
Z TmFEYMAB9<=MAJIN?�@�FE9<;a?�KXHEDB9<; î FE?�I � 9M@-A � ABDB9PT3K/Y Z IN?�DBY<;eFOT3@O; Z 9 ú CEAJCED Ä�ö 9MAJAB9PY � ? Z CEAJIN?�@l;B9 ú 9MDUT ú T�=MI Z 9MK/9M@-AeFOT3@O;
Z T{K/9<;JCEDB9G? �Z \_T Z Q0?�DJILAJWEK/9�FE9 ú CO;JIN?�@�9<;JAbIL@OFEYMV*9M@OFOT3@-AeF(C�@O?�KXHEDB9G9MAaF(C�=<?�@-AB9M@-ClFE9>=<9<;d9M@-AJDBY<9<; ÄR�fZ ;JC Æ A
F^\_T�FOT3VEAB9MD Z 9<;aV�T3DUT3K/�MAJDB9<;oFE9<; ú ?�@O=MAJIN?�@O;eF^\|YM@O9MDJQSIN9 Ä
�o@�K/?-F(C Z 9�FE9!Q0Y<?�DBY ú YMDB9M@O=<9MK/9<@-A/;B9MDUT3ILAmYMQ�T Z 9MK/9M@-A]�vT ¬ ?�CEAB9MD Ä�� ?�CED Z 9!K/?�K/9M@-A î @O?�CO;{@:\_T � ?�@O;{V�T�;mFE9
FE?�@E@OY<9<;aVODBY<=wIN;U9<;a;JCED Z TmV*?S;JILAJIN?�@lF(C`=1T3VEAB9MCED Z ?�DB;aFE9 Z \_T�=<c�CEIN;JILAJIN?�@ ÄC� 9>V Z CO; î(Z TmVEDB? ¬ 9<=MAJIN?�@vT3C`;B? Z ILK4V*?S;U9
FE9{=<?�@E@T í ABDB9{V�T3D ú T3ILAB9MK/9M@-A Z \_T Z AJILAJCOFE949M@�=UW�T�c-CO9XV*?�IL@-A Ä 8k\|9wDBDB9MCEDG;JCED Z \|9<;JAJILK]T3AJIN?�@7=MDBY<9XCE@zFEY<=1T Z T3Q09 Z ?�DB;
FE9 Z T�VEDB? ¬ 9<=MAJIN?�@ Ä 8%T`=<?�K4V�T3DUT3IN;B?�@�FE9<;X9MK4VEDB9MIL@-AB9<;{FE9<;PH h AJILK/9M@-AB;mT3C�;B? Z 9wAXFE9<;�9MK4VEDB9MIL@-AB9<;XVEDB? � 9M@�T3@-A
F^\ CE@O9 � YMDJILABY!AB9MDJDUT3IL@ ø V�T3Dm9 ï 9MK4V Z 9 Z T ô�� � ?�V*?�FE9 Z \ �G�e�Àù @O9!V*9MCEAm;B9 ú T3ILDB9	FE9 ú T��<?�@�T3CEAB?�K]T3AJINc-CO9�9MA
@O9	FE?�@E@O9!V�T�;{V Z CO;mF^\ IL@ ú ?�DJK]T3AJIN?�@,c�CO9 Z T�=<?�K4V�T3DUT3IN;B?�@�9M@�Q0Y<?�K/YMAJDJIN9	DUT�FOT3D49M@¡DUT3IN;B?�@ FE9<;m9MDJDB9MCEDB; Z ?�DB;
FE9 Z T	VEDB? ¬ 9<=MAJIN?�@ Ä �e@zVEDB?�H Z �MK/9]=<?�DB? ZLZ T3ILDB9]F(C7Q0Y<?�DBY ú YMDB9M@O=<9MK]9M@-A{9<;JA Z 94=1T Z =MC Z F(C ò��)óÖø =S\|9<;JA � � � F(ILDB9]FE9
Z \|Y Z Y � T3AJIN?�@7FE9<;G?�H ¬ 9MAB;>V�T3D>DUT3VEV*?�DJA�T3Cz;B? ZIùEÄ�ö 9 Z T!ILK4V*?S;B9mFO9XDB9MAJILDB9MD Z T!W�T3CEAB9MCEDPF(Cz;B? Z 9M@�AB?�CEAGV*?�In@$AG9MA
FE?�@O=RFE9o=<?�@E@�T í AJDB9RV�T3D ú T3ILAB9MK/9M@-A Z 9 ò��*��Ä�ö \|9<;JAgCE@�9oYMAUT3V*9RF(I Æ =MI Z 9Rc-CEI*9<;JAq;B?�C � 9M@-A ú T3ILAB9>T � 9<=oFO9M;qV*?�In@$AB;
F^\_T3K/9MD Äw� T3@O;p=<9b=1T�; î I Z�ú T3CEArCE@4Q0Y<?�DBY ú YMDB9M@O=<9MK/9M@$AkV�T3D ú T3ILA Ä[Ä[Äw� ?�CEDk=<9MAJAB9bDUT3IN;B?�@ î @O?�CO;r@:\_T � ?�@O;rV�T�;yVEDB?�V*?S;BY
FE9P=1T Z =MC Z FE9 ò��)ó 9MAa;B?�K4K/9<;aDB9<;JABY<;o� Z \|YMAUT3V*9�F(C ò��Gs8Ä

¶ ¯*ó#öKþ�·xÿKþfþ_û ÿ�ó�þfòTöåö�ó �¹¸»º õ�þ°Jú^òB¯
8p\_T3@�T Z²õ ;U9>FE9<;bDBY<;JC Z AUT3AB;aFE9 Z T{=UW�T í @O9GF^\|9 ï AJDUT�=MAJIN?�@lFE9 Z \|Y Z Y � T3AJIN?�@�T�V*9MDJK4IN;aFE9RK/9MAJAJDB9G9M@`T � T3@-A Z 9RV*? �

AB9M@-AJIN9 Z FE9 Z \ In@$AB9MD ú YMDB?�K/YMAJDJIN9a9M@{K4I Z IN9MCmCEDJH�T3IL@ Ä 8:9<;yAB9<;JAB;y?�@-AyYMABY ú T3ILAB;y;JCED�AJDB?�IN;yc�C�T3DJAJIN9MDB;rF(I ® YMDB9M@-AB; ø ILK]T3Q09<;ð)ñ)òzsÊógs FE9 Ê������ × Ê������ VEI ï 9 Z ;b=<?�DJDB9<;BV*?�@OFOT3@-Ae��CE@O9>;JCED ú T�=<9RFE9RV Z CO;bFE9 t
 K 2 ù T"xO@�FE9>=<?�@ ú DB?�@-AB9MD Z \_T Zd�Q0?�DJILAJWEK/9���CE@¡QSDUT3@OF�@O?�KXHEDB9	FE9];JILAJC�T3AJIN?�@O; øÐö W�T3VEILAJDB9 g ùEÄys ?�CO;�DBY<;U9MD � 9]c-CO9 Z T�DUYM;U? Z CEAJIN?�@�FE9<;�ILK]T3Q09<;
;U?�ILA4T�FOT3VEABY<9`� Z T�AUT3I ZLZ 9�9wA]� Z T�W�T3CEAB9MCED/FE9<;mH h AJILK/9M@-AB;]��DB9<=<?�@O;JAJDJCEILDB9 îrZ \ IL@-AB9MD ú YMDB?�K/YMAJDJI�9lT3VEV*?�DJAB9�CE@O9
IL@ ú ?�DJK]T3AJIN?�@¡AJDB�<;�VEDBY<=MIN;B9!;JCED Z \|Y Z Y � T3AJIN?�@ Äzò T Z QSDBY Z 9<;�ILK4VEDBY<=MIN;JIN?�@O;{;JCED Z T`=M?�@O@�T3IN;B;UT3@O=<9!FE9<;�V�T3DUT3K/�MAJDB9<;
F(C�=1T3VEAB9MCED ø H�T�;B9 î W�T3CEAB9MCEDmFE9 Z \_T � IN?�@ ù/î%Z 9<;XW�T3CEAB9MCEDB;m9<;JAJILK/Y<9<;{;B?�@-AXAJDB�<;XVEDB?-=UWO9<;{FE9 Z T`DBY1T Z ILABY Ä~æ CO9 Z T
VEDBY<=MIN;BIL?�@]T Z AJILK/YMAJDJINc-CO9aFE9<;rFE?�@E@OY<9<; î I Z @:\|9<;JAyV�T�;yV*?S;B;BILH Z 9bF^\|9<;JV*YMDB9MDrK4IN9MC ï°Ä7� 9<;rFEYMAUT3I Z ;pFOT3@O; Z 9<;yAB?�ILAB;r;B?�@-A
?�HEAB9M@-CO; ø c�C�T3@OFv?�@v@O9�K/? õ 9M@E@O9{Y � INFE9MK4K/9M@-A>V�T�; Z T/W�T3CEAB9MCEDG;JCEDoAB?�CEAB9 Z T!;JCED ú T�=<9{F(C�AB?�ILA ù	k�Z 9<;GT3DB=UWO9<;
FE9<;RQSDUT3@OFE;oH h AJILK/9M@-AB;G;B?�@-AR= Z T3ILDB9MK/9M@-A � IN;JILH Z 9<; î�Z 9<;oAB?�ILAB;G�/V Z CO;JIN9MCEDB;R@EI � 91T3C ï YMQ�T Z 9MK/9M@-A Äf� ?�CO;o@:\_T � ?�@O;
V�T�;o9<;B;UT õ YGF^\|9<;JAJILK/9MD Z 9<;aV Z T3@O;oFE9<;aAB?�ILAB;o9M@`V*9M@-AB9X=1T3D Z 9<;e;BCED ú T�=<9<;eFE9<;eK]T3IN;B?�@O;o;B?�@-AaAJDB?�VlDBY<F(CEILAB9<;eV*?�CED
T � ?�ILDdCE@O9GH*?�@E@O9P9<;BAJILK]T3AJIN?�@ Ä:ò T3IN;a=S\|9<;JAaAJWOY<?�DJINc�CO9MK/9M@-AoV*?S;B;JILH Z 9G9MA Z 9>K/?-FE� Z 9�FE9 � s ?-9MDJQ09 Z 9MAeT Z�Ä²îCÊ�����È T �
Z 9GVEDB9M@OF`F^\_T3I ZLZ 9MCEDB;o9M@l=<?�K4VEAB9 Ä

8p\ IL@-AB9MD ú YMDB?�QSDUT�K4K/9�FE?�@E@O9lCE@O9�9<;JAJILK]T3AJIN?�@¼FE9lW�T3CEAB9MCED	c-C�T�;JILK/9M@-A	9M@¢=UWT�c�CO9lVEI ï 9 Z�Ä 8%9<; ÷ ?�@O9<;	FE9
DB9<=<?�C � DB9MK/9M@-Ae9MA Z 9M; ÷ ?�@O9<;aF^\|?�KXHEDB9>DB9<;JAB9M@-Aa=<9MV*9M@OFOT3@-Ae;�T3@O;qIL@ ú ?�DJK]T3AJIN?�@l9MAbI Z @:\|9<;JAbV�T�;dV*?S;B;JILH Z 9GFE9>;1\|9M@
T ® DUT3@O=UWEILDrT � 9<=kCE@O9g;B9MC Z 9gAJDUT�=<9 Ä_ó @XK4I Z IN9MC{CEDJH�T3IL@ î3Z 9<;�?�KXHEDB9<;�V*9MC � 9M@-Ay9M@-AJDUT í @O9MD�CE@O9gV*9MDJAB9qF^\ IL@ ú ?�DJK]T3AJIN?�@
c-CEIV*9MCEA � AJDB9RFE9 ���{£ ;JCED Z 9<;gDB?�CEAB9<; � s ?-9MDJQ09 Z 9MAdT Z�Ä²îRÊ�����È H �:ÄR� T3@O;q=<9R=1T�; î-Z 9<;q=<?�CEDJH*9<;dFE9e@EI � 91T3C ï F(C�;B? Z
;U?�@-AbF(I Æ =MI Z 9<;e�{?�HEAB9M@EILDe9wAa?�@�V*9MDBF Z TXDBY ú YMDB9M@O=<9>V*?�CEDa=<T Z =MC Z 9MD Z TXW�T3CEAB9MCEDaFE9<;bH h AJILK/9M@-AB;dV�T3DdDUT3VEV*?�DJAeT3C

t;��ä



gZÄ«ÊRÄ �<Ä2ö ?�K4V�T3DUT3IN;B?�@vT � 9<= Z TmDUT�FOT3DJQSDUT3K4K/YMAJDJI�9

;U? Z�Ä
�e@�;B9MC Z =<?�CEV Z 9�IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9�FE?�@E@O9�FE?�@O=lCE@O9lVEDB9MK4IN�MDB9v9<;BAJILK]T3AJIN?�@�F(C ò��Gs c-CEIeDB9M@OF¢HEIN9w@

=<?�K4VEAB9	FE9 Z T`;B=<�M@O9 Ä 8p\ INFE9M@-AJInx�=1T3ABIN?�@ FE9<;X?�H ¬ 9MAB;�DB9<;JAB9]F(I Æ =MI Z 9 Ä�� ?�CEDmT � ?�ILD�CE@�K/9MI ZLZ 9MCED{DBY<;JC Z AUT3A î I Z 9<;JA
IL@OF(IN;BV*9M@O;UT3H Z 94F^\|9M@EDJIN=UWEILD Z 9<;GFE?�@E@OY<9<;PF^\|9M@-AJDBY<9/T � 9<=mFE9<;>ILK]T3Q09<;>KXC Z AJI � AJDUT�=<9<;�?�C�KXC Z AJI � IL@O=MINFE9M@O=<91; Ä�ñz� 9<=
FE9MC ï AJDUT�=<9<;RV*9MDJV*9M@OF(IN=MC Z T3ILDB91; î*Z 9XAUT3C ï FE9{;B? Z DU9M=<?�@O;BAJDJCEILAG9<;JA>T3CEQSK/9M@-ABY49MAoI Z 9<;JARYMQ�T Z 9MK/9M@-AGV*?S;B;JILH Z 9{FE9
DB9<=<?�@O;BAJDJCEILDB9 Z 9<; ÷ ?�@O9<;eFE9>DB9<=<?�C � DB9MK/9M@-A Ä
� û ÿiùTòIþQþ8úPó#òTþa¯3÷½·bõtó#õ�þföi÷

8:9<; ò��>s DB9<=<?�@O;BAJDJCEILAB;�V�T3D�IL@-AB9MD ú YMDB?�K/YMAJDJIN9�T � 9<=vCE@�;B9MC Z =<?�CEV Z 9�IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9zDB9<;JAB9M@-A�F^\ CE@O9
c-C�T Z ILABY/HEIN9M@�K/?�IL@OF(DB9!c�CO9/=<9 ZLZ 9]FE9<; ò��Gs =1T Z =MC Z Y<;�V�T3DX;JABYMDBY<?S;B=<?�VEIN9!?�VEAJINc�CO9 î K]T Z QSDBY Z 9<;PVEDB?�H Z �MK/9<;{FE9
DB9<=1T Z T3Q09kc-CO9yV*9MCEA:DB9M@O=<?�@-AJDB9MD�=<9MAJAB9pK/YwABWO?-FE9 Ä3s ISCE@PCEAJI Z IN;UT3AB9MCED�T Z 9p=UWO?�I ï 9M@-AJDB9rCE@ ò��Gs IL@-AB9MD ú YMDB?�K/YMAJDBILc-CO9
9MAaCE@ ò��Gs ?�VEAJINc�CO9 î I Z @:\ õ T4T3CO=MCE@�FE?�CEAB9P;JCED Z 9P=UWO?�I ï c-C:\ I Z�ú 9MDUT Ä

� T3D�=<?�@-AJDB9 î�Z T ú CO;BIN?�@XFE9 Z \|?�VEAJINc�CO9g9MA�F(CXDUT�FOT3D�9<;BA:CE@O9kVEIN;JAB9pVEDB?�K/9MAJAB9MCO;B9 Ä 8%T ú CO;JIN?�@�V*9wCOA%IL@-AB9MD � 9M@EILD�FE9
FE9MC ï K]T3@EIN�MDB9<;bF(I ® YMDB9M@$AB9<; k ;B?�ILAg9M@-AJDB9oCE@!=<?�CEV Z 9o;BABYMDBY<?S;B=<?�VEINc�CO9R?�VEAJINc�CO9o9MAgCE@!=<?�CEV Z 9oIL@-AB9MD ú YMDB?�K/YMAJDBILc-CO9
DUT�FOT3D î ;B?�ILAm9M@-AJDB9!CE@O9!ILK]T3Q09�?�VEAJINc�C�9	9MA{CE@ =M?�COV Z 9!IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9	DUT�FOT3D ÄKñ @O?�AJDB9�T � IN; î%Z 9!VEDB9MK4IN9MD
=1T�;	@:\|9<;JA	V�T�; Z 9�V Z CO;	In@$ABYMDB9<;B;UT3@-A�=1T3D	I Z @:\|9<;JA	V�T�;	;J}ED�c�CO9 Z 9<;	ILK]T3Q09<;	DUT�FOT3D`T3DJDJI � 9M@-A���T3K/Y Z IN?�DB9MD Z 9
DB9<=1T Z T3Q09GF(C�=M?�COV Z 9R;BABYMDBY<?S;B=<?�VEINc�CO9 Ä�ó @�9 ® 9MA î I Z�õ T{T3CO;B;JI�FE9<;q?�KXHEDU9M;d9M@	DUT�FOT3D:� � T3Dd=<?�@-AJDB9 î$Z TXFE9MC ï IN�MK/9
VEIN;BAB9!;U9MKXH Z 9	FOT � T3@-A�T3Q09!DBYMV*?�@OF(DB9`T3C ï�Z ILK4ILAB9<;mFE9 Z \ IL@-AB9MD ú YMDB?�K/YMAJDJIN9 Ä 8:9	VEDB?�H Z �MK/9�T � 9<=]CE@ ;B9MC Z =<?�CEV Z 9
IL@-AB9MD ú YMDB?�K/YMAJDJINc-CO9`9<;JA4F^\|?�HEAB9M@EILD]FE9<;4=<?�@-AB?�CEDB;/VEDBY<=MIN;4FE9<;/?�H ¬ 9MAB; Ä �e@O9 ú ?�IN;4c�C�9 Z 9<;4=<?�@-AB?�CEDB;/;B?�@-A4HEIN9w@
FEYMAB9<=MABY<; îyZ T�W�T3CEAB9MCED/;U9wD�Tv9<;JAJILK/Y<9�=<?�@ � 9M@�T3H Z 9MK/9M@-A ø FOT3@O; Z T Z ILK4ILAB9�FE9 Z T�DBY<;B? Z CEAJIN?�@¢T Z AJILK/YMAJDJINc�CO9`FE9<;
ILK]T3Q09<; ùSÄP  D Z 9<;	=<?�@-AB?�CEDB;�;B?�@-A	V Z CO; ú T�=MI Z 9<;��¡FEYMAB9<=MAB9MD�FOT3@O; Z 9<;	ILK]T3Q09<;�?�VEAJINc-CO9<; k =<9MAJAB9 ú CO;JIN?�@ ¬ ?�CO9
� DUT3ILK/9M@-Aa;JCOD Z 9<;aT�;JV*9<=MAB;a=<?�K4V Z YMK/9M@-AUT3ILDU9<;eFE9<;dFE9MC ï ILK]T3Q09<; Ä�� 9RV Z CO; î(Z \ ILK]T3Q09G?�VEABILc-CO9G9MA Z \ ILK]T3Q09>DUT�FOT3D
V*9MC � 9M@-A � AJDB94�	FE9MC ï DBY<;U? Z CEAJIN?�@O;GF(I ® YMDB9M@-AB9<; Ä°�[Z 9 ï IN;JAB9{FE9<;G;UT3AB9 ZLZ ILAB9<;G?�VEAJINc-CO9<;P�!W�T3CEAB9{DBY<;B? Z CEAJIN?�@ ø¾s V*?�A
ä�îfj CEIN= 
Êô ILDBF î8�:
 ?�@O?S;eV�T3DR9 ï 9MK4V Z 9 ù c-CEI�T�;B;JCEDB9M@-AoCE@O9X=<?�C � 9MDJAJCEDB9�DBYMQSC Z IN�MDB9{FE9 Z T/AB9MDJDB9 Ä 8:9MCEDRDBY<;B? Z CEAJIN?�@
9<;BAa;JC Æ ;UT3@-AB9GV*?�CEDaHEIN9M@lFEYMAB9<=MAB9MD Z 9<;a=<?�@-AB?�CEDB;o9MA Z 9<;aDB9MV*?�DJAB9MDoFOT3@O; Z \ ILK]T3Q09PDUT�FOT3D Ä
8%9bVEDJIL@O=MILV*9dQ0YM@OYMDUT Z T3VEV�T3DUT í AkAJDB�<;p;JILK4V Z 9bVECEIN;Bc-C:\ I Z hf;JC Æ AjidFE9dFEYMAB9<=MAB9MD Z 9<;p=<?�@-AB?�CEDB;kFOT3@O; Z \ ILK]T3Q09a?�VEAJINc-CO9
VECEIN;GFE9 Z 9<;RVEDB? ¬ 9MAB9MDGFOT3@O; Z \ ILK]T3Q09mDUT�FOT3DG9MA>F^\|9<;JAJILK/9MD Z T]W�T3CEAB9MCED��]V�T3DJAJILDGFE9 Z \ IL@-AB9MD ú YMDB?�QSDUT3K4K]94;JCED Z 9<;
9MK4VEDB9MIL@-AB9<; Ä[Ä[Ä�ó @¡VEDUT3AJINc-CO9 î =<9/@:\|9<;BA�V�T�;X;BI ú T�=MI Z 9r� � ?�CEAB9 Z T`VEDB?�H Z YMK]T3AJINc�CO9�FE9]=<9MAJAB9 ú CO;JIN?�@�DB9MV*?S;B9!;JCED
Z 9GDB9<=1T Z T3Q09�9M@-AJDB9PILK]T3Q09MDJIN9PDUT�FOT3Do9MAaILK]T3Q09MDJIN9�?�VEAJINc�C�9 Ä 8%T4Q0Y<?�K/YMAJDJIN9�F^\_T�=<c-CEIN;JILAJIN?�@�YMAUT3@-AaAJDB�<;eF(I ® YMDB9M@-AB9 î
Z 9vDB9<=1T Z T3Q09�@O9vV*9MCEA�;�\|9 ® 9<=MAJCO9MD�V�T3D�=<?�DJDBY Z T3AJIN?�@ Z ?-=1T Z 9 ÄQó @¼K4I Z IN9MC�CEDJH�T3IL@ î I Z½ú T3CEA�;�\_T3VEVEC õ 9MD�;BCED�FE9<;
VEDJILK4ILAJI � 9<;qFE9<;kH h AJILK/9M@-AB; ø =<?�IL@O;gDBY Ç 9<=MAB9MCEDB;gV�T3Dq9 ï 9MK4V Z 9 ù V*?�CEDgDB9<=1T Z 9MD Z 9<;gFE9MC ï ILK]T3Q09<; Ä�ö 9MAJAB9RT3VEVEDB?-=UWO9
T/=<?�K4K/9M@O=<Y{� � AJDB9�FEY � 9 Z ?�VEV*Y<9XFOT3@O; � � CEVEIL@v9MA ð ?�C ï�îCÊ�����È � 9MAe9 ZLZ 9�9<;JAeV*?�CEDB;JCEI � IN9XT�=MAJCO9 ZLZ 9MK/9M@-ARV�T3Dou Ä
� CEVEIL@�9MA òÂÄ ð ?�C ï T3C � YMV�T3DJAB9MK/9M@-A �esZ� FE9 � Y Z Y<=<?�K � T3DJIN; Ä

8:94FE9MC ï IN�MK/9]T ï 94F^\_T3K/Y Z IN?�DUT3AJIN?�@�FE9<; ò��Gs =<?�@O;JAJDJCEILAB;X�!VT3DJAJILDPFE9<;GIL@-AB9MD ú YMDB?�QSDUT3K4K/9<;X9<;JA Z T ú CO;JIN?�@
FE9PV Z CO;JIN9MCEDB;o=<?�CEV Z 9<;eIL@-AB9MD ú YwDU?�K/YwABDJINc�CO9<; ø KXC Z AJI � IL@O=MINFO9M@O=<9{9MAaKXC Z AJI � AJDUT�=<9<; ù =<?�K4K/9�@O?�CO; Z \_T � ?�@O;eF(IN;U=wCOABY
VEDBY<=<Y<FE9MK4K/9M@$A Ä 8%9M;kAJDUT � T3C ï FE9 s ?-9MDJQ09 Z 9MAgT Z�ÄO� s ?-9MDJQ09 Z 9MAgT Z�Ä²îWÊ�����È T � 9MA ô ? Z AB9MD � ô ? Z AB9MD îZÊ������ �w¬ ?�CO9M@-AgFEY ¬ �
;BCEDa=<9<;dIL@ ú ?�DJK]T3AJIN?�@O;aKXC Z ABInV Z 9<;o9MAaVEDB?�C � 9M@-Aoc�CO9P=S\|9<;JAdCE@�T ï 9GFE9GDB9<=UWO9MDB=UWO9PVEDB?�K/9MAJAB9MCED Äó @(xO@ î 9M@�V�T3D�T ZnZ � Z 9]FE9m=<9<;GK/YMAJWO?-FE9<;�FE9{ABDUT3ILAB9MK/9w@$A�FE9<;GILK]T3Q09<; î @O?�CO;GAJDB?�C � ?�@O;GAJDB�<;>IL@-ABYMDB9<;B;�T3@-APFE9
;U9RDB9MV*9M@O=UWO9MDo;JCED Z 9>VEDB?�H Z �MK/9PFE9<;a;JILKXC Z T3AJIN?�@O;aV*?�CEDe=<?�@O;JAJDJCEILDB9GCE@l;JILKXC Z T3AB9MCEDeF^\ ILK]T3Q09<;aDUT�FOT3De9M@�K4I Z IN9MC
CEDJH�T3IL@�T � 9<=aCE@!V Z CO; Z T3DJQ09oFE?�K]T3IL@O9RF^\_T3VEV Z IN=1T3AJIN?�@�c-CO9e=<9 Z CEI�c�CO9e@O?�CO;bT � ?�@O;qYMAJCOF(INY Ä 8�T�=<?�K4V�T3DUT3IN;B?�@�FE9<;
;BILKXC Z T3AJIN?�@O;{T � 9<= Z 9<;PILK]T3Q09<;�DBY<9 ZnZ 9<;{T3INFE9/QSDUT3@OFE9MK/9M@-Am� Z T`=<?�K4VEDBYMWO9M@O;JIN?�@�FE9<;PILK]T3Q09<; Äz� ?�CED Z \ IL@O;JAUT3@-A î
I Z ;B9MKXH Z 94F(I Æ =MI Z 9/F^\ IL@ � 9MDB;B9MD Z 9<;P;JILKXC Z T3AJIN?�@O;PV*?�CEDGDB9MK/?�@-AB9MDXT3C ï K/?-FE� Z 9<;P=1T3D Z 9<;GV�T3DUT3K/�MAJDB9<;�;B?�@-AGAJDB�<;
@O?�KXHEDB9MC ï 9MAe=<9 Z T/@O9P;U9MKXH Z 9PV�T�; � AJDB9�CE@O9PAJDUT3@O; ú ?�DJK]T3AJIN?�@�HEI ¬ 9<=MAJI � 9 Ä�ò T3IN;aI Z ;B9MKXH Z 9PV*?S;B;JILH Z 9�FE9 � T Z ILFO9wD
CE@O9]IL@-AB9MDJVEDBYMAUT3ABIL?S@�FE?�@E@OY<9!V�T3DX=<?�K4V�T3D�T3IL;U?�@ FE9 Z Tl;JILKXC Z T3AJIN?�@�T � 9<= Z \ ILK]T3Q09!K/9<;JCEDBY<9 Ä 8:9<;{;JILKXC Z T3AJIN?�@O;
V*?�CEDJDUT3IN9M@-A � AJDB9GIL@-ABYMQSDBY<9<;o� Z T{DB9<=<?�@O;JAJDJC�=wABIL?�@ È7�¿Z ?�DB;eF^\ CE@O9PYMAUT3V*9PFE9 � T Z ILF�T3AJIN?�@lF(C ò��>s 9<;JAJILK/Y Ä

t;���



À ÁÂÁÄÃ�ÅÆÃ À

Ç ¦©È§ª%É å�Ê ËÌÊÆÍ ÈÏÎ ë Ê¿Ð È§¨ ë Í ËÌÊÆÍ ¬rÑ È»Ò Ê¿Í
Ç Ê Î¡¥ Í�Ê ¦ Íz¬ ¦ÌÒ

8:9<;�ILK]T3Q09<; ñ 9MDB?S;B9M@O;JIL@EQv;B?�@-A�AJDB�<;�HEDJCEILABY<9<; k 9M@ � ILDB?�@ ���0£ FE9 Z \ ILK]T3Q09	FE9/VEW�T�;B9!9<;JAX=<?�DJDBY Z Y<9!9MA Z 9<;
ILK]T3Q09<;qF^\_T3K4V Z ILAJCOFE9R;B?�@-Ag9M@-AUT�=UWOY<9<;qFE9 ú ?�DJAB;g;JIL@-CO;k=1T3DBF(IL@�T3C ï°ÄW� 9<;kYMAJCOFE9<; � � 9MAJILAq9MAqT Z�Ä²îWÊ����(t H � ?�@$Ag=<9MDJAB9<;
K/?�@-AJDBYPFE9<; ÷ ?�@O9<;aFE9G=<?�DJDBY Z T3AJIN?�@�FE9RVEW�T�;U9Gc�CEI:=<?�@-AJDB9<F(IN;B9M@-A Z 9<;a;JAUT3AJIN;JAJINc-CO9<;dFE9G=UW�T3AB?�IN9MK/9M@-AeV Z 9MIL@O9MK/9M@-A
FEY � 9 Z ?�VEV*Y Ä§ò T3IN;�=<9<; ÷ ?�@O9<;y;B?�@-A�AB?�C ¬ ?�CEDB;rFE9gAUT3I ZLZ 9gDB9<;JAJDB9MIL@-AB9b9MArT�;B;B?-=MINY<9<;r�oFE9<;y;JCED ú T�=<9<;�HEIN9M@{V�T3DJAJIN=MC Z IN�MDB9<;ø V�T3De9 ï 9MK4V Z 9PFE9<;a�bT3Q0?�@O;aK/YMAUT ZLZ INc�CO9<;o?�ClFE9<;dDUT3I Z ; ùEÄ

8:9bHEDJCEILAk=<?�@-AB9M@-C]FOT3@O; Z 9<;rILK]T3Q09<; ñ 9MDB?S;U9M@O;JIL@EQG@O9bV*9MCEA � AJDB9dF(}]�RCE@4VEWOYM@O?�K/�M@O9aVEW õ ;JINc-CO9bFE9d;BCED ú T�=<9
9MAeDB9 Z � � 9PV Z CO;RFE9 Z T/; õ @-AJWO�<;B9�9MAoFE9 Z \_T�=<c�CEIN;BILAJIN?�@vFE9<;eILK]T3Q09<; Ä#� T3@O;o=<9MAJAB9{T3@E@O9 ï 9 î�Z 9X;JILQS@�T Z FE9PV Z CO;BIN9MCEDB;
ILK]T3Q09<;q9<;BAgYMAJCOF(INYeV*?�CEDgAB9M@-AB9MDbFE9eFEYMQ�T3Q09MDbFE9<;g9 ï V Z IN=1T3AJIN?�@O; Ä 8�TPVEDB9MK4IN�MDB9eVEIN;BAB9e9<;JAg=<9 ZLZ 9RF(C!=UWEILDJV	; õ @-AJWOY �
AJINc-CO9 ÄÊó @�9 ® 9MA ñ 9 s��Ut @:\|YMK/9MAbV�T�;gCE@�;JILQS@�T Z FE9 ������ò � ÷ K]T3IN;bc-C�T3AJDB9R;JILQS@�T3C ï FE9 t;����ò � ÷ 9M@	DUT3IN;B?�@�FE9
=<?�@-AJDUT3IL@-AB9<;XAB9<=UWE@O? Z ?�QSINc-CO9<; øIú DBY<c-CO9M@O=<9]F^\|Y<=UW�T3@-AJI ZLZ ?�@E@T3Q09!AJDB?�V¡Y Z 9 � Y<9 î DBY<;JIN;JAUT3@O=<9]FE9<;�=<?�K4V*?S;�T3@-AB; ùEÄ 8�T
=<?�KXHEIL@�T3IN;U?�@�FE9<;�c�C�T3AJDB94H�T3@OFE9<;PV*?�CEDJDUT3ILA � AJDB94CE@O94;B?�CEDB=<9/F^\|9MDJDB9MCEDB; ÄTò T Z WO9MCEDB9MCO;U9MK/9w@$A�V*9MC�FE9mHEILH Z IN? �
QSDUT3VEWEIN9P9<;JAdF(IN;JV*?�@EILH Z 9P;JCED Z 9G;JC ¬ 9MA Ä:ö ILAB?�@O;dAB?�CEAaFE9>K � K/9 Z 9<;bAJDUT � T3C ï FE9 ö CEK4K4IL@EQ � ö CEK4K4IL@EQ]9MA � CO? î
t;���wg H � 9MA Z 9<;PAJDUT � T3C ï ;JCED Z 94K/?-FE9 s =1T3@ sÊñ½ð FE9 ð=ñ�=ñ½ðRsÊña�ìøG� ñoZ HEDB9<=UW-A î~Ê�����Ê � V�T3DX9 ï 9MK4V Z 9 ùEÄzò T3IL;
T3CO=MCE@l@O9>DB9 Z T3AB9�FE9<;eT3DJAB9 ú T�=MAB;e;JILK4I Z T3ILDB9<; Ä

� T3@O;]CE@,VEDB9MK4IN9MD!AB9MK4VO; î CE@O9lYMAJCOFE9 � IN;JCO9 ZLZ 9`FE9<;]ILK]T3Q09<;!9<;JA ú T3ILAB9 Ä¥� CEIN; Z 9<;];BV*9<=wABDB9<;]FE9<; s 8 ö 9MA
FE9<;oVEW�T�;B9<;o;B?�@$ART3@�T Z²õ ;BY<;o9MAoFE9<;ex Z AJDUT3Q09<;R;B?�@-AoAB9<;JABY<; ÄC� ?�CEDexO@EILDRFE9MC ï W õ V*?�AJWO�<;B9<;R;B?�@-AeVEDB?�V*?S;BY<9<;oV*?�CED
=<?�K4VEDB9M@OF(DB9 Z 9>HEDJCEILAo;JCED Z 9P;JILQS@�T Z�Ä

� ï ü � ¯�ú^ùBÓe÷#öåø3öi÷éòMû úaÔ^öi÷

Õ �:¯y�:¯ Ö ³°¼¥Ü©Ý:·ÂÛa½~º ³°¶>¼a·sÜ"�}³8µ�¶:³°Ý

ó @�=<?�K4V�T3DUT3IN;B?�@lT � 9<= Z 9<;qILK]T3Q09<; ð)ñ)òzsÊógs»ø u�ILQSCEDB9 ñ3ÄLt ù/î-Z T�VEW�T�;U9RFE9<;gILK]T3Q09<; ñ 9MDB?S;U9M@O;JIL@EQm9<;JAqHEIN9w@
V Z CO;e=<?�DJDBY Z Y<9 î =<?�@-AJDUT3ILDB9MK/9M@-A>� Z TmAJWOY<?�DJIN9PVEW õ ;JINc-CO9 Ä

8%T`=<?�DJDBY Z T3AJIN?�@�9<;JAPAB9 ZLZ 9]c-C:\ I Z 9<;JAXT3IN;BY/FE9];JCEI � DB94CE@O9 Z ILQS@O9]FOT3@O; Z \ ILK]T3Q09!FE9/VEW�T�;B9]9MAXT3IL@O;JIg?�DJIN9M@-AB9MD
Z \ ILK]T3Q09 ÄKö 9 Z T�;JCOQSQ0�wDU9/c-CO9 Z 9<; Z ILQS@O9<;X?�@-A�YMABY4AJDUT3ILABY<9<;�IL@OFEYMV*9M@OFOT3K4K]9M@-A Z 9<;PCE@O9<;�FE9<;XT3CEAJDB9<; Äy� ?�CEDJAUT3@-A
CE@O9GV*YMDJIN?-F(IN=MILABYXFE9 Z TmVEW�T�;B9P9<;JAaYMQ�T Z 9MK/9M@-A � IN;JILH Z 9G9M@l=<? Z ?�@E@O9 ø u�ILQSCEDB9 ñ3Ä«Ê ùEÄ

�e@O94T3@�T Z²õ ;B9{V Z CO;RxO@O94FE9 Z \_T3K4V Z ILAJCOFE9/;B?�C Z ILQS@O9 Z T!VEDBY<;U9M@O=<94FE9{@O?�KXHEDB9MC ïvZ ?�H*9<;P;B9<=<?�@OFOT3ILDB9<;P;JCED Z 9<;÷ ?�@O9<;gFE9e;B? Z FE?�@-A Z 9<;pK/?�AJI ú ;pDB9MVEDB9M@E@O9M@-Ab=<9MC ï FE9 Z TGVEW�T�;B9 ø u�ILQSCEDB9 ñ3Ä«È ùEÄ 8%TP=<?�DJDBY Z T3AJIN?�@�FE9<;pVEW�T�;B9<;g;B9MDUT3ILA
FE?�@O=PF(C�9P�mCE@�AUT3C ï IL@EW�T3HEILAJCO9 Z FE9 Z ?�H*9<;e;U9M=<?�@OF�T3InDU9M; Ä:ò T3IN;dV*?�CEDBc-CO?�I�T � ?�@O; � @O?�CO;eT3COAUT3@-AeFE9 Z ?�H*9<;�

t;�wg



ñ3ÄLt�ÄLt�Ä<� T3@�; Z 9GFO?�K]T3In@�9P;BV�T3AJI�T Z

ø T ù ø H ù

ø = ù ø F ù

�� ��! �©"B$�&*Ái47)*+�=7DG=7-VLS476�1�2�,T� =7,B,.0ZDT2U1�2�,d={+CQZ=�Lb2U1w=�6�LK,[2ELK-B)5=;H�2MLX(*2EDG4�L;2E6�LE-V6WH'2S/^Î_(£ �(×A� � � =S�|2S/
� N �'-V)5=;HW2ML�1z� =7)*+#,§-B/%0�1�2M? � O �s2b/ � 1E�'-B)5=;H�2ML�1W25+CQZ=7Lb2�OT47DEDT2ML:+�476#1w=76C/:2^Ø � =E�s2S/ � O��'-V)5=;HW2
(*2EDG4�L;2E6�LE-V6WH � ã@47682�170�Áy¤ ×}� �@? � N>�{2b/ � 1E�5-V)5=;H�2eÎ^(£ �(×}� �

�� ��! �©"nr�& × u�/%DT=7-B/�1W2ML3+#-duW2E,ÅL©Ò-Ù0Ù'ê'Ò�Ú"Ù'1z� 0W6f2©OI47,[476<682�1w=76�Lv,T� -V)5=;H�2�1�2J+CQZ=�L;2 � ,[2EL�47DG1�476<68FI2MLvLS4�6C/
OI47)*+#DE-cLb2EL�2E6#/%DT2mÙ�2S/

2π
`~�_2Gu�/%DT=7-B/�Ø<DG=wOM23ß4Û~476f2 � DE-VLS476��

t;���



ñ�ÄLt�Ä:ñ @�T Z²õ ;B9GFE9<;dILK]T3Q09<;

ø T ù ø H ù

�� ��! �©"[��&*Ái47DEDT2ML�+�47681w=76#OM231�2MLt)54�/%- �MLt1�2P+CQZ=�L;232b/A1z� =7)*+#,.-%/%0�1�2t�bÛ~47682P+#DE-cLb476 � /a£©-\OEQR2E,

ö 9<;qK/?�AJI ú ;d;B?�@-Abc�C�T�;BILK/9M@-AqAB?�C ¬ ?�CEDB;aT�;B;B?-=MINY<;d�XFE9<; ÷ ?�@O9<;bF:\|T3K4V Z ILAJC�FE9 ú T3ILH Z 9 ø ��VEDB? ï ILK4ILABY>FE9oDBY Ç 9<= �
AB9MCEDB;GV Z CO; ú ?�DJAB; ù/î T3CzV*?�IL@-APc�CO9{V*?�CODG=<9MDJAUT3IL@O9<; ÷ ?�@O9<; î I Z 9<;JA>VEDB9<;Bc-CO9{V*?S;B;BILH Z 9mFE9m;BCEI � DB9 Z 94=<?�@-AB?�CEDPFE9<;
H h AJILK/9M@-AB;G9M@�;JCEI � T3@-A Z 9M;>=<?�@-AB?�CEDB;G9 ï ABYMDJIN9MCEDB;GFE9<; ÷ ?�@O9<;>? vZ T]VEW�T�;B9{9<;JA>;JAJDJINY<9 Ä�ö 9<=MIy9<;JARCE@vV*9MCvK/?�IL@O;
� DUT3IFOT3@O; Z 9<; ÷ ?�@O9<;qFE9 � YMQ0YMAUT3AJIN?�@ ø�� DUT3@OF ð ?�@OF ùEÄW� 9MCEA �:� AJDB9Rc-CO9 Z T�; õ @-AJWO�<;B9eF(C!=UWEILDJV!DB9MW�T3C�;B;B9 Z 9M; Z ?�H*9<;
;U9<=M?�@�FOT3ILDB9<;� � T3@O;d=<9>=1T�; î$Z 9>=UWEILDJV�FE?�ILAaT � ?�ILD Z T3IN;B;BY>FE9<;qAJDUT�=<9<;aFOT3@O; Z 9R;BILQS@�T Z DUT�FOT3Dd9MAbV�T3DJAJIN=MC Z IN�MDB9MK/9<@-A
FOT3@O; Z 9P;JV*9<=MAJDB9 Ä

Õ �:¯y�V± Ö ³°¼¥Ü©Ý:·ÂÛa½~º ³°¶>¼a·�� ´0�Ü�²¥·C¼~µw¶�·CÝ
8:9�;JV*9<=MAJDB9�FE9<;mILK]T3Q09<; ð)ñ)òzsÊógs 9<;JA{CE@�;BV*9<=MAJDB9	H Z T3@O=�V*?�@OFEYMDBY ø u�ILQSCEDB9 ñ3Ä � ø H ù<ùEÄÕ� T3D/=<?�@-AJDB9 îyZ 9

;BV*9<=wABDB9aFE9<;pILK]T3Q09<; ñ 9MDB?S;B9M@O;JIL@EQPV*?�DJAB9eFE9<;pAJDUT�=<9<;k@O9MAJAB9<;kFE9 Z TG; õ @-AJWO�<;B9dF(C!=UWEILDJV ø u�ILQSCEDB9 ñ3Ä � ø T ù<ù�k I Z:õ T
AJDB?�IN; ú DBY<c-CO9M@O=<9<;bFE9R=<?�CEVECEDB9<; � IN;JILH Z 9<; Ä 8:9<; Z ILQS@O9<;dFE9o=<?�CEVOCEDB9>;B?�@-A Z YMQ0�MDB9MK/9w@$AbIL@O=MCED � Y<9<;qV*?�CED Z 9<;gW�T3CEAU9M;ú DBY<c-CO9M@O=<9M;4T ÷ ILKXCEAUT Z 9<; Äi  @¡V*9MCEAm=MDUT3IL@OF(DB9!CE@¡AJDUT3ILAB9MK/9M@-Am@O?�@¡CE@EI ú ?�DJK/9	;JCED Z 9<; Z ILQS@O9<;{FOT3@O; Z T`K/9<;BCEDB9
? �Z 9X=1T3VEAB9MCEDGT � T3@O=<9X9M@-AJDB9{FE9MC ï K/9M;BCEDB9<;RFE9<;R;B?�CO; � H�T3@OFE9<;>9M@-AJDUT í @�T3@-ARCE@ Z YMQ09MD>=UW�T3@EQ09MK/9M@-AGFE9 Z \_T3@EQ Z 9
T ÷ ILKXCEAUT Z�Ä �o@ AJDUT3ILAB9MK/9M@-A!=<?�DJDB9<=MAJI ú T�=<9MDJAUT3IL@O9MK/9M@-A!F(} � ABDB9`T3VEV Z INc-COY Ä �dÝ �*Þ: p�����%ß-�1�����&�7 y����ày.0'(�1����.��
+ Ý 2�)��1�3'O���1�-�7�$)*�!�7�*)%�^+y�&�7�-)������)�)%�-�oáJ�&��
*)%��â7�&��
*)%�Oã����<�]ä['O���1��+�'O)%�]��'z��2����1�C"

�e@	T3CEAJDB9e;JV*9<=MAJDB9aIL@-AUYwDU9M;U;UT3@-Aq�PYMAJCOF(IN9MDq9<;JAk=<9 Z CEI*FE9 Z T>VEW�T�;U9 ø 9M@]AUT3@$Agc�CO9e;JILQS@�T Z DBY<9 ZIùEÄÊö 9aV�T3DUT3K/�MAJDB9
;U9MKXH Z 9bF(ILDB9<=MAB9MK/9M@-ApV*9MDJAJCEDJH*YdV�T3D Z 9b=UWEILDJV/; õ @$AJWOYMAJINc�CO9 î FE?�@O=b;U?�@4;JV*9<=MAJDB9dFE?�ILAr9M@4V*?�DJAB9MDrCE@O9qAJDUT�=<9 Ä@ö 9MAJAB9
W õ V*?�AJWO�<;B9�V*9MCEA � AJDB9 � YMDJInx�Y<9 � IN;JCO9 ZLZ 9MK/9M@-A>9M@v=<?�K4V�T3DUT3@-A>CE@v;JV*9<=MAJDB9 Ê7� IN;U;JC�F^\ CE@O9�ILK]T3Q09 ñ 9MDB?S;U9M@O;JIL@EQ
�mCE@`;BV*9<=MAJDB9GIN;B;JC`F^\ CE@O9GILK]T3Q09 ð=ñ½ò�sÊógsÌø u�ILQSCEDB9 ñ�Ä«ä ùEÄ
Õ �:¯y�VÙ ¸�½z¼k��Ý>²¥Ü7¶�½~¼

8:9<; Z ?�H*9<;d;B9<=<?�@OFOT3ILDB9<;d;U?�@-AqDB9MW�T3CO;B;BY<;b9M@-AJDUT í @�T3@$AdFE9 ú ?�DJAB9<;b=<?�DJDBY Z T3AJIN?�@O;aFE9 Z T�VEW�T�;B9>9MAqCE@O9RV*? ZnZ CEABIL?�@
FE9<;/;JILQS@�T3C ï FE9 ú T3ILH Z 9`T3K4V Z ILAJCOFE9 Ä 8�Tv; õ @-AJWO�<;U9�F(C�=UWEILDJV î c�CEIaT3VEV�T3DUT í A/@O9MAJAB9MK/9M@-A!FOT3@O; Z 9�;JV*9<=MAJDB9�FE9
Z T s 8 ö 9MA`FE9 Z T�VEW�T�;U9 î V*?�CEDJDUT3ILA � AJDB9�� Z \|?�DJILQSIL@O9�FE9z=<9�VEDB?�H Z �MK/9 ÄRs I Z 9z=UWEILDJV«; õ @-AJWOYMAJINc-CO9z9<;JA�CE@O9
;U?�K4K]T3AJIN?�@�=M?�W�YwDU9w@$AB9RFE9<;gc-C�T3AJDB9o;B?�CO; � H�T3@OFE9<;q;JCED � Y<=UW�T3@-AJI ZLZ ?�@E@OY19<; î-Z 9<;gV*9MDJAJCEDJH�T3AJIN?�@O;bV*9MC � 9M@-A � AJDB9oF(CO9<;
��CE@O9oK]T3C � T3IN;B9R=<?�@-AJIL@-CEILABYGFE9 Z T�VEW�T�;B9 k-Z 9<;b;JILQS@�T3C ï FE9<;b;B?�CO; � H�T3@OFE9<;q@O9R;U?�@-AgV�T�;b9M@	VEW�T�;B9 î =S\|9<;BA � � � F(ILDB9
Z \|?�DJILQSIL@O9�FE9<;aVEW�T�;B9<;a9<;BA Z YMQ0�MDB9MK/9M@-AoFEY<=1T Z Y<9�F^\ CE@l;JILQS@�T Z � Z \_T3CEAJDB9 Ä

t;���



ø T ù ø H ù

�� ��! �©"d�ë&*Ái47)*+�=7DG=7-VLS476�1�2	,T� =7,V,§0ZDT23170�L�+<2GO;/%DT2J1�2MLt-B)5=;H�2ML(*2SDG4�Lb2E6<LM-B6WHU2S/iÎ^(£ �E×}� � � =E�X-B)5=;H�2e(*2E�
DG4�L;2E6�LM-B6WH � ã;4�682K1�0ëÁy¤ ×}� �@? � N �U-V)5=;H�23Î_(£ �(×A� �_x~2XL�+<2GO;/%DT2J(*2EDG4�L;2E6�LM-B6WH�=�/%DG47-VLJ,.-[H7682EL
9�2EDS/%-\OT=�,[2MLvOI47DEDT2ML:+R4�6#1w=76C/�=70�u3�EDTFGÀb0�2E68OI2ELv1�2vOI470;+80WDT2�170ÂOEQ�-BD�+�LMâ76C/BQRFb/%-%ÀS0<2M?eÀb0�2�6f� =5+R=7L5,n2
L�+<2TOb/%DT2�Î^(£ �E×}� `

ø T ù ø H ù

�� ��! �©"n¡�&*Ái47)*+�=7DG=7-VLS476s1�2K,T� =7,V,§0WDT2�1�0�L�+<2TOb/%DT2v1�2ML5-B)X=@H�2ML{1�2�+CQZ=�L;2J(*2EDG4�L;2E6�LM-B6WH�2S/PÎ^(£ �E×}� � � =E�
-B)X=@H�2(*2EDG47Lb2E6�LE-V6ZH � ã;47682�170�Áz¤ ×}� ��? � N>�5-V)5=;HW2Î^(e£ �(×}� �

8%9<;PVEDB?�H Z �MK/9<;{;JCED Z 94H*?�DBF�FE9<;�;JV*9<=MAJDB9<;XFE9<;PILK]T3Q09<;�V*?�CEDJDUT3IN9M@-A � AJDB9]F(CO;X��CE@�DB9MV Z IN9MK/9M@-A{F(C�;JV*9<=MAJDB9 Äò T3IN;d@O?�CO;a@:\_T � ?�@O;aV�T�;e;JC Æ ;UT3K4K/9M@-AoF^\|Y Z YMK/9M@-AB;eV*?�CEDe=<?�@O= Z CEDB9�;JCEDa=<9MAJAB9Pc-CO9<;JAJIN?�@ Ä

� ï�ð �|ó#õ3ø�öåø3õ ÷�å{öræyó�þföªû þkÓ^ör¯ ör¯ ø�òI÷�ó#úa¯{æ�öåø3öÔùTúåJý�ú_÷Cö

Õ �V±i�:¯ ç ��µw¹a½iÛ¥·
8:9P=1T Z =MC Z F(Cl;JV*9<=MAJDB9GK/? õ 9M@l9M@`F(IN;BAUT3@O=<9P9<;JA ú T3ILAa9M@lFE9MC ï YMAUT3V*9<; k
� uyu �ètb� ;JCEDa=UW�T�c-CO9 Z ILQS@O9PFE9GVEW�T�;B9 ø ;JILQS@�T Z DBY<9 ZIù/î
� ;U?�K4K]T3AJIN?�@�FO9 Z ILQS@O9<;�AJILDBY<9<;`T Z Y1T3AB?�ILDB9MK/9M@-A`V*?�CED�?�HEAB9M@EILD Z \_T ZLZ CEDB9�K/? õ 9M@E@O9vIL@OFEYMV*9M@OFOT3@$AB9zFE9 Z T;U=<�M@O9 Ä
8:9�;JV*9<=MAJDB9PK/? õ 9M@`@O9�FEYMV*9M@OFvT Z ?�DB;ec-CO9PFE9<;o=1T3DUT�=MABYMDJIN;JAJINc�CO9<;oIL@-AJDJIL@O;U�<c�CO9<;oFE9 Z TmVEW�T�;U9P9MAoFE9<;aAJDUT3ILAB9 �

K/9M@-AB;aDB9 Z T3AJI ú ;o� Z Tm; õ @-AJWO�<;U9 ðRs�  9MAo� Z TmDB9<=<?�@O;JAJDJCO=MAJIN?�@�FEC`=UWEILDJV Ä
Ê����



ñ3Ä«ÊRÄ ó AJCOFE9�F(Cl;JV*9<=MAJDB9GK/? õ 9w@l9M@lF(IN;JAUT3@O=<9�FE9 Z TmVEW�T�;B9

ó =wDBI � ?�@O; Z 9<;eY<c�C�T3AJIN?�@O;eFOT3@O; Z 9P=1T�;aF^\ CE@�x Z AJDUT3Q09�=<?�@ � ? Z CEAJI ú FE9 Z T{VEW�T�;U9 k
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8%T ú ?�DJK/9PQ0YM@OYMDUT Z 9XF(Cl;JV*9<=MAJDB9PV*9MCEA � AJDB9PIL@-AB9MDJV*? Z Y<9�V�T3DeCE@O9 ú ?�@O=MAJIN?�@�FE9 Z T ú ?�DJK/9
(a× hamming +

b)
ÄKö 9MAJAB9 ú ?�DJK/9!=<?���@O=MINFE9!V�T3D ú T3ILAB9MK/9M@-A/T � 9<= Z 9!;BV*9M=MAJDU9!FE9]VEW�T�;B9	FE9<;XILK]T3Q09M; ð)ñ)òzsÊógs ø u�ILQSCEDU9 ñ3ÄÅg ùEÄ
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H(f) =
Spectre(f)

Attendu(f)

ø�ñ3Ä«ä�ù
� CEIN; k

Filtre(f) =
Spectre(f)

H(f)

ø�ñ3Ä«��ù
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YMABYX=<?�@O;JAJILAJCOY<9{9M@v=<?�KXHEIL@�T3@-A Z \ ILK]T3Q09{F^\_T3K4V Z ILAJCOFE9XIL@EILAJI�T Z 9{9MA Z \ ILK]T3Q09XFE9�VEW�T�;B9Px Z AJDBY<9 îZ T4@O?�C � 9 ZLZ 9 s 8 ö
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ô T0õ ô Hõ

�� ��! �©"[Í�& � +<2TOb/%DT231�2	,[=�+CQZ=�L;2e( � Î ×}�lö YGxiØ°Î^({ë × � � =E��ã;4�682{Á�-%/:2$êPØ � N ��ã@47682]ë�DG=76813Î^476#1K�

=<?�K4VEDB9M@OF(DB9Xc-CO9 ZnZ 9<;e;B?�@-A Z 9<;a=<?�@O;BY<c-CO9M@O=<9<;eF^\ CE@�x Z AJDUT3Q09PV�T�;B;B9 � H�T3@OFE9�;JCED Z TmVEW�T�;B9PF(C`;BILQS@�T Z�Ä
óq?�@O;BINFEYMDB?�@O;aCE@l;JILQS@�T Z¥k

s(t) = |s(t)| exp(jφ(t))
ô ò ÄÅg õ

8%9G;BILQS@�T Z x Z AJDBYPV�T3DdCO@�V�T�;B;U9 � H�T3@OFE9P9<;JA k

s′(t) = sinc(T (t− t0)) ∗ |s(t)| exp(jφ(t)) = |s′(t)| exp(jφ′(t))
ô ò Ä«� õ

8%9 Z IN9M@l9M@-AJDB9
φ
9MA
φ′
9<;BA k

φ′ = arctan(
sinc(T (t− t0)) ∗ |s(t)| sinφ
sinc(T (t− t0)) ∗ |s(t)| cosφ

)
ô ò Ä«� õ

�[Z @:\|9<;JA�V�T�;�V*?S;B;JILH Z 9zFE9�DB9 Z IN9MD`;JILK4V Z 9MK/9M@-A Z T�AJDUT3@O;j÷�?�DJK/Y<9zFE9zu�?�CEDJIN9MD`FE9
φ
� =<9 ZLZ 9zFE9

s
Ä
φ
@:\_T

=<9MDJAUT3IL@O9MK/9M@$AeV�T�; Z 9>K � K/9�;JCEVEV*?�DJAec�CO9
s(t)

ô ð c-C�T3AJIN?�@ ò Ä«� õ Ä
óq?�@O;JAJDJCEIN;B?�@O;pCE@4;BILQS@�T Z

s(t)
FE9bK/?-F(C Z 9dCE@EILABYd9MArAB9 Z c-CO9b;�ToVEW�T�;B9aT3ILArCE@/;JV*9<=MAJDB9d9M@

a×hamming+b
Ä

óq9];JILQS@�T Z 9<;JAX9M@O;JCEILAB94x Z AJDBY/V�T3D�CE@7x Z AJDB9/V�T�;U;B9 � H�T3@OFE9 Ä~� 9MC(øzAU9M;BAB;�;B?�@-AX9 ® 9<=MAJCOY<; k:Z \ CE@¡9M@¡=<?�@O;B9MD � T3@-A
Z T	V�T3DJAJIN9/=<9M@-AJDUT Z 9/F(C�;JV*9<=MAJDB9 ô x Z AJDB94V�T�;B;U9 � H�T�;�õwù Z \_T3CEAJDB9/9M@zQ�T3DBFOT3@-APCE@O9mH�T3@OFO94c-CO9 Z =<?�@Oc-CO94F(C7;BV*9<=wABDB9
ô xOQSCEDB9<; ò Ä«� 9MA ò ÄLt;� õ Ä 8%9e;BV*9M=MAJDU9eFE9 Z TGVEW�T�;B9e9<;BAgF(IN;JAB?�DBF(C�T3VEDB�<; Z 9ax Z AJDUT3Q09eV�T�;B;B9 � H�T3@OFE9RF(C!;JILQS@�T Z�ÄW� ?�CO;
DB9MAJDB?�C � ?�@O;GK � K/9/FE9<;>VEIN=<;GAJDB�<;G;BILK4I Z T3ILDB9<;X�	=<9MC(øvVEDBY<;U9M@-AB;GF�T3@O; Z 94;JV*9<=MAJDB94FE9 Z T!VEW�T�;U9mFE9<; s 8�ó Ä ób9M=MI
Z T3IN;B;U9o÷�?�DJAB9MK/9M@-Aa;BCEVEV*?S;B9MDac�CO9 Z 9G=UWEILDJV`;Jñ$@-AJWOYMAJINc-CO9>9<;BA Z 9>VEDB?-F(CEILAeFE9>c-C�T3AJDB9Rx Z AJDUT3Q09<;aV�T�;B;B9 � H�T3@OFE9 Ä óq9<;
x Z AJDUT3Q09<;e@O9G;U9MDUT3IN9M@-AeFE?�@O=GV�T�;a;�T3@O;dIL@ Ç CO9M@O=<9�;JCED Z 9P;JV*9<=MAJDB9PFE9 Z T{VEW�T�;B9 Ä

Õ �V±i��ú î ´w½:�AÝ¾ûCº»·CÜ
8:9G@O9MAJAB?�ñ-T3Q09PFE9 Z TmVEW�T�;B9GV�T3DaCE@�x Z AJDUT3Q09�=M?�@ � ? Z CEAJIn÷p9<;JA1ùEAB?�CEAeF^\_T3H*?�DBF^ùT3HECO;JIn÷r=1T3De=<9GAJDUT3ILAB9MK/9M@-Ao9<;JA
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TF (φ) = a×hamming+ b
`Cx~2_LM-dH�6#=7,

s
2S6©2ELE/i1�FT170W-%/ �

s = ejφ �J2S/ZÏa,d/%DTF
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TF (φ) = a× hamming+ b
`#x~2LM-[H76#=7,

s
2E6|2MLE/¥1�FT170Z-%/ �

s = ejφ �52S/
Ïa,d/%DTF�+�=7Dt0W6JÏa,§/%DI2�+R=7LILb2S��NT=76#1�2;`zx~2�L:+�2TOb/%DT2J1�2	,d=�+#QZ=�Lb23170ULE-dH768=7,�Ïa,d/%DTF32MLS/�2E6�LE0W-%/:2�/%DG=wOMF;`

;BILQS@�T Z =<?�K4V Z 9wøE9PFE9>÷¾T��<?�@`;JILK4I Z T3ILDB9XT3C � T3DUT3QSDUT3VEWO9�VEDBY<=<Y<FE9M@-A Ä
s I:?�@l;JCEVEV*?S;B9Pc�C�9 Z 9GFEYw÷¾T3CEAeFE9<;dILK]T3Q09<;e9<;BAaY<c�CEI � T Z 9M@-Ao�{CE@�x Z AJDUT3Q09 Z IL@OY1T3ILDB9Sù�?�@�V*9MCEAoYM=MDJILDB9 k

g(t) = h(t) ∗ s(t) Q ô A�õbYMAUT3@-A Z 9G;JILQS@�T Z K/9<;JCEDBY ô ò ÄLt;� õ

ĝ(f) = H(f)ŝ(f)
ô ò ÄLtSt õ

ð @l;B?�K4K]T3@-Ae;JCED Z 9<; Z ILQS@O9<; k
〈ĝ(f)〉 = 〈H(f)ŝ(f)〉 = H(f) 〈ŝ(f)〉

ô ò ÄLt;Ê õ
óq9<=MI%;1\|Y<=MDJILAeYMQ�T Z 9MK/9M@-A k

| 〈ĝ(f)〉 | exp(jφĝ)| = |H(f)|| 〈ŝ(f)〉 | exp(j(φŝ + φH)|
ô ò ÄLt;È õ
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ò Ä«ÈRÄEð AJCOFE9PF(Cl;JV*9<=MAJDB9GK/?�ñ�9M@l9M@`F(IN;BAUT3@O=<9PFE9 Z T s 8�ó

;U?�ILA k
{

|H(f)| = |〈ĝ(f)〉|
|〈ŝ(f)〉|

φH = φĝ − φŝ

ô ò ÄLtS� õ
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ô ò ÄLt;ä õ

f(t) =
4
∑

i=1

sinc

(

T

2
(t− Ti)

)

∗ h(t) ∗ g(t)
ô ò ÄLt;� õ

ò C�xO@�T Z ù Z \_T3K4V Z ILAJCOFE9X9<;JAdAJDB�<;eF(IN;JAB?�DBF(CO9 k�� IN;BCO9 ZLZ 9MK/9M@-A Z 9<;a;BAJDJCEAJCEDB9<;e;B?�@-AaYMAJILDBY<9<; Z 9 Z ?�@EQ]FE9<; Z InQS@�9M; Ä
� K4V*?S;B9MDaCE@O9GVEW�T�;B9�T3C�x Z AJDB9G@:\|9<;JAaV�T�;dCE@O9P;B? Z CEAJIN?�@l;�T3AJIN;j÷�T3IN;�T3@-AB9 Ä

óq9MV*9M@OFOT3@-Ap=<9MAJAB9gK/YMAJWO?-FE9q@O?�CO;rTeK/?�@-AJDBYqc-CO9Sù"K � K/9q9M@m=<?�@O;B9MD � T3@$A Z \_T3@O=MIN9M@mK/?-F(C Z 9Sù�?�@XV*9MCEAr;JCEVEVEDJILK/9MD
Z 9<;k?S;B=MI ZLZ T3AJIN?�@O;qT3C(ø{÷�DBY<c-CO9M@O=<9<;kFE9a=<?�CEVECEDB9eFOT3@O; Z 9d;BV*9<=wABDB9 Ä 8p\ IL@(÷�?�DJK]T3AJIN?�@	=<?�@-AB9M@-CO9eFOT3@O; Z T>VEW�T�;B9a;B9MDUT3ILA
FE?�@O=GDB9<;JV*?�@O;UT3H Z 9PFE9<;dV*9MDJAJCEDJH�T3AJIN?�@�;eFEC�K/?-F(C Z 9PF(C`;JV*9<=MAJDB9P9M@�QSDUT3@OFE9GV�T3DJAJIN9 Ä<� ?�CO; Z 9 � YMDJInx�?�@O;eFOT3@O; Z 9
V�T3DUT3QSDUT3VEWO9X;JCEI � T3@-A Ä

Ê��wg



ò Ä«ÈRÄ �<ÄOð AJCOFE9�FE9 Z \_T3K4V Z ILAJCOFE9

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
100

101

102

Frequence relative

S
om

m
e 

de
s 

m
od

ul
es

 d
e 

la
 T

F 

Track
1S

LC1
C

ITEU
f
iltre

Module de la TF
Module du signal estime

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
−1

−0.5

0

0.5

1

Frequence relative

S
om

m
e 

de
s 

ph
as

es
 d

e 
la

 T
F Phase de la TF

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
100

101

102

103

Frequence relative

S
om

m
e 

de
s 

m
od

ul
es

 d
e 

la
 T

F 

Track
2S

LC2
G

RAND
R

OND
f
iltre

Module de la TF
Module du signal estime

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
−1

−0.5

0

0.5

1

Frequence relative

S
om

m
e 

de
s 

ph
as

es
 d

e 
la

 T
F Phase de la TF

ô T0õ ô Hõ

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
100

101

102

Frequence relative

M
od

ul
e 

de
 la

 T
F 

de
 la

 p
ha

se
 d

e 
l’i

m
ag

e

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
100

101

102

Frequence relative

M
od

ul
e 

de
 la

 T
F 

de
 la

 p
ha

se
 d

e 
l’i

m
ag

e

ô =�õ ô F�õ

�� ��! �©"B$�¡s&�Î_FMLE0W,d/�=�/BL�170eÏa,d/%DG=;H�2A+R=�D0W6	Ïa,d/%DT2�ê+CQZ=7Lb2e,§-B68FG=�-VDT2}+�=7D)547DGOM2T=707uK� � =E�52S/ � O��tã;476825Á�-%/:2$êPØ
� N>�U2b/ � 1S�Xã;47682�ë�DG=76#1KÎ^476#1�Ø � =E�U2S/ � N>� � +<2GO;/%DT251�2J,[= � x_Á©Ïa,d/%DTFI2*Ø � O��U2S/ � 1E�{L�+<2GO;/%DT251�2
,[=�+CQZ=7Lb23=M+#DT�MLaÏa,d/%DG=;HW2	�

Õ �VÙi�nç 1 µw²}Ûa·sÛa·sÝU�n³°º��}Ý>¶%µw²¥Ûa·
8p\_T3K4V Z ILAJCOFE9>FE9<; s 8�óq;qFEYMV*9M@OF	9<;B;U9w@$AJIN9 ZnZ 9MK/9M@-AdFE9 Z T�;B=<�M@O9o?�HO;B9MD � Y<9 � 9 ZLZ 9R9<;JAp÷�?�@O=MAJIN?�@	F(C	=<?-9 Æ =MIN9M@-A

FE9>DBYMAJDB?-F(I ® CO;JIN?�@lFO9M;a=<9 ZLZ C Z 9<;eFE9>DBY<;B? Z CEABIL?�@lILK]T3Q0Y<9<; Äs T{AJDUT3@O;j÷�?�DJK/Y<9GFE9PuO?�CEDJIN9MDe9<;JA Z INY<9P� Z Tm;B=<�M@O9P9 ZnZ 9 �
K � K/9 k F^\ CE@O9 � ?�@O9`� Z \_T3CEAJDB9 Z T�AJDUT3@O;J÷&?�DJK/Y<9�FE9�u�?�CEDJIN9MD/9<;JAmAB?�AUT Z 9MK/9M@-A]F(I ® YMDB9M@-AB9 Ä 8%9<;mAB9<;JAB;4?�@-A/YMABY÷¾T3ILAB;G;JCED>AJDB?�IN; � ?�@O9<; k CE@O94;B?�CO; � ILK]T3Q094F(C � DUT3@OF ü ?�@OF ô � YMQ0YMAUT3AJIN?�@õwù^CE@O94;B?�CO; � ILK]T3Q094FE9 Z T�ógILABYX�Ä@O9
=<?�@-AB9M@�T3@-AaV�T�;dFE9>H h AJILK/9M@-A ô ;U9MK4I � CEDJH�T3IL@õb9MAbCE@O9G;B?�CO; � ILK]T3Q09GFE9 Z Tm=MILABYe�½=<?�@-AB9M@�T3@$AdCE@�H h AJILK/9M@-A Ä �e@O9
AJDUT3@O;J÷&?�DJK/Y<9�FE9Gu�?�CEDJIN9MDaHEI � F(ILK/9M@O;BIN?�@E@O9 ZLZ 9{TmYMABYP=1T Z =MC Z Y<9 ô u�ILQSCEDB9<; ò ÄLt;� ù ò ÄLt@g 9MA ò ÄLt;� õ Ä

8:9<;oAJDB?�IN;>;JV*9<=MAJDB9<;R?�HEAB9M@-CO;>;B?�@$ARF(I ® YMDB9M@-AB; Ä^s I�=<9MC(ø�FE9<;Ru�ILQSCEDB9<; ò ÄLt@g 9MA ò ÄLt;� @O9�VEDBY<;U9M@-AB9M@-ARV�T�;RFE9
=1T�;U;JCEDB9<; Ç T3QSDUT3@-AB9<;�FOT3@O; Z 9k;JV*9<=MAJDB9gT3C(ø>÷&DBY<c�CO9M@O=<9<;�FE9k=<?�CEVECEDB9Sù"=<9r@:\|9<;JA%V�T�; Z 9k=1T�;%FO9 Z TbxOQSCEDB9 ò ÄLt;� Ä óq9MAJAB9
FE9MDJ@EIN�MDB9]DB9<;B;B9MKXH Z 9]YMAJDUT3@EQ09MK/9M@-AmT3C(ø7;JV*9<=MAJDB9<;X=<?�K4V Z 9wø(9<;XFE9<; s 8�óq; Ä�  D�FOT3@O;X=<9MAJAB9/ILK]T3Q09Sù%?�@7@O?�AB9 Z T
VEDBY<;U9M@O=<9aFE9b÷&?�DJAB;rDBY Ç 9<=MAB9MCEDB;g9MAkFE9dDB9MH*?�@OFE; ô ;JIL@-CO;k=1T3DBF(IL@�T3C(øOõ Ä �o@O9q÷�?�IN;pFE9bV Z CO;�ù�I Z ;B9MKXH Z 9MDUT3ILAgc�CO9d=<9a;B?�ILA
Z 9<;:DBYMV*?�@O;B9<;:÷&?�DJAB9<;�T�;B;U?-=MINYM9<;�T3CEøG;JIL@-CO;%=1T3DBF(IL@�T3C(øPc-CEI�;B?�IN9M@-A:DB9<;JV*?�@O;�T3H Z 9<;%FE9 Z Tq÷�?�DJK/9pFE9<;%;JV*9<=MAJDB9<; Ä"2��-2%#
��Þ^ p�����%ß-�1���>�1�*)*�R'O����"�R p��1����5y���-��&*2�)��1�"'O���1�$�7�-)��>�� p��.���à�3:2%�4 p�2��G�"�-+�2����"�m.0���<�1�] p��&�&2:�����)�+��
� Ý �&�7'E
��'����1��'E � y���43:2����2������m�"�- p�)��1���{+���.0�-�m����
)�'O2:#¡�*)*�{+��-�m��'O2:�1�-�{äf�"�53:2%�$)%.����63:2��r�1�)*�
�$)%�"2����1�!�1�"�)73:2������X�����3�P+�2¡.������3 ¡�<Þ%)*���%�����43:2%�98^.0���<�1�	�1�3�)�.0'(��2%�3�	�&)*�1�3�^+�2����G+y2��3�� y�&���$�7�$)*�P+��
�� p��.S�1�3��áj���1.��&�&��'(�����)���ã����]2�)%�l y�&2%�4ä[����1�l+y���<�1���3�����),+�����'z ���'E�1�C"

Ê����



ò Ä«ÈRÄEð AJCOFE9PF(Cl;JV*9<=MAJDB9GK/?�ñ�9M@l9M@`F(IN;BAUT3@O=<9PFE9 Z T s 8�ó

ô T0õ ô Hõ

�� ��! �©"%$Z¢�&rÛ~4�682]ë�DT=76#13Î^476815� � =E�X-B)5=;H�2�1~� =7)*+#,§-%/%0R1�2�Ø � N>�K/%DG=76�LV�b47DE)KFT2�1W2 ö 470ZDM-�2ED

ô T0õ ô Hõ

�� ��! �©"%$ Ì &rÛ~476f2{Á�-%/:F`ê � ànL;2E)J-V�>0ZDbNT=7-B6Wá��5� � =E�X-B)5=;H�231z� =7)*+#,§-%/%0R1�2�Ø � N>�K/%DG=76�LV�b47DE)KFT231�2 ö 470ZDM-�2ED

Õ �VÙi��ú 1 ¼ ´0�#Ü�²}º��
8:9e;JV*9<=MAJDB9eFE9<; s 8�óq;kK/9wAg9M@	T � T3@-A Z TGVEDBY<;B9M@O=<9eF^\ CE@!=UWEILDJV!;Jñ$@-AJWOYMAJINc-CO9 Ä óq9aFE9MDJ@EIN9MDg@:\|9<;JAqT3HO;B? Z CEK/9M@-A

V�T�;dAJDUT3@O;JV�T3DB9M@-A Ä 8:9<;dAB9M@-AUT3AJI � 9<;aFE9Rx Z AJDUT3Q09G=<?�@ � ? Z CEAJIn÷y@O9RK/�M@O9M@-AaV�T�;a�mFE9<;bDBY<;JC Z A�T3AB;bV*?S;BILAJIn÷&; ÄOs I Z 9>K/? �
F(C Z 9>F(C�;JV*9<=MAJDB9>9<;JAq@O9MAJAB?�ñ�YRFE9<;b?S;U=MI ZLZ T3AJIN?�@O;1ù Z T�VEW�T�;B9RQ�T3DBFE9RCE@�;JV*9<=MAJDB9RAJDB�<;qK]T3DBc�COYRV�T3D Z T�VEDBY<;B9M@O=<9>F(C
=UWEILDJV	;Jñ$@-AJWOYMAJINc-CO9 Ä$s I¾ù�V�T3Dg=<?�@-AJDB9Sù Z 9e;JV*9<=MAJDB9oFE9aVEW�T�;B9o9<;JAqT3K/Y Z IN?�DBY ô ;�T3@O;pV*?�CEDbT3CEAUT3@-AbT3DJDJI � 9MDb�PY Z ILK4IL@O9MD
AB?�AUT Z 9MK/9M@-A Z 9<;dVEIN=<;oT3C(ø!÷&DBY<c-CO9M@O=<9<;aFE9P=<?�CEVECEDB9�õwù Z \_T3K4V Z ILAJCOFE9X9<;JAaFEYMQSDUT�FEY<9 Ä
óq9<;q?�H�;B9MD � T3AJIN?�@O;qDB9MK/9MAJAB9M@-Ad9M@	=1T3CO;B9 Z \ W-ñ-V*?�AJWO�<;U9RF^\ CE@]x Z AJDUT3Q09>=<?�@ � ? Z CEAJIn÷yT�;B;B?-=MINYRT3C	=UWEILDJV�;Jñ$@-AJWOYMAJINc-CO9 Ä
8�T!VEIN;JAB9mF^\ CE@O9mK]T3C � T3IN;B9mK4IN;B9m9M@�VEW�T�;B9mFE9<;G;JILQS@�T3C(ø�;B9MKXH Z 9{DB9<;B;B?�DJABInD��!=<9{@EI � 91T3C:ù�FOT3@O; Z T!K/9<;BCEDB9m? 

Ê����



ô T0õ ô Hõ

��>��! �©"%$ZÍ�&pÛ~47682�Á�-B/:F`ê � NTí�/%-B)K2E6C/§�X� � =E�X-B)X=@H�2�1z� =7)*+#,§-B/%0�1�2*Ø � N>�5/%DT=76�LV�b47DE)5FI2�1�2 ö 470ZDM-�2ED

Z T�VEW�T�;B9/F(C�;JILQS@�T Z T�CE@O94V�T3DJAPVEDBYMV*?�@OFEYMDUT3@-AB9!FOT3@O; Z 9/;JV*9<=MAJDB9 Ä 8:9<;PAB9<;JAB;P;JCED Z 9<;GILK]T3Q09<;X=<?�KXHEIL@�T3@-A Z 9
K/?-F(C Z 9�FE9<; s 8�óq;aIL@EILAJI�T Z 9<;e9MA Z T{VEW�T�;U9GFE9<; s 8�óq;dxO@�T Z 9<;oT3K/�M@O9M@-AR�m=<9MAJAB9�=<?�@O= Z CO;JIN?�@ Ä

� ï�: ® Ó>å{þ�ó8ý<;i÷#öi÷

ò CO=MCE@Xx Z AJDB9k@:\_ToYwAUYkAJDB?�C � YgV*?�CEDyT3K/Y Z IN?�DB9MD Z 9<;�FE?�@E@OY<9<; Ä ò =<9g;JAUT�FE9Sù�@O?�CO;�VEDB?�V*?S;U?�@O;�FE9MC(ø�W-ñ$V*?�AJWO�<;B9<;
@O?�@`9wø(= Z CO;JI � 9<;dc�CEI�V*9MC � 9M@-A � AJDB9P� Z \|?�DJILQSIL@O9GFE9<;dFEYw÷�T3COAB;dFOT3@O; Z TXVEW�T�;B9>9MA Z \_T3K4V Z ILAJCOFE9PFO9M; s 8�óq; k ;B?�ILA Z 9
;BILQS@�T Z T	YMABY{K]T Z YMAUT Z ?�@E@OY49MA Z 9<;>DBYMV*?�@O;B9<;>÷�T3ILH Z 9<;G;U?�@-AR@�?�ñ0Y<9<;GFOT3@O; Z 9{HEDJCEILAGAJWO9MDJK4INc�CO9Sù:;B?�ILA Z 9m=UWEILDJV7T
K]T Z YMABYP;Jñ$@-AJWOYMAJIN;BY Ä

Õ �nç¥�:¯ î ´w½:�AÝ¾ûCº»·CÜUÛe�q��µ�³°Ý�½z¼}¼a³��y·
�e@{QSDUT3@OF{@O?�KXHEDB9bFE9b;JIL@-CO;y=1T3DBF(IL@�T3C(øm;B?�@-A � IN;BILH Z 9M;yFOT3@O; Z 9<;�ILK]T3Q09<;yF^\_T3K4V Z ILAJCOFO9Sù0�eVEDB?1ø(ILK4InAUYbFE9<;�H h��

AJILK/9M@-AB; Ä óq9 Z TGAJDUT�F(CEILAg=<9MDJAUT3IL@O9MK/9M@-AgCE@/K]T3C � T3IN;kYMAUT Z ?�@E@�T3Q09oFE9<;kFE?�@E@OY<9<; Ä 8%9<;k;JILQS@�T3C(øm÷&?�DJAB;k;B?�@-Ak;UT3AJCEDBY<;
9MA Z 9<;r;JILQS@�T3C(øX÷�T3ILH Z 9<;k�oV*9MIL@O9dF(IN;B=<9MDJ@�T3H Z 9<;kF(CmHEDJCEILA ô =1T�;rFE9<;r?�KXHEDU9M;wõ Ä�� ?�CO;yV*?�CEDJDB?�@O;p@OY1T3@EK/?�IL@O;rCEAJI Z IN;U9wD
Z 9<;aILK]T3Q09<;eF^\_T3K4V Z ILAJCOFE9�=1T3De=S\|9<;JAe;JCEDJAB?�CEA Z TmVEW�T�;B9Pc�CEI%9<;JAdV*9MDJAJCEDJH*Y<9 ô QSDUT3@OFE9�=<?�DJDBY Z T3AJIN?�@�;JVT3AJI�T Z 9�õ Ä

Õ �nç¥�V± ¸v¹¥¶:´0��Ü"éa¼zµw¹k��µw¶[ÜÕ²a·
8%T]FE9MC(ø(IN�MK/9XW-ñ-V*?�AJWO�<;B9{9<;JAeCE@O9{9wDBDB9MCEDRFOT3@O; Z T];Jñ$@-AJWO�<;B9XF(Cv=UWEILDJVvc-CEI�T3VEV�T3DUT"ÿNA>= Z T3ILDB9MK/9M@-AGFOT3@O; Z 9

;BILQS@�T Z�üRs� 3Ä ò CO=MCE@O9X9wø(V Z IN=1T3AJIN?�@�xT3H Z 9X@:\_T!YMABY�AJDB?�C � Y<9 � IN;R� � IN;oFE9X=<9MAJAB9{;Jñ$@-AJWO�<;B9{� Z \ IL;U;JCO9XFE9 Z \|YMAJCOFE9
FE9<;e;JV*9<=MAJDB9<; ô>= ò Ä«È 9MA ò Ä«Ê õ Ä

�e@O9/T3CEAJDB94VEIN;JAB949<;JAGV*?S;B;JILH Z 94=1T3DP;U9 Z ?�@ ò 9MDB?S;B9M@O;BIL@EQOù Z T�;Jñ$@-AJWO�<;B9{DUT�FOT3D�9<;JA>÷�T3ILAB94;BCEDG=UW�T�c-CO9mH�T3@OFE9
FE9 t;���zþ � � T � T3@-A]FE9 Z 9M;/DB9MQSDB?�CEV*9MD Ä 8%T�DBYMV*?�@O;U9lT�;B;B?-=MINY<9l�vCE@,DBY Ç 9<=MAB9MCED]V*?�@O=MAJCO9 Z ;U9MDUT�F^\_T3VEDB�<; Z 9<;ð c�C�T3AJIN?�@O; t�Ä«� 9MA t�Ä«� ô u�ILQSCEDB9 ò ÄLt;� õ k

stc(t) =
4
∑

i=1

s
(i)
tc (t)

ô ò ÄLt@g õ

Ê(t;�



ò Ä«äRÄ óq?�@O= Z CO;JIN?�@O;

Bande 1 Bande 2 Bande 3 Bande 4

B=100 MHz

4B = 400 MHz

ff00f   −3/2B 0f   − B/2 0f   + B/2 0f   +3/2B

�� ��! �©"B$RÑ�&�Ó3FTOT4�0;+�=;H�2e1W2P,[=3NT=76#1�2PLb470WQZ=7-B/:FI2e2E6vÀS0�=�/%DT2^LS4�0�LE��NT=76#1�2ML¦@�b47DE)X=w/%-%476�1�0KOEQ�-BD�+vLMâ76C/BQRFb/%-%ÀS0<2;`

stc(t) = sinc(πB′(t− tc))(e
j2π(f0− 3B′

2
)(t−tc) + ej2π(f0−B′

2
)(t−tc) + ej2π(f0+B′

2
)(t−tc) + ej2π(f0+ 3B′

2
)(t−tc))ô ò ÄLt;� õ

ò C�xO@�T Z ùO?�@l?�HEAJIN9M@-A k

stc(t) = 2ej2πf0(t−tc)sinc(πB′(t− tc))(cos(3πB
′(t− tc)) + cos(πB′(t− tc)))

ô ò ÄLt;� õ
T � 9<=

B′ = 100MHz
Ä

8p\ ð c-C�T3AJIN?�@ ò ÄLt;� 9<;JA>�/=<?�K4V�T3DB9MDP�]=<9 ZLZ 9�IN;B;JC�9�FE9 Z T];Jñ$@-AJWO�<;B9�F^\ CE@�;JILQS@�T Z FE9 Z T3DJQ09MCED>FE9�H�T3@OFE9
4B′ô �����4þ � � õqc�CEI:9<;BA Z 9G;BILQS@�T Z AJWOY<?�DJINc-CO9��4;Jñ$@-AJWOYMAJIN;B9MD k

stc(t) = ej2πf0(t−tc)sinc(4πB′(t− tc))
ô ò Ä«Ê�� õ

8%TXu�ILQSCEDB9 ò Ä«Ê�� VEDBY<;B9M@-AB9oCE@O9R=<?�K4V�T3DUT3IN;B?�@�FE9<;q;JILQS@�T3C(ø!FE9<; ð c-C�T3AJIN?�@O; ò ÄLt;� 9MA ò Ä�Ê�� ù$9M@!VEW�T�;B9R9MAq9M@
T3K4V Z ILAJCOFE9 Ä 8%9G;JILQS@�T Z AJWOY<?�DJINc-CO9P9<;JAdV Z CO;dDBYMQSC Z IN9MDo9M@�VEW�T�;B9P9MAa9M@lT3K4V Z ILAJCOFE9 Ä 8%9<; Z ?�H*9<;a;U9<=<?�@OFOT3ILDB9<;e;B?�@-A
T�=<=<9M@-AJCOY<;rFOT3@O; Z 9q=<T�;yFE9 Z To;Bñ-@-AJWO�<;B9qF(Cm=UWEILDJV Äw  D1ù3FOT3@O; Z 9<;�ILK]T3Q09<;1ù Z 9<; Z ?�H*9<;r;B9<=<?�@OFOT3ILDB9<;p�eVEDB?1ø$ILK4ILABYbFE9<;
÷�?�DJAB;gDBY Ç 9<=MAB9MCEDB;b@O9R;B?�@$AgV�T�;bFE9<;b;JIL@-CO;q=1T3DBF(IL@�T3C(ø	V�T3Dj÷�T3ILAB; ô u�ILQSCEDB9 ò Ä«Ê(t õ � I Z ;qDB9<;B;B9MKXH Z 9M@-AbV Z CO;dT3C�;JILQS@�T Z
F(C4=UWEILDJV4;Jñ$@-AJWOYMAJINc�CO9bFE9 Z Tou�ILQSCEDB9 ò Ä«Ê�� c�C%\|T3C4;JILQS@�T Z K/?-F(C Z YdF(ILDB9<=MAB9MK/9M@-Ak� �����Rþ � � Ä3þ T Z WO9MCEDB9MCO;B9MK/9M@-A@O?�CO;o@O9�V*?�C � ?�@O; � T Z INFE9MDoAB?�AUT Z 9MK/9M@-AG=<9MAJAB9�W-ñ$V*?�AJWO�<;B9X=1T3Do@O?�CO;o@:\_T � ?�@O;eV�T�;R9MC�T�=<=<�<;>�4AB?�CO; Z 9<;oFEYMAUT3I Z ;
F(C`VEDB?-=<9<;B;JCO; üRs�  T3VEV Z INc�COY�T3CEø	ILK]T3Q09<; Ä

� ï�? ñ þa¯{æ~ùTõ3÷CòIþa¯�÷

8:9<;yILK]T3Q09<; ò 9MDB?S;B9M@O;JIL@EQP;B?�@-AyAJDB�<;�HODJCEILABY<9<;1ù�;BCEDJAB?�CEApT3Cm@EI � 91T3C4FE9 Z ToVEW�T�;B9bFE9<; s 8�óq; Ä��[Z ;U9MKXH Z 9bc�CO9 Z T
;Bñ-@-AJWO�<;B9gF(C{=UWEILDJV{;B?�ILA�CE@O9g=1T3CO;B9gFE9g=<9kVEDB?�H Z �MK/9gK]T3IN;�I Z 9<;BA�YMQ�T Z 9MK/9M@-A�V*?S;U;JILH Z 9gc�C:\ I Z ñ�T3ILA�CE@O9g;UT3AJCEDUT3AJIN?�@
F(C�;JILQS@�T Z�Z ?�DB;eFE9 Z \_T�=<c-CEIN;JILAJIN?�@ Ä 8:9<;o;BILQS@�T3C(ø`F^\_T3K4V Z ILAJCOFE9�÷�T3ILH Z 9Sù=<?�K4K/9�V�T3Do9wø(9MK4V Z 9X=<9MC(ø`F(C�;B? Z ù�;B?�@-A
T Z ?�DB;G@O?�ñ�Y<;GFOT3@O; Z 9mHEDJCEILAGAJWO9MDJK4INc-CO9 Ä°� T3@O;P=<9MAJAB9/T3@E@O9wø(9Sù�@O?�CO;�T � ?�@O;G;B?�C Z ILQS@OY Z \|9M@O;B9MKXH Z 9/FE9<;GFEYw÷¾T3CEAB;
FE9<;kILK]T3Q09<;q9MAgVEDB?�V*?S;BYoFE9<;kVEIN;JAB9<;gF^\_T3@�T Z ñ(;B9 � ?�ILDB9eFE9e;U? Z COAJIN?�@O; Ä óq9MV*9M@OFOT3@$A Z 9aK]T3@Oc-CO9eF^\ IL@(÷�?�DJK]T3AJIN?�@�;JCED
Z T/;Jñ-@-AJWO�<;U9 ü>s�  @O?�CO;e9MK4V � =UWO9XF^\_T � ?�ILDaCE@O9 � YMDJILAUT3H Z 9X9wø$V Z IN=1T3AJIN?�@ Ä óq9 ¬ 9MClFE9PFE?�@E@OY<9<;e@:\_T/FE?�@O=PV�T�;aVEC
� AJDB9>=<?�DJDJILQ0Y>9wAq@O?�CO;q@:\_T � ?�@O;qV�T�;qVEC	CEAJI Z IN;B9MD Z 9<;qIL@-AB9MDj÷�YMDB?�QSDUT3K4K/9<; Ä 8p\_T3K4V Z ILAJCOFE9>DB9<;BAB9o9wø(V Z ?�ILAUT3H Z 9RK � K/9
;BI^9 ZLZ 9P9<;JAaHEDJCEILABY<9 Ä

Ê(tSt



0 10 20 30 40 50 60 70 80 90 100
10−4

10−3

10−2

10−1

100

101

102
Amplitude des signaux (en dB)

Chirp synthétique
Signal modulé à 400MHz

lnmSo

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
Signe du signal du chirp synthétique

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
Signe du signal modulé à 400 MHz

l[p7o

�� ��! �©"nrC×�&�YM6;ÐA0<2E6#OM2{1�0'OEQW-VD:+sLMâ76C/BQRFS/%-\ÀS0<2;`�Ái47)*+R=�DG=7-cLb476Â1�2K,G� =7)*+#,§-B/%0�1�2{1�2MLK1W2E07u�LM-[H76#=70�u©DTFb/%DG4;1�- �E�
�E0�L;FML+�=7DX0W6ÂDTFBÐ^2TOb/:2E0ZD�+�476#Ob/%0<2E, � OEQ�-BD:+ÂLEâ�6#/BQRFS/%-\ÀS0�2v2S/^LM-[H76#=7,i)54@170W,nF{17-BDT2TOb/:2E)K2E6#/êA@*Ù0Ù
£��*ã �w`Px~2ML�1�2E0�u�LM-[H76#=70�us4�6C/JFS/:F|OT=�,.-�NEDTFML�2E6C/%DT2|2S07u©+�470ZD�Àb0i� -V,.L�=7-�2E6C/	,[=�)ABE)K2�=7)*+#,§-V�
/%0�1�2�OM2E6C/%DG=7,n2;`#x�� =7)*+#,§-%/%0R1�2e170{DTFBÐ^2TOb/:2E0ZD*Lb470W)J-VL*ê30Z6©OEQ�-BD�+�LEâ�6#/BQRFS/%-\ÀS0�2t2ELE/aNT2T=70�OI470@+K+#,§0WL
OEQR=�Q�0R/:FT2@`¥xz=J+CQZ=7Lb2K9�=70R/

π
+R4�0WD50Z6�LM-[H76#=7,i68F�Hw=w/%- �{2b/>Ù3+�470ZD50W6�LE-dH768=7,8+R47LM-%/%- �;`Õxz2{OEQW-VD:+

LEâ�6#/BQRFS/%-\ÀS0�2X2E6C/%DG=7ÃB682t0Z6�LM-[H76#=7,y)X4�-V6�LLS/�=�NE,n2J2E6K+#QZ=�Lb2JF�Hw=7,n2E)K2E6C/:`

Ê(t;Ê



ò Ä«äRÄ óq?�@O= Z CO;JIN?�@O;

Une ligne de l’amplitudeAmplitude

Phase Une ligne de phase

ligne analysée

�� ��! �©"nr°$'&*Ái470@+<2eDT=w17-\=7,[2	1�2�,G� -B)X=@H�2_(*2EDG4�L;2E6�LE-V6WH�à Á�-%/:F�ê}á_2E6�=�)_+8,.-%/%0R1W2	2b/}2E6X+#QZ=�Lb2	=�Ï¥6�1z� -V,V,§0WLE/%DT2ED
,n2ML�+CQRFE6#4�)5�S682ML�1�2	DT2;NT47681�L�ÀS0Z-iâ5LS476#/f+#DTFML;2E6C/BL;`

Ê(t;È



Ê(tS�



À ÁÂÁÄÃ�ÅÆÃ C

D ¥FEÌÎ�¨ Ê ¦HG¡ÈÏÒ Ê ËÌÊ Í ¥ª ¨«È§¨JILK M ÈÏÎ ª Ê¿Í ¥ Ñ N Î ÊÆÍ
ËÌÊ NPO G ¬rÑ Ê ¦QG Í

R

SUT

V T VXWY

S W

Z T

��>��!\[ "%$¨&ÕÓ�-VL�+�4�LM-%/%-\476�1W2ML3NGíw/%-V)K2E6C/BLA+�470ZDt,n2�OI=7,[OS0Z,�1�2	,d={/�=7-B,V,n2�1�2EL	47)KNEDI2MLb`

]{\_T3VEDB�<; Z 9<;/@O?�AUT3AJIN?�@O;]FE9 Z T�u�ILQSCEDB9 ^ Änt 9MA4V�T3D];JILK4V Z 9<;]=<?�@O;JINFEYMDUT3AJIN?�@O;]Q0Y<?�K/YMAJDJINc-CO9<;1ù Z T�AUT3I ZLZ 9`FE9
Z \|?�KXHEDB9

s1
k

s1 =































min
(

d
sin θ ,

h1
cos θ

) ;BI






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

;JIL@O?�@

ô ^ ÄLt õ

8%TmF(IN;JAUT3@O=<9>DUT�F(I�T Z 9G9M@$AJDB9 Z 9M;aFE9MC(ø	H h AJILK/9M@-AB;
D12

ùEYwQ�T Z 9�� Z T{F(IN;JAUT3@O=<9P9M@-AJDB9 Z T{FE9MDJ@EIN�MDB9GDBYMV*?�@O;B9GF(C
AB?�ILAeF(C`H h AJILK/9M@-A t 9MA Z T{VEDU9wK4IN�MDB9PDUYwV*?�@�;B9PF(C�AB?�ILAeF(C`H h AJILK/9M@-A Ê ùO9<;JAaYMQ�T Z 9�� k

D12 = max

(

s1,
h1 − ∆h

cos θ

) ô ^ Ä«Ê õ

T"_�9<=
∆h

FEYwxO@EI%V�T3D k

∆h =
d−

(

h1 tan θ + h2
tan θ

)

tan θ + 1
tan θ

ô ^ Ä«È õ

Ê(t;ä



]R?�@O=P?�@`V*9MCEAe=1T Z =MC Z 9MD Z 9>V*?�CODB=<9w@$AUT3Q09
Ps
FE9G;B? Z =<T�=UW�Y k

Ps =
s1 sin θ

max(l1 + l2 + d, l1 + h1 tan θ)

ô ^ Ä ` õ

a�?�CED]FE9MC(ø�H h ABInK/9M@$AB;]=<?�@O;BY<=MCEAJIn÷&;�ùyI Z 9<;JA/FE?�@O=�V*?S;U;JILH Z 9�FE9�=1T Z =MC Z 9MD Z TvV*?�DJAJIN?�@¢FE9�;B? Z =1T�=UWOY Ä ób9M=MI
ILK4V*?S;U9PFE9P=<?�@E@�T"ÿNAJDB9�V�T3Dj÷¾T3ILAB9MK/9M@-A Z 9GVEDB?3x Z FE9<;eFE9MC(ø�H h AJILK/9M@-AB; ÄC� FEY1T Z 9MK/9M@-A1ùOI Z ÷¾T3COF(DUT3ILAeV*?�Cb_�?�InDoY<=MDJILDB9
s1
9M@�AB9MDJK/9{VEDB?�H�T3HEI Z IN;JAB9X÷&?�@O=MAJIN?�@�FE9

l1
9MA
l2
ô FE9MC(ølDBY1T Z IN;UT3AJIN?�@O;GFE9 Z TA_�T3DJI�T3H Z 94T Z Y1T3AB?�ILDB9

L
Z T3DJQ09MCED>FE9<;

H h AJILK/9M@-AB;wõwù
h1
9MA
h2
ô FE9MC(ø	DBY1T Z IN;UT3AJIN?�@O;eFE9 Z T6_�T3DJI�T3H Z 9�T Z Y1T3AB?�ILDB9

H
AUT3I ZLZ 9GFE9<;dH h AJILK/9M@-AB;�õwù

d
ô DBY1T Z IN;UT3AJIN?�@

FE9 Z T6_ST3DJI�T3H Z 9�T Z Y1T3AB?�ILDB9
D
F(IN;JAUT3@O=<9P9M@-AJDB9�FE9MC(ø�H h AJILK/9M@-AB;�õ Ä[Ä[Ä

æ CO9 Z T>=<?�K4V Z 9�ø(ILABYaFE9<;rY<c�C�T3AJIN?�@O;�ù3I Z ;B9MKXH Z 9bFEI Æ =MI Z 9aF^\|?�HEAB9M@EILDpCE@O9b9wø(VEDB9<;B;JIN?�@]T3@�T Z ñ-AJINc-CO9 Ä ayT3Dp=<?�@-AJDB9Sù
I Z 9<;JAaV*?S;B;BILH Z 9PFE9GQ0YM@OYMDB9MDeV Z CO;JIN9MCEDB;eVEDB?3x Z ;oFE9P;B? Z 9M@lFEYwxO@EIN;B;UT3@-A Z 9<;d÷&?�@O=MAJIN?�@O;oFE9PFE9M@O;JILABY�FE9GVEDB?�H�T3HEI Z ILABY
FE9
L
ù
H
ù
D
9MAaFE9P=1T Z =MC Z 9MD Z 9

Ps
K/?�ñ09M@`V*?�CEDaCE@`QSDUT3@OF�@O?�KXHODB9PFE9GVEDB?3x Z ; ô u�ILQSCEDB9 ^ Ä«Ê õ Ä

0 10 20 30 40 50 60 70 80 90 100
0

50

100

150

200

250

300
Histogramme du pourcentage de surfaces cachées

ced/fhg\[ji rlk���-cLS/�4TH�DG=nmomK2X170K+�470ZDGOM2E6C/�=;H�2{1�23Lb47,ÕOI=wOSQRFJLM0ZDX1�2ML_+#DG4�Ïa,.LJ1W239@-V,V,n2MLb` � ,§0WLM-�2E0WDML*+#DG4�Ïa,.L	LS4�6C/
HWFE68FEDIFML�2b/B?	ê�OEQZ=wÀb0�2	�b47-VLI?e,n23+�470ZDGOM2E6C/�=;H�2|1�2ULS47,�9@0 2MLE/3OT=7,[OS0Z,nF;`^x~2MLv9�=7DE-%=WNE,n2ML©=7,nFT=�/�47-BDT2ML
Lb476C/31WFBÏa6<-�2ML�OI4nmom52©LM0Z-B/X¦

H
2ELE/�0W6f2�Hw=�0�LILE-\2S6<682|1�2pm547â�2E6C682�ß'q�2S/J1z� FGOI=7DS/%�>/%â.r<2sq�?

L2ELE/^-\1�2E6C/%-\ÀS0<2#mK2E6C/17-VLE/%DE-\NE0<FXLM0ZDht�q�?\Ò-Ù/uM?
D

2ML#v�wW682�Hw=nwWLIL#x\2S6<682{1�2ymX4�âw2S6<682{ß0Ù�2 v1z� FTOI=7D v%�v%â.r<2zq�`�Ó	=76<L3OM25OI=�LI?^476�=�?^2E6{m547â�2E6C682M?�Ò-Ù}|�~nw�LS4��ÕÀ w}x��ML#v^OI=wOSQRF;`Õx7�ML�DTFML#w5��v�=�vBL�L"�EDG=nx��E69v
FS9"x�~��#momA�E69v�~nx ì*FSD��E69vBL�r�4nwZD<~��ML<~nxVL#v%D#x\N#w�v�x%4�6�L�~��

H
?
L

� v
D

~nx ì*FED��S69v��MLb`

Ê(t;�



À ÁÂÁÄÃ�ÅÆÃ �

� Î¡È�� Ê G Í ËÌÊÆÍ ¥§¦ ËÌÊÆÍ K¿ª Ê ¨�G�Î�¥ Ñ ÈÏÒ§¦LK�G ¬�� E Ê¿Í

ð @`K4I Z IN9MClCEDJH�T3IL@:ùOI Z ñ�T4FE9G@O?�KXHEDB9MCO;B9<;eDBY Ç 9wø(IL?�@�;aKXC Z AJILV Z 9<;1ù�=<9Pc-CEI:=<?�K4V Z INc-CO9�9M@O=<?�DB9 Z 9<;aK/?-FE� Z 9<; Ä
8%9 � T3H Z 91T3C ó ÄLt DB9<=<9M@O;B9 Z 9<;qVEDJIL@O=MILV�T3C(ø�Afñ$V*9<;bFE9RAJDUT ¬ 9MAB;dc�CO9 Z \|?�@OFE9GY Z 9<=MAJDB?�K]T3QS@�YMAJINc-CO9GV*9MCEAd;JCEI�_$DB9 Ä 8:9<;
F(IN�<F(DB9<;4?�@-AmCE@O9!V Z T�=<9	ILK4V*?�DJAUT3@-AB9lT3In@�;JIbc-CO9 Z 9<;4FE?�CEH Z 9<;mDBY Ç 9wø$IN?�@O; ÄÕ� Y1T3@EK/?�IL@O;1ù�I Z ÷¾T3COF(DUT3ILA{÷�T3ILDB9	CE@O9
T3@�T Z ñ(;B9	V*? Z T3DJILK/YMAJDJINc-CO9�V*?�CEDz_�T Z INFE9MD/=<?�K4V Z YMAB9MK/9M@$A Z \ W-ñ$V*?�AJWO�<;B9�c�CO9 Z 9<;4FE?�CEH Z 9<;4DBY Ç 9wø(IN?�@O;/;B?�@-AmV Z CO;
÷&DBY<c-CO9M@-AB9<;Pc-CO9 Z 9<;GAJDJIN�<F(DB9<; Ä:þ T Z WO9MCEDB9MCO;B9MK/9M@-AX@O?S; ¬ 9MC(ø�FE94FO?�@E@OY<9<;P@O94;B?�@$AGV�T�;GV*? Z T3DJILK/YMAJDJINc-CO9<; k�Z 9<;
¬ 9MC(ø7FE9/FE?�@E@OY<9<;XV*? Z T3DJILK/YMAJDJINc-CO9<;m��W�T3CEAB9/DBY<;B? Z CEAJIN?�@�9M@�K4I Z IN9MC¡CEDJH�T3IL@�;B?�@-APDUT3DB9<; Ä[Ä[Ä ]>9<;PAB9<;JAB;X;JCED�FE9<;
ILK]T3Q09<;PK/?�IL@O;PHEIN9M@7DBY<;B? Z CO9<; ô ü ò þzs$ðgs ù^FE?�@E@OY<9<;�;BCED�^gDBYMAJILQS@-ñOõ>9MA�9M@zW�T3HEILAUT3AXF(IN;JV*9MDB;BY4@O9mV*9MDJK/9MAJAB9M@-A
V�T�;eFE9 Z 9 _�9MDe=<?�K4V Z YMAB9MK/9M@-A Z \_T3KXHEILQSCE��ABY Ä

Ê(t@g



����� g*�yi�� k��.���(� �9v��nxX����~��. ¡~nx ì£¢#��� �9v4 pv����j�¤�¤v4 p~5�p�T� ¥n�¦~5��¢ ����§¤v��,¥�mz�	¨n�U¢ v�x\À w��¨À w}x�r��#w}�(�#�9vAB v����s¥�©. "�#�.�n¢. ~'�n�b h�ª�. �xXmy�"¨5�. *Î � ��êy«}�nw�v�����¢. ¤¥n�¬w}v�x�¥n�{� ��moxX�¬x�� ww5�"©��nx4�U®

� HEDB9
FE9
DB9#¯
H*?�@OFE;

� ñ$V*9<;aFE9GAJDUT ¬ 9MAB; � ñ$V*9<;aFE9P;JCEDj÷¾T�=<9<;�±3?�H ¬ 9wAU; ü 9MK]T3DBc�CO9<;

t
¯kDBY Ç 9wø$IN?�@l;BV*Y<=MC Z T3ILDB9
¯gF(I ® CO;JIN?�@

¯y;JCEDj÷¾T�=<9 Z IN;B;U9e?�DJIN9M@-ABY<9e_�9MDB; Z 9
=1T3VEAB9MCED¯k;BCEDj÷�T�=<9GDJCEQSCO9MCO;B9

¯pDUT3DB9Sù�T3K4V Z ILAJCOFE9P÷&?�DJAB9
¯pK]T ¬ ?�DJILABYPFE9<;e=1T�;

Ê

¯ Ê DBY Ç 9wø(IL?�@�;e;JV*Y<=MC Z T3ILDB9<;
¯ t DBY Ç 9wø$IN?�@«;JV*Y<=MC Z T3ILDB9±° t
F(I ® CO;JIN?�@
¯ t F(I ® CO;JIN?�@F° t DBY Ç 9wø(IN?�@
;JV*Y<=MC Z T3ILDB9¯ Ê F(I ® CO;JIN?�@O;

¯�F(IN�<F(DB9¡V�T3Dj÷¾T3ILA ô ?�DJAJWO?�Q0?�@�T Z
9MA Z IN;B;B9�õ¯!F(IN�<F(DB9�T"_�9<=�T3C«K/?�IL@O;`CE@O9
;JCEDj÷¾T�=<9ÆDJCEQSC�9wC�;B9 ô =1T�;½F^\ CE@
KXCEDe9MAeF^\ CE@l;B? Z õ¯pINFE9MK
¯`F(IN�<F(DB9,T"_�9<= FE9MC(øÆ;JCEDj÷¾T�=<9<;
DJCEQSCO9MCO;B9<;

¯a÷�T3ILH Z 9/VEDB?�H�T3HEI Z ILABY!F^\_T3VEV�T3DJI�¯
AJIN?�@ � � ?�CEIL@�T3COF^ù t;����� �¯AJDB�<;%÷&DBY<c�CO9M@-A1ù�K/?-FEY Z IN;BYqFOT3@O;
� uODUT3@O=<9<;B=UWO9MAJAJI�9MAoT Z�Ä ù Ê�²�²�Ê �
¯pINFE9MK
¯ @O?�@ ABDUT3ILABY FOT3@O;
� uODUT3@O=<9<;B=UWO9MAJAJI`9MA�T Z�Ä ù Ê�²�²�Ê � ù
T3K4V Z ILAJCOFE9�=<9MDJAUT3IL@O9MK/9M@-A!AJDB�<;
÷¾T3InH Z 9 ô @OYMQ Z ILQ091T3H Z 9 � � T(³�9MA
9MAeT Z�Ä ù t;���(t � õ

È

¯ È DBY Ç 9wø(IL?�@�;e;JV*Y<=MC Z T3ILDB9<;¯ Ê DBY Ç 9wø$IN?�@O;e;JV*Y<=MC Z T3ILDB9<;e° t
F(I ® CO;JIN?�@
¯ t DBY Ç 9wø$IN?�@«;JV*Y<=MC Z T3ILDB9±° Ê
F(I ® CO;JIN?�@O;¯ È F(I ® CO;JIN?�@O;

¯pAJDJIN�<F(DB9¯dF(IN�<F(DB9mT"_�9<=XCE@O9{;JCEDj÷�T�=<9XDJC�¯
QSCO9MCO;B9P9MAaCE@O9P;JCEDj÷¾T�=M9 Z IN;B;B9
¯pINFE9MK
¯`F(IN�<F(DB9,T"_�9<= FE9MC(øÆ;JCEDj÷¾T�=<9<;
DJCEQSCO9MCO;B9<;

¯pV�T3Dj÷�?�IN;*_$IN;JILH Z 9¯]DBY Ç 9wø$IN?�@½KXCED�¯[;B? Z ¯¾KXCED�K/?(¯
FEY Z IN;BY<9 F�T3@O; � uEDUT3@O=<9<;U=UWO9MAJAJI
9MApT Z�Ä ù Ê�²�²�Ê � ù0T3K4V Z ILAJCOFE9b÷¾T3ILH Z 9¯m@O?�@¼AJDUT3ILABYSùaT3K4V Z ILAJCOFE9�AJDB�<;
÷¾T3InH Z 9 ô @OYMQ Z ILQ091T3H Z 9 � � T(³�9MA
9MAeT Z�Ä ù t;���(t � õ¯pINFE9MK

` 9MA° @O?�@ÆABDUT3ILABYSùGT3K4V Z ILAJCOFE9,=<9MDJAUT3I�¯
@O9MK/9M@-A�ABDB�<;�÷�T3ILH Z 9 ;UT3C(÷!FOT3@O;
FE9<;b=<T�;qK]T3DJQSIL@�T3C(ø!K/9MAJAUT3@-Ad9M@
¬ 9MCzCE@EINc-CO9MK/9w@$A�FO9M;PDBY Ç 9wø(IL?�@�;
;JV*Y<=MC Z T3ILDB9<;

Ê(t"´



À ÁÂÁÄÃ�ÅÆÃ µ

¤ I©È Ñ M ËÌÊ ÈÏÎ·¶§¥¹¸ Ê G G7Î�È ¬ G ÊÆÑ Ê ¦HG ËÌÊÆÍ
¬rÑ È»Ò Ê¿Í

óq9MAJAB9aT3@E@O9wøE9bDBY<;JCEK/9 Z 9qVEDJIL@O=MILV*9aFE9bH�T�;B9bFE9<;p=UW�T3K4VO;pFE9 þ T3D,³�?	_X9M@4AJDUT3ILAB9MK/9M@-AkFE9<;rILK]T3Q09<;pc-CO9q@O?�CO;
CEAJI Z IN;U?�@O;�FOT3@O;PV Z CO;JIN9MCEDB;XT Z Q0?�DJILAJWEK/9<; ô = Z T�;U;JInx�=1T3AJIN?�@:ù:DBYMQSC Z T3DJIN;UT3AJIN?�@:ù:÷&CO;JIN?�@õGT3C�ógW�T3VEILAJDB9 º Ä 8:9 Z 9<=MAB9MCED
AJDB?�Cb_�9MDUTmV Z CO;eFE9PFEYMAUT3I Z ;eFOT3@O; � þ T"ÿNAJDB9Sù Ê�²�²�Ê �:Ä]GT3@O; Z 9<;XILK]T3Q09<;1ù Z 9<;XVEInøE9 Z ;{FEYMV*9M@OFE9M@-A1ù Z 9]V Z CO;{;B?�Cb_�9M@-A1ù�FE9 Z 9MCEDU;<_�?�IL;BIL@O;¼» Z T`VEDB?�H�T3HEI Z ILABY�F^\_T"_�?�ILD{CE@O9
=<9MDJAUT3IL@O9£_ST Z 9MCEDb�GCE@	;JILAB9

s
9<;BAg=<?�@OF(ILAJIN?�@E@OY<9RV�T3Dg=<9 ZLZ 9<;qFE9o;B9<;½_�?�IN;JIL@O; Ä 8:9eK/?-FE� Z 9oK]T3D,³0?	_$IN9M@:ù�IL@-AJDB?-F(CEILAd�

Z \|?�DJILQSIL@O9bV*?�CODrFEY<=MDJILDB9 Z 9bFEYMV Z T�=<9MK/9M@-AkFE9<;yV�T3DJAJIN=MC Z 9<;p9M@mVEW-ñ$;JINc-CO9q;BAUT3AJIN;JAJINc-CO9SùSToYMABYdT�FOT3VEABYaT3CmAJDUT3ILAB9MK/9M@-A
FE9<;aILK]T3Q09<;aV*?�CEDeFEY<=MDJILDB9�=<9MAJAB9GVEDB?�VEDJINYMABY Ä

µ ï�¾ µÀ¿�Á{¯3ò�ó#òIþa¯ øjÂ:õX¯ æfý3ú_û§å ø3öÄÃ ú*ÅUÆ^þ½Ç
ÖÉÈ�ÊËÈ�Ê ç ½iÛk�CÝ�Ì>Ü(Í¦Î'Ì:½z¼�Û½ÏsÝB�XÌ�Ð�Í���Ï

ò _ST3@-AaFE9PFEYwxO@EILD Z 9P=UW�T3K4VlFE9 þ T3D,³0?	_�ù(I Z ÷¾T3CEAaF^\_T3H*?�DBFlFEYwxO@EILD Z \ ILK]T3Q09�9M@`AB9MDJK/9<;aVEDB?�H�T3HEI Z IN;JAB9<; Ä
8p\ ILK]T3Q09o9<;JAkCE@]9M@O;U9MKXH Z 9dxO@EI

S
FE9e;JILAB9<;

si
c�CEI=<?�DJDB9<;JV*?�@OFE9M@-Aq;U?�ILAkF(ILDB9<=MAB9MK/9M@-AdT3C(ø4VEInø(9 Z ;�ù0;B?�ILAq�GFE9<;

DBYMQSIN?�@O; ô 9M@O;U9MKXH Z 94FE9{VEInøE9 Z ;�õoF^\ CE@zQSDUT3VEWO9 Ä
S
9<;JA>Q0YM@OYMDUT Z 9MK/9M@-A�CE@z9M@O;B9MKXH Z 9/F(IN;B=MDB9MAG9MA>xO@EI Ä ò =UW�T�c-CO9

;BILAB9d9<;JAgT�;B;B?-=MINYdCE@]FE9<;B=MDJILVEAB9MCED ô @EI�_�91T3C]FE9dQSDJIN;1ù0YMAJINc�CO9MAJAB9e?�Cy_�9<=MAB9MCEDB;�õyc-CEIEDB9MVEDBY<;B9M@-AB9 Z \|YMAUT3AgF(C];JILAB9 Ä ò xO@
FE9R;BAJDJCO=MAJCEDB9MD Z 9<;gDB9 Z T3AJIN?�@O;d;JVT3AJI�T Z 9<;d9M@-AJDB9 Z 9<;bY Z YMK/9M@-AB;dFE9

S
ù-I Z 9<;JAq@OY<=<9<;B;UT3ILDB9RFO9oKXCE@EILD

S
F^\ CE@�;Bñ$;JAB�MK/9

FE9h_�?�IN;JIL@�T3Q09<;
V
FOY�x�@EI:V�T3D�»

Vsk
= {sj/sk /∈ Vsk

9MA
sj ∈ Vsk

⇒ sk ∈ Vsj
}

ô ] ÄLt õ
Ñ @lT3VEV*9 ZLZ 9G9M@O;BCEILAB9 §¤�Òx\À w�� AB?�CEAd;U?�CO;�¯[9M@O;B9MKXH Z 9GFE9

S
÷&?�DJK/Y>V�T3DdFE9<;a;JILAB9<;dc�CEI^;U?�@-AbKXCEAJCO9 ZLZ 9MK/9M@-A�_0?�IN;JIL@O; ÄÑ @`@O?�AB9MDUT

C
Z \|9M@O;U9MKXH Z 9PFE9<;e= Z INc�CO9<;aDB9 Z T3AJIn÷p�

V
ÄÓe@/V*?�AB9M@-AJIN9 Z FE9a= Z INc�CO9

Uc
9<;JAkFEYwxO@EI�=<?�K4K/9 Z TG;B?�K4K/9aFO9M;pIL@$AB9MDUT�=MAJIN?�@O; Z ?-=1T Z 9<;g9M@-AJDB9 Z 9<;kFE9<;B=MDJILVEAB9MCEDB;

ô @EI�_�91T3C(ø¡FE9!QSDJIN;�ù�YMAJINc-CO9MAJAB9<;1ù�9MAB= Ä õXFE9	;JILAB9<;<_�?�IN;JIL@O;{FE9 Z T�= Z INc-CO9	9MA Z \|YM@O9MDJQSIN9	Q Z ?�H�T Z 9�FE9 Z \ ILK]T3Q09�9M;BA Z T
;U?�K4K/9GFE9<;aV*?�AB9M@-AJIN9 Z ;oFE9>AB?�CEAB9<; Z 9<;e= Z INc�CO9<;eFE9 Z \ ILK]T3Q09y»

U =
∑

c∈C

Uc
ô ] Ä«Ê õ

9MA Z \|YM@O9MDJQSIN9 Z ?-=<T Z 9o9M@/CE@!;JILAB9a9<;BA Z TG;B?�K4K/9eFE9<;pV*?�AB9M@-AJIN9 Z ;qFE9aAB?�CEAB9<; Z 9<;k= Z INc�CO9<;qT3C(øEc�CO9 ZLZ 9<;kI Z T3VEV�T3DJAJIN9M@-Ae»
Us =

∑

c∈C/s∈c

Uc
ô ] Ä«È õ

8p\ ILK]T3Q09�9<;BA{=<?�@O;JINFEYMDBY<9�=<?�K4K/9	CE@�DUY<T Z IN;�T3AJIN?�@�F^\ CE@ =UW�T3K4V,T Z Y1T3AB?�ILDB9
X
�p_�T Z 9MCED4FOT3@O; Z \|9<;JV�T�=<9

ΩFE9<;]YMAUT3AB; ô @EI�_�91T3C(ø,FE9�QSDJIN;1ùpYMAJINc-CO9MAJAB9<;1ùk9MAB= Ä õ Ä
xs

Z T�DBY1T Z IN;UT3AJIN?�@¢FE9`=<9`=UW�T3K4V�T3C�;JILAB9
s
Ä\Ô ?�CO;4@O?�AB?�@�;

Ê(t"Õ



] ÄLt�Ä«ÊRÄOþ T3D,³�?	_	9MAeÖRILHEHO;

P (X) = P (X1, X2, ...)
Z T Z ?�I�FE9rVEDB?�H�T3HEI Z ILABYkQ Z ?�H�T Z 9kFE9 Z \ ILK]T3Q09k9MA

P (Xs|Xs)
Z TdVEDB?�H�T3HEI Z ILABYk=<?�@OF(ILAJIN?�@E@�9 ZNZ 9

FE9 Z Ty_�T3DJI�T3H Z 9mT Z Y1T3AB?�ILDB9
Xs

Z ?-=1T Z 9mT3C�;JILAB9
s
9w@�÷&?�@O=MAJIN?�@�FE9<;£_ST3DJI�T3H Z 9<;GT Z Y1T3AB?�ILDB9<;

Xs FE9�AB?�CO; Z 9<;>T3CEAJDB9<;;BILAB9<;aFE9 Z \ ILK]T3Q09 Ä

ÖÉÈ�ÊËÈX× ç ÍÙØ'Ú�Û � ÏbÎ{ÜÝÌ[�k�AÜ
8%TXFEYwxO@EILAJIN?�@�F^\ CE@�=UW�T3K4V�FO9 þ T3D,³0?	_]9<;JA Z T�;BCEI�_�T3@-AB96»Sh

X
9M;BAgCE@	=UW�T3K4V�FE9 þ T3D,³�?	_/;JI*9MAb;B9MC Z 9MK/9M@-A

;BI Z TXVODB?�H�T3HEI Z ILABYP=<?�@OF(ILAJIN?�@E@O9 ZNZ 9 Z ?-=1T Z 9G9M@�CE@`;JILAB9
S
@%\ 9<;BAb÷&?�@O=MAJIN?�@lc�CO9GFE9 Z Tm=<?�@(xOQSCEDUT3AJIN?�@�F(C_0?�IN;BIL@�T3Q09

F(Cl;JILAB9G=<?�@O;BINFEYMDBYwiUù�=M9Pc-CEI:;B9>AJDUT�F(CEILAeV�T3D�»
P (Xs|Xs) = P (Xs|Xj , j ∈ Vs)

ô ] Ä ` õ
]{\_T3VEDB�<; Z 9oAJWOY<?�DB�MK/9PF^\�ÞRT3K4K/9MDB; Z 9Mñ5¯ ó Z I�ß^?�DBF^ùE=<9MAJAB9>VEDB?�H�T3HEI Z ILABYG;1\|Y<=MDJILAd;U?�CO; Z T�÷&?�DJK/9>F^\ CE@�=UW�T3K4V`FE9Ö>ILHEHO; � Ö>9MK]T3@�9MA£Ö>9MK]T3@:ù t"Õ�´(` � »

P (X = x) =
1

Z
exp(−U(x))

ô ] Ä«ä õ
T"_�9<=

Z
Z 9G=<?-9 Æ =MIN9M@-ARFE9>@O?�DJK]T Z IN;UT3AJIN?�@v9MA

U
Z T{÷&?�@O=MAJIN?�@lF^\|YM@O9MDJQSIN9 Ä

ÖÉÈ�ÊËÈVÙ à Í°Ü©Û½ÏsÛ½Ï9á�âÆ��ã\ÍËÐ��}Ü
óq?�@O;JINFEYMDB?�@O; Z 9G=1T�;a?nä`CE@l=UW�T3K4V

Y
9<;JAdDB9<=UWO9MDB=UWOY�9M@�÷�?�@O=MAJIN?�@lF^\ CE@l=UW�T3K4V�F^\|?�HO;B9MD,_�T3AJIN?�@

X
Ä

s ?�CO; Z \ W-ñ$V*?�AJWO�<;B9XF^\ CE@O9PIL@OFEYMV*9M@OFOT3@O=<9{FE9<;eVEInø(9 Z ;o9M@-AJDB9�9MC(ø`9MAoFE9<;eVEInø(9 Z ;�_-IN;,¯f�¯�_-IN;eFE9<;�_�T Z 9MCEDB;oFE9
Y
ù Z T

VEDB?�H�T3HEI Z ILABY4=<?�@OF(ILAJIN?�@E@O9 ZLZ 94F^\_T"_0?�ILDRCE@�=UW�T3K4V
Y
=<?�@E@�T3IN;B;�T3@-ARCE@�=UW�T3K4V

X
V*9MCEAæåMAJDB9XK/?-FEY Z IN;BY<9{V�T3DRCE@

=UW�T3K4V�FE9 þ T3D,³�?	_*ùE=1T3D
P (Y |X) =

∏

s P (ys|xs) = exp(
∑

s − ln p(ys|xs))
Ä

]{\_T3VEDB�<; Z 9oAJWOY<?�DB�MK/9PF^\�ÞRT3K4K/9MDB; Z 9Mñ5¯ ó Z I�ß^?�DBF^ùE=<9MAJAB9>VEDB?�H�T3HEI Z ILABYG;1\|Y<=MDJILAd;U?�CO; Z T�÷&?�DJK/9>F^\ CE@�=UW�T3K4V`FE9Ö>ILHEHO; � Ö>9MK]T3@�9MA£Ö>9MK]T3@:ù t"Õ�´(` � »

P (Y = y|X = x) =
1

Z
exp(−U(y|x)) ô ] Ä º0õ

T"_�9<=
Z
Z 9G=<?-9 Æ =MIN9M@-ARFE9>@O?�DJK]T Z IN;UT3AJIN?�@v9MA

U
Z T{÷&?�@O=MAJIN?�@lF^\|YM@O9MDJQSIN9 ÄÑ D Z TmVEDB?�H�T3HEI Z ILABY�=<?�@OF(ILAJIN?�@E@O9 ZNZ 9

P (Y |X)
;1\|Y<=MDJILAoT3CO;B;BI\»

P (Y |X) =
P (X|Y )P (Y )

P (X)

ô ] Äèç õ
F^\|?nä·»

U(y|x) = U(x|y) + U(y) − U(x)
ô ] Ä%´ õ

8%9RAB9MDJK/9
U(x)

9<;JAd=<?�@O;JAUT3@-AaFE?�@O=>?�@�@O9 Z 9RVEDB9M@OF�Q0YM@OYMDUT Z 9wK/9<@-AaV�T�;d9M@�=<?�K4VEAB9GFOT3@O; Z 9RAB9MDJK/9GF^\|YM@O9MDJQSIN9
=1T3D Z 9GHECEAe9<;JAaFE9GK4IL@EILK4IL;U9MDe=<9PFE9MDJ@EIN9MD Ä

8%Ta÷�?�@O=MAJIN?�@mF^\|YM@O9MDJQSIN9d9<;JA Z To;B?�K4K/9qFE9qFE9MC(ø{=<?�@-AJDJILHECEAJIN?�@O; Ä 8%TeVEDB9MK4IN�MDB9qDB9 Z T3AB9 Z \_T3AJAUT�=UWO9dT3C(øXFE?�@E@OY<9<;
9MA Z Tm;U9<=<?�@OFE9P9<;JAdCE@`AB9MDJK/9PFE9GDBYMQSC Z T3DJIN;UT3AJIN?�@�VEDB9M@�T3@-Ae9M@l=<?�K4VEAB9 Z 9æ_�?�IN;JIL@�T3Q09PF(C`;BILAB9G=<?�@O;JINFEYMDBYA»

U(y|x) = −
∑

s

ln p(xs|ys) +
∑

c∈Cs

Uc(y)
ô ] Ä%Õ õ

8%9<;dAB9MDJK/9<;eFE9
U
;B?�@-AeT�FOT3VEABY<;R� Z \_T3VEV Z IN=1T3AJIN?�@v;B?�CEW�T3ILABY<9P9MAoT3C`Afñ-V*9PF^\ ILK]T3Q09 Ä

Ê�Ê�²



] Ä«ÊRÄ ò Z Q0?�DJILAJWEK/9<;eFE9GK4IL@EILK4IN;UT3AJIN?�@

µ ï ð é ùUÔ^þ*Åfò�ó#ýJû öi÷ ø3öåû òU¯�òIû òI÷Cú�ó#òTþe¯
Ô ?�CO;oVEDBY<;U9M@-AB?�@O;>FE9MC(øvT Z Q0?�DJILAJWEK/9<;GFE9XK4IL@EILK4IN;UT3AJIN?�@zc-CO9�@O?�CO;RCEAJI Z IN;B?�@O;>FOT3@O;R@O?S;oAJDUT"_ST3C(ø ÄUê[Z ;R;B?�@-A

Y<=MDJILAB;eFOT3@O; Z 9P=<T�;eF^\ CE@l;B9MC Z =UW�T3K4V`K]T3IN; Z \_T Z Q0?�DJILAJWEK/9�9<;BAdINFE9M@-AJINc�C�9PFOT3@O; Z 9G=1T�;eFE9>V Z CO;JIN9MCEDB;e=UW�T3K4VO; ÄayT3DkT3@�T Z ?�QSIN9eT"_�9<= Z TRVEW-ñ$;JINc-CO9b;BAUT3AJIN;JAJINc�CO9Sù�CE@4V�T3DUT3K/�MAJDB9eFE9bAB9MK4V*YMDUT3AJCEDB9
T
V*9MCEA\åMAJDB9dIL@-AJDB?-F(CEILAkFOT3@O;

Z T4F(IN;JAJDJILHECEAJIN?�@�FE9<ÖRILHEHO;�»
PT (Y = y) =

1

Z(T )
exp

(

−U(y)

T

) T"_�9<=
Z(T ) =

∑

y∈Ω

exp

(

−U(y)

T

) ô ] ÄLt"² õ

Ω
9<;JA Z \|9w@�;B9MKXH Z 9PFO9M;�_ST Z 9MCEDU;dV*?S;B;BILH Z 9<;aFE9

Y
Ä

8:?�DB;Bc-CO9
T
AB9M@OFj_�9MDB; ² ù

PT (y)
=<?�@5_09MDJQ09G;JILK4V Z 9MK/9M@-A*_�9MDB;qCE@O9>F(IN;JAJDJILHECEAJIN?�@�CE@EIn÷�?�DJK/9G;JCED Z 9<;bK4IL@EILK]T

FE9 Z \|YM@O9MDJQSIN9
U
9MAa@-C ZLZ 9GV�T3DJAoT3I ZLZ 9MCEDB; Ä*s I

U
VEDBY<;B9M@-AB9

k
K4IL@EILK]TmQ Z ?�H�T3C(ø

mi
ùE?�@�Të»

lim
T→0

PT (y) =
1

k

;JI
y ∈ {m1, ...,mk}

ô ] ÄLtSt õ
lim
T→0

PT (y) =0
;JIL@O?�@ ô ] ÄLt;Ê õ

8:?�DB;Bc-CO9�ì¼AB9M@OF_�9MDB; Z \ IL@(xO@EI¾ù
PT (y)

=<?�@5_�9wDBQ09P;JILK4V Z 9MK/9M@-A�_�9MDB; Z TmVEDB?�H�T3HEI Z ILABY�CE@EIn÷&?�DJK/9�;JCED
Ω

Ä
óq9<;dDBY<;JC Z AUT3AB;e;U?�@-A Z TmH�T�;B9GF(C`DB9<=MCEILAe;BInK{C Z Y Ä

ÖÉÈX×�È�Ê í Ï��bá½Ì�Î©Ü(Ì>ÐÉá¥Ý[�
8p\_T Z Q0?�DJILAJWEK/9qF(C�DB9<=MCEILA�;BILKXC Z YSù1VEDB?�V*?S;BYkFOT3@O; � Ö>9MK]T3@{9MA�ÖG9MK]T3@:ù t"Õ�´(` � 9<;JA%CE@O9pK/YMAJWO?-FE9gFE9pDB9<=UWO9MDB=UWO9

ILABYMDUT3AJI�_�9PF^\|YM@O9MDJQSIN9PK4IL@EILK]T Z 9 Ä 8:9<;aYMAUT3V*9<;o;B?�@-A�»
t�Ä =UWO?�Inø¼F^\ CE@O9zAB9MK4V*YMDUT3AJCEDB97IL@EILAJI�T Z 9

T (0)
9MA�F^\ CE@O97=<?�@(xOQSCEDUT3AJIN?�@

y(0) T Z Y1T3AB?�ILDB97?�C�VEDB?-=UWO9zFE9 Z T;B? Z CEAJIN?�@l;BI Z 9<;aFE?�@E@OY<9<; Z 9GV*9MDJK/9MAJAB9M@-A1ù
ÊRÄ � Z \|YMAUT3V*9

n
ù(÷�T3ILDB9y»¯�;JILKXC Z T3AJIN?�@!F^\ CE@O9a=<?�@(xOQSCEDUT3AJIN?�@

y(n) V*?�CED Z T Z ?�I�FE9£ÖRILHEHO;kF^\|YM@O9MDJQSIN9 U(y)

T (n)

�RV�T3DJAJILDgFE9 Z T>=<?�@(xOQSCEDUT¯
AJIN?�@

y(n−1) î Z TX;JILKXC Z T3AJIN?�@�V*9MCEAb;B9e÷�T3ILDB9>� Z \_T3INFE9RFE9 Z \|Y<=UW�T3@-AJI ZLZ ?�@O@O9MCEDaFE9hÖRILHEHO;b?�C�FE9 Z \_T Z Q0?�DJILAJWEK/9
FE9 þ YMAJDB?�V*? Z IN; � þ 9MAJDB?�V*? Z IN;o9MAoT Z�Ä ù t"Õ�ä�È � î ?�@`DUY<T Z IN;U9P9M@`Q0YM@OYMDUT Z CE@`H�T Z T1ñ-T3Q09�=<?�K4V Z 9MAoFE9 Z \ ILK]T3Q09X�Z TmAB9MK4V*YMDUT3AJCEDB9

T (n) ù¯kF(ILK4IL@-CEAJIN?�@ Z 9M@-AB9PFE9 Z T{AB9MK4V*YMDUT3AJCEDB9
T (n)

ÈRÄ T3DJD�åMA Z ?�DB;Bc-CO9 Z 9GAUT3C(ø�FE9P=UW�T3@EQ09MK/9M@-Ao9<;BAdV Z CO;b÷¾T3ILH Z 9Pc�C:\ CE@l;B9MCEI Z VEDBY#¯[FEYMAB9MDJK4IL@OY Ä
8:9>DB9<=MCEILAa;JILKXC Z Y>V*9MDJK/9MAaF^\_T3AJAB9MIL@OF(DB9PCE@�?�VEAJILKXCEK Q Z ?�H�T Z =1T3DdI Z T�=<=<9MVEAB9 Z 9<;dDB9MK/?�@-ABY<9<;aF^\|YM@O9MDJQSIN9 ÄOð @

=<?�@-AJDB9MV�T3DJAJIN90ù�;UTm=<?�@5_�9MDJQ09M@O=<9�9<;JA Z 9M@-AB9 Ä
ÖÉÈX×�ÈX× Õ Ý¾�ïÛ�Ø�Ì�Î�ãðÐ�Ï�Û\ÏCÜ ç ÛiÛ\Ï#Ü à Û7ñ¥Û½Ì�Î'Ì�Ûïñðñ\ÏCÝ>Üjò	Î��9Ø0�CÜ·ó.ò à	çõô

ò xO@vF^\|?�HEAB9M@EILDRCE@O9X=<?�@5_09MDJQ09M@O=<9XDUT3VEINFE9Sù*?�@lCEAJI Z IN;U9 Z \_T Z Q0?�DJILAJWEK/9m;B?�CO;o?�VEAJILK]T Z F^\ ê ó þÌ� ^b9<;UT3QOù t"Õ�´ º �:ÄêfZ @O9P=<?�@5_�9MDJQ09GV�T�;a@OY<=<9<;B;UT3ILDB9MK/9M@-A£_09MDB; Z \|?�VEAJILKXCEK»Q Z ?�H�T Z »E=<9 Z T/FEYMV*9M@OFlFE9 Z \ IL@EILAJI�T Z IN;�T3AJIN?�@ Ä Ñ @`VEDB?-=<�<FE9
YMQ�T Z 9MK/9M@-AoV�T3DdH�T Z T1ñ-T3Q09P=<?�K4V Z 9MAoFE9 Z \ ILK]T3Q09�T	_09<= Z 9M;eYMAUT3V*9<;e;JCEI�_ST3@-AB9<;�»
t�Ä =UWO?�Inø�FE9 Z \ IL@EILAJI�T Z IN;UT3AJIN?�@

y(0) c-CEI:FE?�ILA�åMAJDB9GVEDB?-=UWO9�FE9 Z T4;B? Z CEAJIN?�@:ù
ÊRÄ H�T Z T1ñ-T3Q09dFE9 Z \ ILK]T3Q09aT"_�9<=qK4IN;B9a�½öj?�CEDp;JCO=<=<9<;B;JI�_�9qFE9<;r;BILAB9<;*» Z To@O?�Cb_�9 ZLZ 9�_�T Z 9MCEDpF^\ CE@4;BILAB9b9<;JAr?�HEAB9M@-CO9
9M@`K4IL@EILK4IN;UT3@-A Z \|YM@O9MDJQSIN9

U
ù

ÈRÄdZ 9GVEDB?-=<9M;U;JCO;a;�\_T3DJD�åMAB9 Z ?�DB;Bc-CO9 Z 9GAUT3C(ø�FE9G=UW�T3@EQ09MK/9M@-AR9<;JAdV Z CO;d÷¾T3ILH Z 9Gc-C:\ CE@l;B9MCEI Z VEDBY#¯[FEYMAB9MDJK4IL@�Y Ä
8:9{=UWO?�Inø�FE9 Z \ IL@EILAJI�T Z IN;UT3AJIN?�@79<;JA>FEYMAB9MDJK4IL@�T3@-AGV*?�CED Z T!;B? Z CEAJIN?�@�xO@�T Z 9 Ä:s ?�Cb_�9M@-A1ù*=S\|9<;JA Z \ ILK]T3Q09{HEDJCEILABY<9

c-CEI:9<;JAe=UWO?�IN;JIN9Pc�C�T3@OF Z 9GDUT3VEV*?�DJAe;BILQS@�T Z �mHEDJCEILAa@:\|9<;JAaV�T�;dAJDB?�V�÷¾T3ILH Z 9 Ä

Ê�Ê(t



] Ä«ÊRÄ«ÊRÄ ò Z Q0?�DJILAJWEK/9�FE9<; þ ?-FE9<;oóq?�@OF(ILAJIN?�@E@O9 Z ; ê ABYMDBY<; ô ê ó þ õ

Ê�Ê�Ê



À ÁÂÁÄÃ�ÅÆÃ ÷

¤ ¥ Ñ M ª�K Ñ Ê ¦QG Í Í EÌÎ ª ÊÆÍ È§ªyÒ§¥ÏÎ ¬ G·I Ñ ÊÆÍ ËÌÊ ªrÈ
¨JI©Èùøb¦ Ê úüû

8:9RHECEAdFE9>=<9MAJAB9PT3@E@O9wø(9G9<;JAbFE9>=<?�K4V Z YMAB9MD Z TXFE9<;U=MDJILVEAJIN?�@`FE9<;dT Z Q0?�DJILAJWEK/9<;eF(ClógW�T3VEILAJDB9 º 9M@�FE?�@E@�T3@-A
;U?�ILAdV Z CO;aF:\ 9wøE9MK4V Z 9<;1ù�;B?�ILAaFE9<;eFEYMAUT3I Z ;e;JCED Z \ IL@�ýOCO9M@O=<9XFE9<;dV�T3DUT3K/�MAJDB9<;"þ
ÿ ï�¾ � ú^ùTöiõ<Åf÷ ø3öi÷¼åJú*Åfú_ûõ;�ó9Åföi÷éõ	ó#òTùTòT÷¦¿i÷ ø3úa¯3÷éùTöi÷ ø�ò��j¿�Åför¯*ó#÷ ú^ùUÔ^þ*Åfò�ó#ýJû öi÷

���ð� g���i�� kX�b�n�ª�#w}�. <~��*r��n���nm�� v����. �w�v�x4�ÒxX ¤¢. �~��n�b h�ª�. ���� ¨�¥n�.x�v4«�mA�. <~nw��7«}�.rUx4v���� 	 ®
ò Z Q0?�DBInABWEK/9<; ógW�9wK4IL@O?�A�
¹^dT1ñ-T3DBF �*?�@O9GIL@OF(CO;JAJDJIN9 ZLZ 9

ó Z T�;B;JInx�=1T3AJIN?�@
β

² þ `
ncl

º
Nit

t"²�²�²
T

`
ü 9MQSC Z T3DJIN;�T3AJIN?�@lFE9 Z T
VEW�T�;B9GIL@-AB9MDj÷&YMDB?�K/YMAJDBILc-CO9

β
² þ%º

∆1
t� þ ²

∆2 � þ ²

^��3AJILK/9M@-AB;o�mV�T3DJAJILDeFE9<;
?�KXHEDB9<;

∆xsol


Lmax
�² t��²

Lmin
 � ²

th1
`

th2


α
² þ 

n2


ÿ���� ñ ùIú^÷C÷Cò�Á{æ�ú�ó#òTþe¯
1ëÈX×�È�Ê à�� Í����nÌ��q��ÍUÎ'Ì�Ûïñ����½ÍÙØ�Î'Ì�Ø �½Ï � � ÍÙÐ�� � Ì�Î�á!�\Ï±áðñ½ÌfÜ�á\Ï9Ð Ï9ñ7Î

Ô ?�CO;eFE?�@E@O?�@O;eIL=MI%V Z CO;aFE9PFEYMAUT3I Z ;o;JCED Z \_T Z Q0?�DJILAJWEK/9XFE9P= Z T�;B;JInx�=1T3AJIN?�@v�mV�T3DJAJILDoFE9 Z \_T3K4V Z ILAJCOFE9Sù9wø(V*?S;BY
T3C{ayT3DUT3QSDUT3VEWO9 º�þ � þ t þ t þ ð @zV�T3DJAJIN=MC Z IN9MD1ù Z T!VEW�T�;B94F^\_T3VEVEDB9M@-AJIN;B;�T3Q09/9<;JA>V Z CO;PFEY<=MDJILAB949MAPFE9<;G9wøE9MK4V Z 9<;PFE9
= Z T�;B;BInx�=1T3AJIN?�@¡;JCED�FE9<;�ILK]T3Q09M;X;BILKXC Z Y<9<;�9MAXFE9<;PILK]T3Q09<; ò 9MDB?S;U9M@O;JIL@EQl;U?�@-A�FE?�@E@OY<;"þï]>94V Z CO;1ù Z 9<;PDBY<;BC Z AUT3AB;
;U?�@-A*_�T Z INFEY<;aV�T3D Z 9P=<T Z =MC Z FE9GK]T3AJDJIN=<9<;eFE9P=<?�@(÷�CO;BIL?�@ïþ

"#" �



ð þ " þ t þ*ó Z T�;B;BInx�=1T3AJIN?�@��mV�T3DJAJILDeFE9 Z \_T3K4V Z ILAJCOFE9PCE@EINc-CO9MK/9M@-A
�<i%$Ùi��9i�� � �1'E p�v+ Ý 'E � ��3�-)*�����1��'E
��

8:9<;mV�T3DUT3K/�MAJDB9<;/FE9<;{÷�?�@O=MAJIN?�@O;4FE9�FE9M@O;JILABY�FE9	VEDB?�H�T3HEI Z ILABY�;U?�@-Am9<;BAJILK/Y<;/�lV�T3DJAJILD/FE9 Z \_T3K4V Z ILAJCOFE9`FE9
AB?�CO; Z 9<;GVEInøE9 Z ;PF^\ CE@O9/= Z T�;B;B949MAPFE9<; ð c�C�T3AJIN?�@O;  þ tSt ù  þ "�² ù  þ "(t 9MA  þ "#" 9MAPF(C{ì�T3H Z 91T3C  þ t þ�]GT3@O; Z 94=1T�;
FE9<;kILK]T3Q09<; ò 9MDB?S;B9M@O;JIL@EQOù0K/?�IL@O;qFE9 t�£ FE9<;pVEInøE9 Z ;kF^\ CE@O9eAJDUT�=<9e;B?�@-AkCEAJI Z IN;BY<;gFOT3@O; Z \|YMAUT3V*9oF^\_T3VEVEDB9M@-AJIN;B;UT3Q09Sù
=<9�c-CEI%;JILQS@EInx�9�AB?�CEAoFE9PKyåMK/9�c-CO9GV Z CO;oF^\ CE@lK4I ZLZ IN9MDRFE9PVEInø(9 Z ;o9<;JAeCEAJI Z IN;BYPV�T3Do= Z T�;B;B9�=1T3DeCE@O9PAJDUT�=<9XT4CE@O9
AUT3I ZLZ 9!FE9 ô `�²�Õ º"øbº t"²�²�² VEInøE9 Z ;�õ#þ%8:9¼ì�T3H Z 91T3C ð þ " DBY<;JCEK/9 Z 9]@O?�KXHEDB9!FE9/VEInøE9 Z ;X9MAXFE9 � ?�@O9<;�CEAJI Z IN;UY<;XFOT3@O;=<9MAJAB9PYMAUT3V*9�þ
����� g��<i&$ k'���n�,�'§¤v�¢ �.xX #v�x)( wb�# �~��# � #x+*<§¤���n � ¤�. �r�¥�w5�*����,��,�'§.�'-�~��. *xXmy�"¨5�. !.�� �,¥( ¤� �b .x4�5¨�®Es ? Z�~�¢# .x�¨��U���ª�� ¤¥n���wb®0/<�#w#*jxXmy�"¨5�. æ ¤¥n�9v½w}v�x4�ÒxX ¤¢��. �rb¥nw}�<§.� v�v��<v����'§.�21>§ x�v�¢lê � v � �.xX  ¥n� 3¦v54px�§ «��#� 6j� vËr¦�¬w� #x�� w5�. rb� v�x�v��. '7"¥��U�. æ ¤¥n�9vð~5¢,§�¥nw	r�¢��# 6~��n�b h�ª�. hx4my�"¨��. "®

s ? Z 8 YMQ0YMAUT3AJIN?�@�;B?�K{HEDB9 8 YwQ0YMAUT3ABIL?�@�= Z T3ILDB9 ì�?�ILAe;B?�KXHEDB9 ì�?�ILAaK/?�ñ09M@ ì�?�ILAe= Z T3ILDÔ H�þEFO9 � ?�@O9<; "   ´ ç `Ô H�þEFE9GVEInø(9 Z ; tSt/t"²(t ço² º ² º `Ot� � t"Õ�Õ yÕ�²�´ � ´'ç9"
ˆ̃
k1

² þ%º t t þ t º t þ%º t t þ �Õ t þ Õ(t � þ " º
ˆ̃
k2

² þ `:" ² þ ` � ² þ ` � ² þ ` � ² þ #" ² þ (`
ˆ̃
k3

¯ ² þ "�´ ¯ ² þ � " ¯ ² þ "�Õ ¯ ² þ � " ¯ ² þ " � ¯ ² þ � 
L

t þ ² � ² þ Õ º t þ ²(t ² þ Õ'ç t þ ²(` ² þ Õ �
M

t"² þ �² � ´ þ çnÕ ´ þ t� � ` þ çn² " þ �  � þ � º
µ

" þ `�² ` þ � t º�þ `�Õ º�þ 'ç ´ þ ²�² �#� þ "'ç

�<i%$Ùi��9i%$ ; '=<?>�+�'A@B>DC)�E:@FEHG0EJILKM<DE:N/+OEQP3�:N�2O<R@1'A@�N
8:9<;�AB9<;JAB;X?�@-AXYMABY4÷¾T3ILAB;X;JCED�FE9MC(ø7AJDUT�=<9<;{FE9<;PILK]T3Q09<; ò 9MDB?S;B9M@O;JIL@EQ�;BCED�ì�?�C Z ?�CO;B9!9MAX;BCED Z 9<;Xc-C�T3DJAJIN9MDB;^dT1ñ-T3DBF79MA{ógWO9MK4IL@O?�A{FE9y]RCE@b³�9MDBc�C�9nþ%8:9<;XFE?�@E@OY<9<;X?�@-A�YMABY/CEAJI Z IN;BY<9<;X� Z T�÷&?�IN;PV*?�CED�;BILKXC Z 9MD�FE9<;PILK]T3Q09<;

T3DJAJInx�=MIN9 ZLZ 9<; ô =<9 Z TeV*9MDJK/9MA�CE@O9qT3@�T Z ñ(;B9pxO@O9gF(C{=<?�K4V*?�DJAB9MK/9M@-ArFE9 Z TdK/YMAJWO?-FE9�õ%9MA�V*?�CED�Y _ST Z CO9MD�F(ILDB9<=MAB9MK/9M@-A
Z 9<;�V*9MDj÷�?�DJK]T3@O=<9<;lFE9 Z \_T Z Q0?�DJILAJWEK/9�þ�]>9MC(ø¼;B?�CO;�¯¾ILK]T3Q09<; ô arDJIN;B?�@ s A þ IN=UWO9 Z 9MA�ógILABYÝÓGõ!;U?�@-A`T3@�T Z ñ(;BY<9<;
xO@O9MK/9M@-A î Z 9<;]T3CEAJDB9<;/9M@EDJIN=UWEIN;B;U9M@-AæöjCO;JAB9 Z 9<;49wøE9MK4V Z 9<;4VEDB?�V*?S;UY<;"þkóq9<;/;B?�CO;,¯¾ILK]T3Q09<;/?�@-A/YMABY�=UWO?�IN;BIN9<;/=1T3D
9 ZLZ 9<;e;B?�@-AaAJDB�<;dDB9MVEDBY<;B9M@-AUT3ABI�_�9<;oFE9>AB?�CEAB9 Z TmF(I�_�9MDB;JILABYPF(C�K4I Z IN9MClCEDJH�T3IL@�þ
S I�'UTVE:NXW0>?I�2Y<��:EZN
8:9<;kILK]T3Q09<;q;JILKXC Z Y<9<;g;B?�@-AgFEY<F(CEILAB9<;qFE9<;g;JAUT3AJIN;JAJINc-CO9<;gFE9<;pILK]T3Q09<;gDBY<9 ZLZ 9<;kV*?�CED�åMAJDB9aVEDB?-=UWO9<;qFE9 Z TGDBY1T Z ILABY�þ

8%9<;g;JInø4= Z T�;B;U9<;k;B?�@-Ag;JILKXC Z Y<9<;g;BCEDpCE@O9aILK]T3Q09o;Jñ$@-AJWOYMAJINc�CO9oT"_�9<=eFE9<;p÷&?�DJK/9<;kQ0Y<?�K/YMAJDJINc-CO9<; ô u�ILQSCEDB9 ð þ t ô T0õJõ#þ
8%9<;G;JAJDJCO=MAJCEDB9<; Z IL@OY1T3ILDB9<;�F(DB?�ILAB9<;P;B?�@-A>K4IN9MC(ø�INFE9M@-AJInx�Y<9<;Pc-CO9 Z 9<;G;BAJDJCO=MAJCEDB9<;P=MILDB=MC Z T3ILDB9<;P=1T3D Z 9{K/?-FE� Z 9/FE9ay?�AJAB;�9<;BA:÷�?�@OFEYq;JCED�CE@<_�?�IN;JIL@�T3Q09g9M@ ´ =<?�@E@O9wø$ILABYb=<9gc-CEI0÷¾T"_�?�DJIN;B9 Z 9<;�?�H�öj9MAB;�=<?�K4V�T�=MAB;	þ38%Tou�ILQSCEDB9 ð þ t ô =�õ%9<;JA
Z 9gDBY<;JC Z AUT3AyFE9 Z Te= Z T�;U;JInx�=1T3AJIN?�@�þ38%9<;�=<?�C Z 9MCEDB;�@:\|?�@-ArT3CO=MCE@{DUT3VEV*?�DBArT"_�9<= Z TaDUT�F(IN?�K/YMAJDJIN9bFE9<;�= Z T�;U;B9<;�»"=<9g;B?�@-A
Z 9<;pYMAJINc�C�9wABAB9<;"þ�]>9<;y÷&?�DJK/9<;rIL@�T3AJAB9M@OF(CO9<;gT3VEV�T3DUT3IN;U;B9M@-AkFOT3@O;p=<9MDJAUT3IL@O9<;rV�T3DJABIL9<;�» Z 9<;p= Z T�;B;B9<; �(¢�¨�¢ v���v�x�¥n�p§ ����xX���
9MA v�¥nx�vË  ¥nmA©#��� ;B?�@-AyAJDB�<;yVEDB?-=UWO9<;p=<?�K4K/9b@O?�CO; Z \_T"_�?�@O;�_-C/T3CEV�T3DUT"_ST3@-A ô u�ILQSCEDB9  þ ` õ�9MAyI Z ;JCA[/ArF^\ CE@�9qV*9MAJILAB9
K/?-F(Inx�=1T3AJIN?�@ Z ?�=1T Z 9RFE9 Z \_T3K4V Z ILAJCOFO9RV*?�CEDqc-CO9oFE9<;p÷�?�DJK/9<;bT3VEV�T3DUT3IN;B;U9M@-A"þ$8:9eAB9MDJK/9R=<?�@-AB9wø(AJCO9 Z VEDB?�V�T3Q09 Z 9<;
9MDJDB9MCEDB;aFOT3@O;a=<9>=1T�;"þ þ T3IN;d=<9 Z Tm=<?�DJDB9<;JV*?�@OF`�{@O?S;bH*9<;B?�IL@O;d9M@�AB9MDJK/9GFE9>= Z T�;B;BInx�=1T3AJIN?�@{»(FE9RQSDUT3@�FE9<;dV Z T3Q09M;
CE@EIn÷�?�DJK/9<;eFE9P= Z T�;B;B9<;a9MAa@O?�@`CE@O9P= Z T�;U;JInx�=1T3AJIN?�@lVEInø(9 Z �{VEInøE9 Z þÔ ?�CO;eT"_�?�@O;a=1T Z =MC Z Y Z T{K]T3AJDJIN=<9�FE9G=<?�@(÷&CO;JIN?�@ ô ì�T3H Z 91T3C ð þ � õb9M@`;JILKXC Z T3@-AaCE@O9PF(I � T3IL@O9PF^\ ILK]T3Q09<;o9MAa9M@÷¾T3IN;UT3@-A Z TGK/?�ñ�9M@E@O9eFE9<;g=<?�@(÷&CO;JIN?�@O;g;JCED Z 9<;g= Z T�;B;JInx�=1T3AJIN?�@O;q?�HEAB9M@-CO9<;"þ ò Z \|9wøE=<9MVEAJIN?�@	FE9 Z TP= Z T�;B;U9 �(¢�¨�¢¤v���v�x�¥��§¤���nx4��� ù Z 9<;oV*?�CEDB=<9M@-AUT3Q09<;PFE9{FEYMAB9<=MAJIN?�@z=<?�DJDB9<=MAB9m;B?�@$ARY Z 9 _�Y<;"þ ê[Z ;R;B?�C Z ILQS@O9M@-AGYMQ�T Z 9MK/9M@-A Z T4÷�?�DJAB9{=<?�@(÷�CO;BIN?�@
9M@-AJDB9 Z 9<;a= Z T�;B;B9<; v�¥nx�v� ¤¥nmA©#��� 9MA �(¢�¨�¢ v���v�x�¥n�·§ ���nx4��� FE?�@-A Z 9<;a;BAUT3AJIN;JAJINc�CO9<;e;B?�@-AdAJDB�<;aVEDB?-=UWO9<; ô u�ILQSCEDB9  þ ` õ#þ
"#"(`



ð þ " þó Z T�;U;JInx�=1T3AJIN?�@

\&]_^ \a`9^ \abc^
ced/fhg5�<i�� kMd�¢# .w}�¬v���vh~��¼���p "��¨nmA�#�9v���v�x�¥n�É~fe w}�U�Ax4my�"¨��y #xXmow}��¢��ë�n�(��§ë���# z  v���v�x   v�x?(¤wb�. AxX � .w��. j~��A���¡�"���nx��xXmy�"¨��hgi1>�j62gïx4my�"¨��<~��. �§¤���( . ¤�. �1/¢¤v�x?( w�� v�v��. k6Blm1�©k62gïx4my�"¨��<~fe �nm£r¦�¬x4v�wb~��h .x4mow5�ª¢��nlo1>§p6�g7xXmy�"¨5� ¤��¨nmA�#�9v�¢���1�x4my�"¨��<~Ye ¢ v�x)( w�� v�v��. k6�®fq7�. h��¥�x  æ .x4mow5�ª¢��. h  ¥n�¦vð~��. ���¥nx  �~�� ö x  .«��#�"®

����� g��<iar k54���v��#x�§.�<~��6§�¥n��s#w� #x�¥n�Ar�¥�w5���ª�. hx4my�"¨��. h .x4m6w}�ª¢��# æ ¤� ��¥n���ª�. h #v���v�xX #v�x)( w��. �~������Av����'§��t-�g�rb¥nw5�ju§�� �9v��"¨��6~���r¦xa*��#�Ò �rb¥nw}��§#«}�:( wb�o§ ���( � "��v4«�¢�¥n�#x?(¤wb�21��#�¡�¬x�¨��U��§¤���( . ¤�. <~�����¢Ds¤¢ ���#�¦§.�^Øð�#�s§�¥n��¥n���U�§ ���n � ¤�# ���¢. .w}��v��n�9v�~5�����y ¤��¨nmA�#�¦v���v�x�¥n�H6
v_wyx z|{y}Fv_w|~��U�V� zy{y}��Ax9���&��� }�wy�a}�v_w|~��U�V� }�wy�a}�~owU���Z� }ywy�a}F�Ux��y�&�v_wyx �|� iar�� ��þ ` � ² þ " º ² þ �Õ ² þ � ´ ² þ ²(`

z|{y}Fv_w|~��U�V� ² þ ç9" �=� i&� � ² þ ´(` � þ ² � ² þ ç º ² þa�#�
z|{y}F�Ux��y�&�V� ² þa� ² ² þ%º ´ r � i&�V�  º�þ ² � � þ `�² ² þa� �}�wy�a}�v_w|~��U�V� ² þa� � ��þa�#� "'ç þ # �V�Ëi&��r " þ ` º ² þa� "
}�wy�a}�~�w=���Z� ² þ ² º ² þa� � ` þ "�Õ ��þ �Õ � r�i �U� ² þa� `
}�wy�a}��Ax9�y�&� ² þa� " ² þ ²(` ² þ ²(` ² þ ²'ç ² þa�  �V� i%�=�

S I��UTVE:NFP��:EJ<?<REZN
þ å_�F�����'�&� �=�9���U�c� �U� ¡y�9�a�Z¢£��¤U¢��a�a�&�£¥¦��¡y�9¤U�X�%§�¡U¨V§9�c�©��ª«§�¡U¡U�c�_�Z¢��&�£�£§�¬H���=� �c�_¡U�c¥¦�c�_�J¢c��Z¤0ª ¤U�¢÷�§��a�U�&�¡y�9¤U�c®¦�_�Z¢£§�¬H�¯�U�2��ª°�_�=�c�_���U�&�±�U�2��ª �a��§�¬H�SùM�a�qñ��_�²§ ��¤A[��£§����F�_�Z¢�¡y�9¤U�t�&�¦�t�A��_Z�&�c�_���_�³�U�_¤(ø »Y¤U�³�¦�c¡V§9®¦���ª«§�¡U¡U�c�_�Z¢��&�£�£§�¬H�X�_¢�¤U�´�¦��¡V§9®¦���U�A_#§��a�&�=§�¢��&�9�:ùM§¶µ=�³�U��¡U�c�Z®¦¥¦�U�_�F·¯¤U�=�¼_9§��a�&�=§�¢��&�9�¸®_�c�9�&�c¥¦��þO¹0�¦���c¥¦�c¤U�a¢£§�¢c��£�9�Z¢�®¦�_¤(øº�A¤ ìO§��U�&��§�¤ ð þ ` þi¹f§�¡U�c�Z®¦¥¦�A¤U�c���¦��¢2�c¥_¡y¥_¢c¥¦� ¤U�=� �A� � §��a�=���U�`÷)�9�&�2�_�»®¦�9�=�£�j��_9§��Z¢��&�Q�F�Z�U¼_�&�¡U�c¥¦�£�_�Z¢c¥F®_��¯½�U�¦�c��¤=��ù��_¢¾�%§X��§�¢����&®¦�F�U�F®¦�9�(÷?¤=���&�9���¦��¢¾�%§��F��ñ:�_�U�=���U��®¦�_�a�&�¦�¿®�§��&®_¤U�&¥¦�¦�¿¡y�9¤U��®£¨V§9:¤=��¢��a�£§�¬H��U�¦��¡U�nøA�_�&�o�U�æ_#§��a�&�=§�¢��&�9��þ ð �a�&�¾�U�9�U�=�¾¤U�=�À�y�9�U�=�À�F�¦��¤U�c�¾�U�À�%§tZ¤V§��a�a¢c¥¾�U�À�%§t®_�%§9�c���+µV®�§�¢��&�9��þ¹0�¦�\_9§��&�_¤U�c���A�%§�¬H�9�V§��&�¦�!�c�9�Z¢5¥_�&� _:¥¦�¦� ô :¤=�_�&Z¤=�¦�y÷)�9�&�Á¡U�a¤=��:¤=��¡y�9¤U�5�&�¦�5�U�9�U�=¥¦�¦���c�a��¤U�&¥¦�¦��õÁ·'��ª°�wøU®¦�_¡U¢��&�9��U�¦�t®_�%§9�c�c�¦�h�U�¼_:¥_¬H¥_¢£§�¢��&�9��þ�Óm���U��_:��§�¤³�U�2®¦�9�(÷?¤=���&�9�´�a��¡y�9��¢£§��Z¢F�wøJ�&��¢c���_�Z¢��c�2�&�¦�t®_�%§9�c�c�¦� v�¥nx�v£  ¥nmA© ��� �_¢�n¢�¨5¢ v���v�x�¥n�·§¤���nx4��� ù�®¦�¾Z¤U�Y¥j¢n§��+¢�ùV�_�=®¦�9�c�¿¤U�=�G÷?�9�&�1ù=¡U�c¥ _Z�&���a�U�&��þ ò ¡U�c¼¦�o��ª°¥_¢£§�¡y���U�h_#§��a�&�=§�¢��&�9� �%§F®_�&§9�£���+µV®�§�¢��&�9��¦�c¢�÷)§��a¢c����¤U�h�&�¦�h�£®¦¼_�=�¦�h®¦�9��¡U�&¼_¢c�¦� ô?Â �a¬#¤U�c�¦� ð þ " �_¢ ð þ � õ#þ Ô �9¤V�h�9�=�c�_�,_:�9�=�hZ¤V§��a�a¢£§�¢���_:�_�F�_�Z¢t¤U�=�2�y�9�U�=�®_�%§9�c�c�+µV®�§�¢��&�9� §�¤¯�c�_¬:§��c�Q�U���=�9¢��c�¾®¦�9�U�V§��&�£�£§��=®¦�¾�U¤±¢c�_���£§��a��þ¹0�¦�f®_�%§9�c���+µV®�§�¢��&�9�=�O�9�U¢c�_�Z¤=�¦�Y�c�9�Z¢0�y�9�U�=�¦�ð»¦��ª �Z®¦®_¤U¡V§�¢��&�9�h¬#�&�9�V§��&���U�¦�f�c�9�&�f�¦��¢0�U�&�_�¾�c�¦®¦�9�U�Z¤=�!�_¢0�&�¦�0�y�9�c�U��U�¦�!�V��¢��a�F�_�Z¢c�Ã�£�9�Z¢!¡U�c¥¦®_�&�"þ Ô ¥�§��U�F�9�a�=�i�&�¦���a�a���a¢c�¦�Ã�U�o��ª«§�¡U¡U�c�Z®£¨=����¢£§�¢��&��¢��&Z¤=�m�c�9�Z¢i®_�%§��a�c�_�F�_�Z¢�_Z�&�c�a�U�&�¦�!��¤U�®¦�_��¢£§��a�=�À�9��öp�_¢c�	þ¦aÁ�c�_�=�9�=���&�¦�m�V��¢��a�F�_�Z¢c�À�_�l÷)�9���F�h�U�ÀÄk¹|Å��=�¿�%§ � �9�=�zÖ'�£§��=� ü �9�=� ô �_�©¨V§�¤U¢À·2�A�c�9�a¢c�h�U���ª �a��§�¬H��õ#þOói�¦�!�V��¢��a�F�_�Z¢c���c�9�Z¢!��§��|®_�%§9�c�c¥¦�!��§��&�ð_J�&��¤=�_�a�&�_�F�_�Z¢1ùZ�=�9¤V�!�=�m�c�9���F�¦�Ã®�§�¡V§��U�&�¦�Ã�U�o�&�¦�i�&�U�_�Z¢��+µV�_�®¦�9���F�X¢c�_�&��:¤=�2¬#�£�9®¦�¯·Q�&�_¤U�{÷)�9���F���_¢t�=�9�³¬#�£�9®¦�±· �&�_¤U�F§���¡U�a�a¢�¤=�U��þ�Óm�=���U�¦�c®_���a¡U¢��&�9�¸�F�9��¡U¨=�9�&�9¬#�&Z¤=�

"#"#



ð þ " þa��þ*ó!�%§9�c�c�+µV®�§�¢��&�9� ·t¡V§���¢��a�o�U�À��ª«§���¡U�a�a¢�¤=�U�¾¤U�U�&Z¤=�_�F�_�Z¢

\&]_^ \a`9^ \abc^

\&Æ9^ \aÇ�^ \+È½^

Végétation
sombre

Végétation
claire

Sol Toit sombre Toit moyen Toit clair

\ + ^
ced/fhg5�<i%$ kMd�¢# .w}�¬v���v4 o .w}�yv��,¥nxX y�c*�v��,�nx�v4 �gM7	¥n�U�. Q��x4v�¢zêÉ1£1/�j6p� v¿1/~j6£6Bl!Ê��#xX  ¥n��3¦vÃ4px�§#«�� ��1£1/©�6p� v¿1��k6£6¡� v

ë��,�n�¦~�d�¥n�¦~Q1£1>§�6A�¤vo1«sB6£6'®�q7�# ex4my�"¨��. �~Ye �nm£r¦�¬x�v�w�~��æ ¤¥n�9v� #w5�æ���ær¦���#mox��#�����Òx�¨n�U�<�¤v\���. hxXmy�"¨��# ~��< ¤��¨nmA�#�9v���v�x�¥n�s #w5�<���¼ ¤��§�¥n�¦~��o�Òx�¨n�U�"®Yqï��7	¥n�U�o~nw�ë��,���¦~�d�¥n�¦~ �.  v�w5�Ù�o�nw�v�����rb�n� v�x��z~��<���v��,�'§.�h( w}x\�|e �j��©.  ¥��Òw}mA�#�9v�rb�( <¢ v�¢�w�v�x4�ÒxX ¤¢��<~��n�b h���hr9«}�( "�<~Ye �.r'rU���#�9v�xX � ¤�"¨��"®

"#" º



ð þ " þó!�%§9�£���+µV®�§�¢��&�9�

����� g��<i � k54���v��#x�§.�o~��z§�¥n��s#w� #x�¥n�·§��n��§¤w5�ª¢��A� �Ý��n�¬x�~'��v�x�¥n�·§ �,¥�x  "¢��	®Yq7�. 6§�����§ w}�Ò o¥n�¦v*¢ v�¢y��ì£��§¤v�w�¢# �rb¥nw}�����v��,�'§.�t-j� v\ ¤¥n�9v\�ª����¢. .w}��v���v�~�w mz¥#Ë'� ���¦�"¨��6~��. ���¢# .w}�¬v���v4 <~5�����t7"¥n�Ù��r¦�#x  ¤¥n�Ý� v�§ x4v�¢lê�®
v_wyx z|{y}Fv_w|~��U�V� zy{y}��Ax9���&��� }�wy�a}�v_w|~��U�V� }�wy�a}�~owU���Z� }ywy�a}F�Ux��y�&�v_wyx �V� i4�AÌ ² þ Õ�² ² þ ² ² þ ² ² þ ² ² þ ²

z|{y}Fv_w|~��U�V� " þ ²(` �|� i&�VÌ ² þ `�² ² þ ² º ² þ ² ² þ ²
z|{y}F�Ux��y�&�V� ² þ ² Õ þ ´#" �V�Ëi � � � ² þ ´�´ ² þ  � ² þ ²
}�wy�a}�v_w|~��U�V� " þ � ´ º�þ "�² �"º�þ Õ�´ � � i%�Vr Õ þ ´�Õ ² þ ²
}�wy�a}�~�w=���Z� ² þ ² " þ (` � ´ þ Õ#" ´ þ ` � � � i4�Ar ��þ "#
}�wy�a}��Ax9�y�&� ² þ ² ² þ ² ² þ ² ² þ ² � þ ²(` � ��i � �

\&]_^ \a`9^

Végétation
sombre

Végétation
claire

Sol Toit sombre Toit moyen Toit clair

\abc^
ced/fhg5�<i&r kMd�¢# .w}�¬v���v�~5�����z "��¨�mA�#�9v���v�x�¥n�¡ .w}�hw}�{©�Í�v�x4mA�#�9v�~nw��0Î × 3³1/©cÍ�v�x4mA�#�9vMÊ*¥nxX�U§�����¢k62gi1>�_6�g7xXmy�"¨5�~fe ��m�rU�Òx�v�w�~5�6� v'1/©k6�g7xXmy�"¨��6~��6§ ���( � .x Ïð§���v�x�¥n�U®

�¦�c¢t�=¥¦®¦�¦�c�£§��a�c�±¡y�9¤U���&� _H�_���&�¦��§����U�a¬#¤UÐ)¢c¥¦�"þ ê ���c�_�£§��a¢�¡y�#�c�c�a�U�&�X¡V§��F�wøA�_��¡U�&�Sù5��ª ¤U¢��a�a�&�c�_�F¤U�=�X�U�a�U�a�&�9¢�¨=¼¦:¤=��U�P÷)�9���F�¦�'�_¢'��ª°�¦�c�£§1ñ:�_�m�U�¿�F�_¢�¢��c�h�_�©®¦�9���c�¦��¡y�9�=�=§��V®_�F§"_H�¦®¿�&�¦�'�9��öp�_¢c�'�U�¿��ª �a��§�¬H��þ Ô �9¤=�'§"_:�9�=�'®£¨=�9�&���O�U��=�¿¡V§9�o�a�Z¢��c�Z�A¤U�a�c��¤U�=�¿¢c�_�a�&�h§�¡U¡U�c�Z®£¨=�h®�§��m�=�9¤=�m�=��_:�9¤U�&�9�=�o¡V§9�m�=�9¤=�o�c�¦��¢��c�_�a�=�A�c�t·�¤=�=�¾�U�a�U�a�&�9¢�¨=¼¦Z¤=�h�U�
÷)�9���F�¦�"þ

þ §��a¬#�c¥h®¦�_¢�¢c���a�a���a¢c���%§��c�_¬#�F�_�Z¢£§�¢��&�9����§��,³:�	_J�&�_�U�=�h�¦��¢'�U�¿¬#�£§��=�U�t:¤V§��a�a¢c¥h®¦�9���F���&�¿¡U�c�9¤b_:���&�¦�m��§¯¢����&®¦�¦�o�U�¾®¦�9�(÷D¤=�c�&�9��þ�]���¡U�a¤=�1ùU�%§h�c¥¦�c�9�a¤U¢c�a�9� �U�¦���a��§�¬H�¦���0ª«§t¡V§9��¥_¢c¥¾�U¥_¬#�£§9�U¥¦��þ
1ëÈX×�ÈX× ï\á��nÌ�ÛïñÉ�½Ï � ÍºÑ � Í��9�nÌ)�ÃÑ�Í¦Î'Ì�Ûïñ�Ò!�½Ï �£Ó Ì�ñ7Î�Ï�ØHÔpÕ�Ø'Û0ÖïØ'ÍËÐ Ð�Ï·ÏbÎ©�\Ï � ÍºÑ�Ûïã�Õ�Ø'Ï9ñ!Ñ�Ï
¹0�¦�Á¡y�9¢c�_�Z¢��&�_�&�!®£¨=�9�&���&�5�c�9�Z¢Á�c�_¬#�c�9¤U¡y¥¦���=§��=�Á�&��¢£§��U�&��§�¤��U�Ã�%§ Â �a¬#¤U�c� ð þ " þ " þH¹0��®£¨=�9�nøt�£�g÷�§��a¢5�U�Ã��§��U�&¼_�c��_��¡U�a���&Z¤=����§��&�Á��ª«§��a¬H�9���a¢�¨U�F�m�¦��¢Á�c�9�U¤=��¢c��_J�&��¯k·¯�_J�&�Á�U�¦�Á¡V§��£§��F¼_¢��c�¦�"þ:¹f§��=¥j��§��£®£¨=���_��¡U�a���&Z¤=���0ª ¨V§��=�A�&®�§�¡y�¡V§9���%§�:¤V§��a�a¢c¥¾�A¤¯�c¥¦�c¤U�a¢£§�¢"þ ê �0�¦��¢�¥ _J�&�U�_���F�_�Z¢o¡y�#�c���a�U�&�¾�U�>÷�§��a�c��¤U� §�¡U¡U�c�_�Z¢��&�£�£§�¬H��§�¤U¢c�9��§�¢��&:¤=�h·h¡V§���¢��a�

"#"'ç



ð þ " þ " þ Â ¤=���&�9�Q�U���%§�®_�%§9�c���+µV®�§�¢��&�9�:ùV�U�À��ª �a�Z¢c�_�j÷?¥_�c�9¬#�£§��F�F���_¢��U�À�%§t®¦�9¨=¥_�c�_�=®¦�
�U�¦� � �9�V�_����ª«§�¡U¡U�c�_�Z¢��&�£�£§�¬H��þ½Óo�¸¢��£§"_#§��a�o��¤U���&�¦��¨U�&��¢c�9¬#�£§����F�¦�2�U�¦���U��_:��§�¤(ø¸�U�X¬#���&����¤U�F®¦�¦� � �9�=�¦���U�9�a¢¡y�_���F�_¢�¢��c���U��¢��£§9®¦�_�o�&�_��¡y�9¢c�_�Z¢��&�_�&�m�9¡U¢��a��§�¤(øÙþ

"#"�´



ð þ" þó!�%§9�£���+µV®�§�¢��&�9�

0.7

0.3

0.2

0.3

1

3 4 5

5 6

2 4

2

1 3

56

Corrélation

Sol

Végétation

Toit sombre

Toit moyen

Toit clair

Classification

Ombres

12

0.4

0.6

0.2

0.4

0.4

Interférogramme

0.1

0.5

0.2

0.0

0.0

245 250

251 255

230240 250

230

0.3

0.3

0.3

0.6

35 43

35 55

45

45

130 155 205 210

40

40

130 155

0

240 255

245

215 220 245

×Ø ÙpÚ ÛJÜ Ý°Þ ßáà âãä â å ã æèç é æ éê ãä âë å°ì ã çí î à å ç å çï àð ì æèã ç å ê ëñ ã ç ò óô õö õ�÷ øáã ä à ê ù ì ã ãä î ë ð â ú ûì à å âã ûã í î ëü ð ã í àð ì ùèã í à ì ì ã çï à ä û ë ð ýï ë ì ë ê þ âì ã çûã ï à å û ç λls,ca

ÿ�� à å ì éü ð ë â å à ä ��÷ � �

"#"�Õ



ÿ���� � ¿	��
���*Å��������������������	Â���� �!��Å�"¤¿�Å�����Å��$#%#&�
¹5ª«§��a¬H�9���a¢�¨U�F�2�U�t�c¥_¬#¤U�%§����&�£§�¢��&�9���U���%§�¡U¨V§9�c���a�Z¢c�_�j÷?¥_�c�9�F¥_¢����&Z¤=�2§X¥_¢c¥F�U¥¦®_���a¢�§�¤{aM§��£§�¬#�£§�¡U¨=� º�þ � þa��þ � þÔ �9¤=�¾¡U�c¥¦�c�_�Z¢c�9�=�¿�&®_�5��ª �a��ý=¤=�_�=®¦�2�U�F�%§	÷?�9�=®_¢��&�9���U�F¡U�c�Z®¦�¦�c��¤=�¿�U���y�9�c�=�¿�_¢¿�U�¦�¾¡V§��£§��F¼_¢��c�¦�	þ Ô �9¤=��§"_H�9�=��c�_¢c�_�Z¤X¢��£�9�a�q÷?�9�=®_¢��&�9�=���U�m¡U�c�Z®¦�¦�£��¤=�Ã�U�m�y�9�c�U���U�' Ö��_��§��±�_¢�(m�*)Z�=�9�&�U�,+y� Õ�Õ#" + -!¨V§����y�#�U�U�&�_�o�_¢�§���þ.+y� Õ�Õ'ç / »

ΨGM (u) =
u2

1 + u2 021 þa�43
ΨHL(u) = log(1 + u2) 021 þ " 3
ΨGeR(u) = − 1

1 +
∣

∣

u
∆

∣

∣
021 þ � 3

u
�¦��¢�¥_¬:§��m�c�9�a¢�·

D1
C(φ)

+5�£�9�a¢2·
D2

C(φ)
�c�_�&�9�²�&�¯¢5)J¡y�¯�U�Q��¤U�76)§9®¦� ·��c�¦®¦�9�=�c¢���¤U�a�c��þ 1 ���#ß��_¢,+Á�&�¦�98¦�9�V�_�¤U���V§��a�=�¦�m�c�9�Z¢:6)§��a¢c�¦���¦�£�c�_�Z¢��&�_�a�&�_�F�_�Z¢m�U�¾��¤U�76)§9®¦�¦��¡U�%§��=�¦��¨=�9���.8��9�Z¢£§��&�¦�m�9¤¯�=�9��þ¹0�¦�i§��a�a¤U�c�¦�i�U�o®¦�¦�;6?�9�=®_¢��&�9�=� 0 Â �a¬#¤U�£� 1 þ  35�U�9�U�=�_�Z¢!¤U�2�y�9��§�¡y�_��<_¤��U���&�_¤U�c��¡U�c�9¡U���&¥_¢c¥¦�e»H¡U�a¤=���%§À¡y�_�Z¢c��U�t�%§96)�9�=®_¢��&�9�L�¦��¢�¬#�£§��=�U�=+�¡U�a¤=���&�¦�¾�A�&�c®¦�9�Z¢��a�Z¤U�a¢c¥¦�¿�c�9�Z¢�¡U�c¥¦�£�_�,_H¥¦�¦� 0 §��a�=���5:¤=�t�a�t�U��¤U�a¢À�&�Z®�§��>3#þ?-Ã�_�À¢��c�9�&�6)�9�=®_¢��&�9�=�o�c�_�c�9�Z¢�¢c�¦��¢c¥¦�¦�o�_¢��=�9¤=�o�U¥_¢c�_�����a�=�_�c�9�=�m�%§h¡U�a¤=�m§�¡U¡U�c�9¡U���&¥¦��·t�=�9¢��c�¿§�¡U¡U�a�&®�§�¢��&�9��þ

−2pi −pi 0 pi 2pi −2pi −pi

−3

−2

−1

0

1

2

3

4

5

6 Ψ
GM

(u)=u2/(1+u2)
Ψ

HL
(u)=log(1+u2)

Ψ
GeR

(u)=−1/(1+|u/∆|)

ced>fhg5�<i%� kO.£�X�Òw}���6~��# �~�x @£¢#��� �9v��. 5s¤¥n�¦§"v�x�¥n�� 
Ψ

r¦�,¥.rb¥( ¤¢��. 6~'�n�b h���A�Òx�v�v�¢#�,�'v�w5���	®

A È>B�È�Ê C Ì�ÐÉá � ÍUÎ'Ì�Ûïñ!�jÏ�Î¡Ì�Ð Í|Ö�ÏV�ØHÕ�Ï �½� ÏV�
¹0�¦�m���a��¤U�%§�¢��&�9�=�'�c�9�Z¢�6�§��a¢c�¦�m·�¡V§���¢��a�'��ª ¤U�ED ÔGF 0 Â �a¬#¤U�c� 1 þ%º 0 §H3 3I+y�U�¾�%§�®¦�9¨=¥_�c�_�=®¦�h�_¢m�U�¾�%§F®�§���¢c�¿�U�¦�®¦�9�a�=�À�c¥#ýV�¦®_¢c�_¤U�c�	þ 1 � ¤U¢��a�a�&�£§��Z¢¾��ª°¥¦:¤V§�¢��&�9� º�þ%º �_¢À��ª ¨J)Z¡y�9¢�¨=¼¦�£����ª ¤U�=�K6?�9�=®_¢��&�9���U�h¡U�£�9�V§��U�a�a�+¢£¥�¬:§�¤=�c���&�_�U�=�¡y�9¤U���%§t¡U¨V§9�c�À�a�Z¢c�_�76)¥_�c�9�F¥_¢����&:¤=�=+V��ª �a�Z¢c�_�76?¥_�c�9¬#�£§��F�F�¿¡y�_¤U¢�å_¢��c�¾®�§��&®_¤U�&¥�þ¹0�¾¡V§��£§��F¼_¢��c�h�U�¾�c¥_¬#¤U�%§����&�£§�¢��&�9�

β
�¦��¢�¤U�=�¾¡y�9�V�U¥_�£§�¢��&�9���_�Z¢��c�¾��ª«§�¢�¢£§9®£¨=�h§�¤MLQ�U�9�U�=¥¦�¦�m�_¢o�&�¾¢c�_���F���U��c¥_¬#¤U�%§����&�n§�¢��&�9��þ}]tª ¤U�2®ON9¢c¥m���

β
�¦��¢�¢��c�9¡96�§��a�U�&�=+H��ª �a��§�¬H�'�c�_�£§À¡y�_¤2�c�¦��¢£§�¤U�c¥¦� î ��ª ¤U�X§�¤U¢��c�m®ON9¢c¥=+Z��� β �¦��¢�¢��c�9¡¬#�£§��=�P+0�&�¦�¿�U�9�U�=¥¦�¦�¿�c�_�c�9�Z¢¾¢��c�9¡��a�&�c�c¥¦�¦�"þËa5�a¤=�

Ψ
¡U�c¥¦�c�_�,_:�t�&�¦�¾�y�9�c�U�,+�¡U�a¤=�

β
�U�9�a¢�å_¢��c��¬#�£§��=�L¡y�9¤U��§"_:�9�a�¤U��§9�c¡y�¦®j¢¾�a�&�c�c��þËÓo�L®¦�9��¡U�c�9���&�¿�U�9�a¢¾�U�9�=®yå_¢��c�t¢��c�9¤b_:¥�þËaÁ�a¤=�c�a�_¤U�£�h_#§��&�_¤U�c�¾�c�9�Z¢À¢c�¦��¢c¥¦�¦�¿·��%§Q6?�9�&�¾��¤U���&�¦��U�9�U�=¥¦�¦�¿�c¥¦�_�a�&�¦���_¢¿��¤U�¾�&�¦�¿�U�9�U�=¥¦�¦�����a��¤=�a¥¦�¦�	þ�]��¦�¿®¦�9¤U¡y�¦���=§��=�¾�&�¦�¾�a��§�¬H�¦�¿¡y�_���F�_¢�¢c�_�Z¢h�U�z_J�&��¤V§��a�&�c�_�¾�%§¡U¨V§9�£�À��¤U��¤U�=�À�a�a¬#�=� 0 Â �a¬#¤U�c� 1 þ%º 0 �!3 3#þ

" � ²



1 þ � þ�(o¥_¬#¤U�%§����&�£§�¢��&�9� �U�À��ª �a�Z¢c�_�76?¥_�c�9¬#�£§������

0
20

40
60

80
100

120
140

0

20

40

60

80

100

120

140

0

5

10

Range

Original smooth DEM

Azimuth

H
ei

gh
t

\&]j^ \a`#^

\abc^ \&Æ�^
ced/fhg5�<i&� k��.mz�	¨��. ¼ .x4m6w}�ª¢��# ±gÃ4XÎ R R�®R	A1/�j6 lh§��n� v�� ~��. §�¥�xX�b ¼��¢2S*��§¤v��#w}�.  R�®D	A1>§p6 lh§�¥(«�� ���#�¦§.� R�®D	A1/~j6 � v��e xX�¦v��#�Rs"¢#�,¥�¨n�,��m6mA�¼ .x4m6w}�ª¢ë§�¥��.���# �rb¥n�¦~'�n�¦v R�®D	A1/©�6 ®�q7�. A�¬x�¨n�U�. ©#�����¦§#«��. ~'�n��  R�®R	A1�©k6 §�¥n�#���. jur�¥n�U~��#�9vUT6~��# £§�¥�w"r��. £v��# #vï .w}�����# _( w��#�X�ª�# ��ce ¢ �¥n�¬w}v�x�¥n� ~��£����r9«}�( "��x4�9v��#�Ds¤¢#��¥nmA¢ v��.x)( w��æ�nw�Ï½�9~��# Ï\�¬v����"¨��. 6�.  v�¢ v�wb~nx�¢��"®fq7�6©#�#w}x4v*�. #v�¨��nw� . .x��#�U®

Ô �9¤=��¡U�c¥¦�c�_�Z¢c�9�=�¾�c�_¤U�&�_�F�_�Z¢¾�a�¦���c¥¦�c¤U�a¢£§�¢c��¡y�9¤U�À�&�¦�V6?�9�=®_¢��&�9�=�
ΨGM

�_¢
ΨHL

®�§��À�%§96?�9�=®_¢��&�9�
ΨGeR

§¤U�X®¦�9��¡y�9��¢c�_�F�_�Z¢Ã¢��c¼¦�Ã���a���a�%§��a�c�=+5_J�a�Ã·�_J�&�!�U�
β
�=�m®¦�_�a¤U�|�U�o�%§W6)�9�=®_¢��&�9�

ΨHL
þZ¹f§X6?�9�=®_¢��&�9�

ΨGM
�¦��¢!®¦�_�a�&�Z¤U�=¡U�c¥¦�c�_�,_H���&��¡U�a¤=�5�&�¦�5�y�9�c�U�,+H®#ª°�¦��¢�¡y�9¤U��®¦�_�%§¾:¤0ª �a�Y6�§�¤U¢5¡U�c�_�=�A�c��¤U�

β
¡U�a¤=��¬#�£§��=�F¡y�9¤U�!§"_:�9�a�5¤U�F�c¥¦��¤U�a¢£§�¢�a�&�c�£¥�þ Â �a�V§��&�j�F�_�J¢,+V�c�_�&�9�¯�&�¦� Â �a¬#¤U�c�¦� 1 þ ç 0 �!3 �_¢ 1 þ ´ 0 �!3 +U�V�9¤=��®¦�9�=®_�a¤=�9�=�mZ¤=�z»

Z βGM = 0.6Z βHL = 0.4Z βGeR = 0.4

¹0�¦�K6)�9�=®_¢��&�9�=�
Ψ
¢c�¦��¢c¥¦�¦�F�9�Z¢F¤U�²®¦�9��¡y�9��¢c�_�F�_�Z¢2¬#�&�9�V§��o���a���a�%§��a�c�±¤U�=�[6)�9�&��Z¤=�X�&�X¡V§��£§��F¼_¢��c�

β
�¦��¢§9�=§�¡U¢c¥©· ®£¨V§9®_¤U�=� 0 Â �a¬#¤U�c�¦� 1 þ Õ �_¢ 1 þa� ² 3#þð]��±¡y�_¢��a¢c�2�U¥_¢£§��a�&�,+5¡U�c¼¦���U�¦�F�V��¢��a�F�_�Z¢c���9¤º�U�¦�F¢c�9�a¢c��¡U�%§��=�,+�£�9�Z¢!¢c�9¤U¢c�I6)�9�&�Ã�U¥¦®¦�_�%§��U�&�¦�"þ 1 �Q6�§��+¢i�&�'®£¨=�9�\L2�U�m�&§X6)�9�=®_¢��&�9�X�U¥_¡y�_�=�X��¤U��¢c�9¤U¢Ã�U�m��ª«§�¡U¡U�a�&®�§�¢��&�9�±�£�9¤U¨V§��a¢c¥¦��þJ¹f��F�Z�U¼_�&�

GeR
�c�¦��¡y�¦®_¢c�¿�&�¿¡U�a¤=�o�&�¦�m¡U�%§��=�'�_¢m�&�¦�o¡y�_¢��a¢c�'�U¥_¢£§��a�&�,+���§��&�o�a�O�¦��¢m�F�9�+�V�m¡U�c¥¦®_�&�'��¤U�o�&�¦�m�y�9�c�U�':¤U��U� _J�&�_�U�=�_�Z¢'¤U� ¡y�_¤¡ýV�9¤=�"þ�-i���F�Z�U¼_�&�h�¦��¢m¢c�9¤U¢'�U�¿�yå_�F��¤U� �y�9��®¦�9��¡U�c�9���&���_�Z¢��c��¤U�=���U�¦�£®_���a¡U¢��&�9�©¢��c¼¦�§��U��¤U¡U¢c�¿�U�¦���V��¢��a�F�_�Z¢c�o�_¢�¤U�=�À�c�¦��¢£§�¤U�£§�¢��&�9�Q¢��c¼¦���a�&�c�c��þ

" � �



1 þ � þa��þ F �a��¤U�%§�¢��&�9�=�m�_¢��a��§�¬H�¦���c¥¦�_�a�&�¦�

25 30 35 40 45 50 55 60 65 70 75 80
−5

0

5

10

Colonne

H
au

te
ur

Profils sur la ligne 92 − Ψ(u)=u2/(1+u2) − Test de plusieurs valeurs de β

10 20 30 40 50 60

0

5

10

15

Colonne

H
au

te
ur

Profils de la ligne 24 − Ψ(u)=u2/(1+u2) − Test de plusieurs valeurs de β

Hauteur initiale
Vérité terrain
β =0.2
β=0.4

\&]j^

25 30 35 40 45 50 55 60 65 70 75 80
−5

0

5

10

Colonne

H
au

te
ur

Profils de la ligne 92 − Ψ(u)=log(1+u2) − Test de plusieurs valeurs de β

Hauteur initiale
Vérité terrain
β =0.2
β=0.4
β=0.6

10 20 30 40 50 60

0

5

10

15

Colonne

H
au

te
ur

Profils de la ligne 24 − Ψ(u)=log(1+u2) − Test de plusieurs valeurs de β

Hauteur initiale
Vérité terrain
β =0.2
β=0.4
β=0.6

\a`9^
ced/fhg5�<i � k��.�,Sðw��#�U§��~�wrb�n�,��mF�¤v����~��j��¢�¨�w5���n�#x  ¤��v�x�¥��

β
 #w5�¼�ª�. A��¢. .w}�¬v��'v4 ë~��¼�������.  v��nw}�,��v�x�¥n� �n�n�,§p~��. xXmy�"¨��# � .x4m6w}�ª¢��# ¤®=39w}����� ]½x�¨�w5��� R�®�^H1>�j6 lÙ���Ás¤¥n�¦§¤v�x�¥n�

ΨGM
�. #v�w}v�x4�¬x  ¤¢����n��¥n�. �( w��* .w5�*���V]½x�¨nw}���R�®�^:1/©k6 l\���os ¥n�¦§"v�x�¥n�

ΨHL
�. #v½w�v�x4�ÒxX ¤¢��"®

5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

Colonne

H
au

te
ur

Profils de la ligne lig2 − φ(u)=u2/(1+u2) − Test de plusieurs valeurs de β

65 70 75 80 85 90 95 100 105 110
15

20

25

30

35

40

45

Colonne

H
au

te
ur

Profils de la ligne lig2 − φ(u)=u2/(1+u2) − Test de plusieurs valeurs de β

Hauteur initiale
β=0.4
β=0.6

\&]j^

5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

Colonne

H
au

te
ur

Profils de la ligne lig1 − φ(u)=log(1+u2) − Test de plusieurs valeurs de β

65 70 75 80 85 90 95 100 105 110
15

20

25

30

35

40

45

Colonne

H
au

te
ur

Profils de la ligne lig2 − φ(u)=log(1+u2) − Test de plusieurs valeurs de β

Hauteur initiale
β=0.4
β=0.6

\a`9^
ced/fhg5�<i&� k��.�,Sðw��#�U§��~�wrb�n�,��mF�¤v����~��j��¢�¨�w5���n�#x  ¤��v�x�¥��

β
 #w5�¼�ª�. A��¢. .w}�¬v��'v4 ë~��¼�������.  v��nw}�,��v�x�¥n� �n�n�,§p~��. xXmy�"¨��# æ��¢��#�4���. "®Y39w5�h���]½x�¨�w5��� R�®`_=1/�j6 l�����s¤¥n�¦§¤v�x�¥n�

ΨGM
�.  v\w�v�xX�¬x  "¢�������¥n�. ¿( wb�� .w}�h���]½x�¨nw}���R�®`_V1/©k6 l\���os ¥n�¦§"v�x�¥n�

ΨHL
�. #v½w�v�x4�ÒxX ¤¢��"®

" � "



1 þ ` þ�ao¡U¡U�c�,LA�a��§�¢��&�9� �U�¦���V��¢��a�F�_�Z¢c�o¡V§���¤U�=�G6?�9���F�À¡y�9�.)J¬H�9�V§��&�

25 30 35 40 45 50 55 60 65 70 75 80
−5

0

5

10

Colonne

H
au

te
ur

Profils de la ligne 92 − Comparaison des modèles GM, HL et GeR

10 20 30 40 50 60

0

5

10

15

Colonne

H
au

te
ur

Profils de la ligne 24 − Comparaison des modèles GM, HL et GeR

Hauteur initiale
Vérité terrain
GM
HL
GeR

ced>fhg���i � km��¥nm£rb�n�,�nxX  ¥n�s~��# �~�x @£¢#��� �9v��. �s ¥n�U§¤v�x�¥��b 
Ψ

r�¥nw}�����A���.  v��nw5�,�'v�x�¥n�{~��. �x4mz�	¨��. h .x4m6w}�ª¢��# ¤®

5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

Colonne

H
au

te
ur

Profils de la ligne lig1 − Comparaison des modèles GM, HL et GeR

65 70 75 80 85 90 95 100 105 110
15

20

25

30

35

40

45

Colonne

H
au

te
ur

Profils de la ligne lig2 − Comparaison des modèles GM, HL et GeR

Hauteur initiale
GM
HL
GeR

ced/fhg5��i��AÌ k'��¥nm£rb�n�,�nxX  ¥n�s~��. <~nx @£¢#���#�¦v��. 5s¤¥n�¦§¤v�x�¥n�b 
Ψ

rb¥nw}�����A���. #v��nw}�,��v�x�¥n�{~��. �xXmy�"¨��# h��¢��#�X�ª�. "®

A È>B�ÈX× b Õ�ÑbÌ½�nÌ�Û7ñ��
a �=�9¢��c� §"_Z�&�4+��&� �F�Z�U¼_�&�

GeR
+Ã§"_:�¦® ¤U�»¡V§��£§��F¼_¢��c� �U�©�c¥_¬#¤U�%§����&�£§�¢��&�9� ¥_¬:§��¾· ² þ ` +i�¦�c¢2�&�©�F�_�a�a�&�_¤U��F�Z�U¼_�&��¡y�9¤U��®¦�9�=�c�_�,_H�_�¿�&�¦�¾�V��¢��a�F�_�Z¢c�h�_¢¾�&�_¤U�c�¿¢c�9�a¢c�¿�=§��=�¿�&�¦�¾�a�Z¢c�_�76)¥_�c�9¬#�£§����F�¦�t·X¨V§�¤U¢c�F�c¥¦�£�9�a¤U¢��&�9���_����a�a�&�_¤Q¤U���V§��a��þ¹0�¦�Á�c¥¦��¤U�a¢£§�¢c���U�¦�Á¢��c�9�&�Á�F�Z�U¼_�&�¦����¤U�5�U�¦�5�U�9�U�=¥¦�¦�5�c¥¦�_�a�&�¦���c�9�Z¢Á¡U�c¥¦�c�_�Z¢c¥¦�!·'�%§ Â �a¬#¤U�c� 1 þa�#� þ'Óo�=��§��V§��.)A�c�_J�&��¤=�_�a�&�¾�¦��¢�6�§��a¢c�À�_¢��&�¦���yå_�F�¦�o®¦�9�=®_�a¤=���&�9�=�mZ¤=��¡U�c¥¦®¦¥¦�U�_���F�_�Z¢'�c�9�Z¢o�9�U¢c�_�Z¤=�¦�"þ

ÿ���c éedd Å��;fW�g#&���!�����h��	�jiKk��!��#&�	�V�!� d �*Åe
���l"O��Å�#&� d ����mG�$�����$���
¹0�¦�F�V��¢c�+�F�_�J¢c�2�U�¦�y_J�a�a�&�¦�F�c¥¦�_�a�&�¦���c�¦�c�c�_���U�&�_�Z¢��c�9¤b_:�j�J¢2· �U�¦�F¡y�9�.)J¬H�9�=�¦�,+!·���ª°�ILU®¦�_¡U¢��&�9�»�U�¯®¦�_��¢£§��a�=��V��¢��a�F�_�Z¢c�5®_�a�c®_¤U�%§��a�c�¦�	þ Ñ �M�%§'®_�%§9�c���+µV®�§�¢��&�9�K6)�9¤U���U�a¢Á�U�¦�n6?�9���F�¦�ÁZ¤U�A�£�9�Z¢O�&�9�a�F��ª�å_¢��c�Ã�U�¦�M¡y�9�.)J¬H�9�=�¦�M¡V§��76�§��a¢c�"þÔ ¥�§��U�F�9�a�=�5®¦�¦�o6)�9���F�¦�Á�c�9�Z¢M¡U�c�Z®£¨=�¦�Á�A¤t�c¥¦�c¤U�a¢£§�¢5§�¢�¢c�_�=�A¤F�_¢M�a�=§�¡U¡V§��£§qp&¢Á�c¥�§��a�&��¢c���U��_H�9¤U�&�9�a�Á�c�¦®_�9�V��¢���¤U�a�c�Ã�&��F�_�a�a�&�_¤U�Ã¡y�9�.)Z¬H�9�=�'Z¤U���=¥_®_���a�£§��a¢Ã�&�o�V��¢��a�F�_�Z¢,+U·À¡�§���¢��a�i�U�o�%§�®_�&§9�£���+µV®�§�¢��&�9��þram�a�=�����)ª«§��a¬H�9���a¢�¨U�F�À�U�m®¦�9�Z¢c�9¤U�§9®_¢��\6:-sa F at' -!¨V�_�c�V§�¤=���_¢À§���þ.+M� Õ�Õ�Õ / �c¥_¡y�9�=�L·2®¦�_¢�¢c�t§�¢�¢c�_�J¢c��þ|¹0�u-sa F a �¦��¢'¤U��®¦�9�Z¢c�9¤U�¿§9®_¢��\6;6)�9�=�U¥h��¤U��&�¦�'�c¥_¬#�&�9�=�ÀZ¤U�O¤U¢��a�a�&�c�h�&�¦����¢£§�¢��&��¢��&Z¤=�¦���U�¦�'�c¥_¬#�&�9�=�À�U�¦�'�a��§�¬H�¦�À��ª«§���¡U�a�a¢�¤=�U���£§9�=§��"þ F �_¤U�&�À�U�¦�'¡y�9�.)Z¬H�9�=�¦��£�9�Z¢À�c�¦®£¨=�_�c®£¨=¥¦���_¢¾�&���=�9���U�c���U���wv�¤=�U�¿�¦��¢¾�a�a���a¢c¥�þn-i�_¢�§��a¬H�9���a¢�¨U�F�2§±¥_¢c¥�§9�=§�¡U¢c¥2·X��ª°�¦��¢��a��§�¢��&�9���U���%§

" �#�



\&]_^ \a`#^

\abc^ \&Æ9^
ced/fhg5�<i��9� kOd�¢. .w}��v���v4 �~nw�Ï½�¬v��,�	¨���~��h�ce xX�9v�� �Rs"¢#�,¥�¨n�,�nmomA�F1>�j6y�n�(��§��ª�. hv��,¥nxX emy¥"~:� ���# 

GM
1/©k6¶l

HL
1>§p6y�¤v

GeR
1>~j6

" � `



1 þ ` þ�ao¡U¡U�c�,LA�a��§�¢��&�9� �U�¦���V��¢��a�F�_�Z¢c�o¡V§���¤U�=�G6?�9���F�À¡y�9�.)J¬H�9�V§��&�
6)�9���F�À¡y�9�.)Z¬H�9�V§��&�¿�U�¦���V��¢c�+�F�_�J¢c�"þ
�<i � i&ÌËi�� x P�>2yoz:>DK5E
¹0�¦�m®¦�9�Z¢c�9¤U�c�'�£�9�Z¢m�U¥jµ=�U�&�m¡V§��o�%§�¡y�#�c�+¢c�a�9�©�=�_�m�wv�¤=�U�"þ�a ®£¨V§9:¤=�¿�a¢c¥_�£§�¢��&�9�{+��&�¾�=�9���U�c���U�¿�wv�¤=�U�m�¦��¢§�¤U¬#�F�_�Z¢c¥2���Á��ª°�9¡U¢��a���&�£§�¢��&�9�´�U�¦�

n
�wv�¤=�U�¿�a�U�a¢��%§�¤ML �%§��&�c�c�t¤U�=�F¥_�=�_��¬#�&���U�F®¦�9�Aµ=¬#¤U�£§�¢��&�9��¢��c�9¡�¥_�&� _H¥¦��þ0¹f�®¦�9�Z¢c�9¤U��§9®_¢��\65�c�_¡y�#�c�¿�c¤U��¤U�=��¥_�=�_��¬#�&��®�§��&®_¤U�&¥¦�h·�¡V§���¢��a�m�=�¾�%§K6?�9���F�¾�a�U�a¢��%§��&���U�9�U�=¥¦�¿¡V§��m�%§F®_�&§9�£���+µV®�§�¢��&�9��_¢���ª �a�Z¢c�_�76)¥_�c�9¬#�£§�������þV¹f§����a��¡U�a�+µV®�§�¢��&�9� �U����ª°¥_�=�_��¬#�&�À¡U�£�9¡y�#�c¥¦�¾�=§��=�X' -!¨=�¦���V§�¤=�¯�_¢o§���þ.+0� Õ�Õ�Õ / �0ª«§h¡V§9��¥_¢c¥®¦�Z�U¥¦�¾��§��&��¡y�9¤U���£§��a¢o��ª�å_¢��c�À¡y�9¤=�m§9®¦®¦¥_�&¥j�£�j�m�&�¦��¢��£§��a¢c�_�F�_�Z¢c�"þ

�<i � i&ÌËi%$ | C�y?z#@B>DC!yYNu}�~a�ryfEZP¶Ty>RE
¹f§G6)�9�=®_¢��&�9�2��ª°¥_�=�_��¬#�&�m�A¤2®¦�9�Z¢c�9¤U�

C
�¦�c¢��U¥jµ=�U�&�o¡V§����%§G6?�9���F�o�9���a¬#�a�V§��&�m�A¤��V��¢��a�F�_�Z¢

B
�_¢!�U���%§À¡U¨V§9�c��a�Z¢c�_�76)¥_�c�9�F¥_¢����&Z¤=�A»

U(C) = (1 − β)Uφ(C) + βUforme(C) 021 þ ` 3

Uφ(C) =
∑

t∈SC

(φt − µB)2

2σ2
B

021 þ  3

Uforme(C) =

∣

∣

∣

∣

ωcard(SC − SC ∩B) + card(B − SC ∩B)

2

∣

∣

∣

∣

2

021 þ%ºH3
§"_:�¦®

B
�_¢
SC
��ª°�_�=�c�_���U�&�t�U�¦��¡U�\LA�_�&���=���%§u6)�9���F�h�c�¦��¡y�¦®_¢���_H�_�F�_�Z¢À�a�U�a¢��%§��&���_¢'¡y�9�.)J¬H�9�V§��&�t�U�¦���V��¢��a�F�_�Z¢c�,+

µB
�_¢
σB
�%§��F�4):�_�U�=�o�_¢���ª°¥¦®�§���¢�¯�¢5)Z¡y�m�U���%§�¡U¨V§9�£����¤U���&���V��¢��a�F�_�Z¢!�a�U�a¢��%§�� 0 B 3I+ β �¦��¢5�%§À¡y�9�=�U¥_�£§�¢��&�9���_�Z¢��c��&�¦�m�U�_¤ML±¢c�_���F�¦�m��ª°¥_�=�_��¬#�&�h�_¢

ω
�¦�c¢��%§�¡y�9�=�U¥_�£§�¢��&�9�©�_�Z¢��£�¾�&�¦�o�U�_¤MLQ�c�9��¢c�¦�o�U�¾¡U�\LU�_�&�oZ¤U�0�0ª«§�¡U¡V§���¢��&�_�U�=�¦�Z¢¡V§9�m·

SC ∩B þ=¹f§��U¥jµ=�U�a¢��&�9� �U�¦���£¥j¬#�&�9�=�m�¦��¢��ILA¡U�a�&®_�a¢c¥¦�¿·t�%§ Â �a¬#¤U�c� 1 þ+� " þ

CS

B

CS         B

U

ced/fhg5�<i��A$ kO/6¢DÏ\��x�v�x�¥�� ~��. e��¢�¨�x�¥n�� 
B
l
SC

�¤v
B ∩SC

w�v�x4�ÒxX ¤¢��. æ~��n�b ��ª�Os¤¥n�.my�n�¬xX .mA�h��*.r¦�¬x�§���v�x sæ~�w��0.�3AÊ�®

¹f§u6)�9�=®_¢��&�9� �U�<_H¥_�&�Z®_�a¢c¥t�U����ª°¥_�=�_��¬#�&�
U(C)

+y�U¥jµ=�U�&�t®¦�9���F�h�%§2�U¥_����_H¥¦�t�U�
U
��¤U�'�&§2�c¤U�76)§9®¦�=+��=��¡y�_¤U¢¡V§9�hå_¢��c�t®�§��&®_¤U�&¥¦���ILA¡U�a�&®_�a¢c�_�F�_�Z¢"þ�¹f�t®_���a¢c¼_�c�t�¦�c¢À§��&�9�c�À®�§��&®_¤U�&¥t�Z¤U�F¥_���&:¤=�_�F�_�Z¢¾¡y�9¤U�¾®£¨V§9:¤=�h¡y�#�c�+¢c�a�9�L�A¤®¦�9�Z¢c�9¤U�F§"_H�¦®2�a�¦� 1 :¤V§�¢��&�9�=� 1 þ  �_¢ 1 þ%º þO¹0��®¦�9�Z¢c�9¤U�h�&�2¡U�a¤=��¡U�c¥¦®_�&�t�¦��¢h®¦�_�a¤U�Ã:¤U�!���a�U�a���&�c���&§�6?�9�=®_¢��&�9���ª°¥_�=�_��¬#�&�

U
¡y�9¤U��¤U�¯�=�9���U�c�

N
�U�À�wv�¤=�U�"þ

" � 



�<i � i&ÌËi&r � <DTVC�P�>R@4�OILE�}�~aCVKY@B>?I�>DN��A@B>DC!y
¹f§h���a�U�a���&�£§�¢��&�9�Q�U�

U
�_�c¢��9�U¢c�_�Z¤=��¡V§����a¢c¥_�£§�¢��&�9��þwa ®£¨V§9Z¤=��¥_¢£§�¡y�=+U�&�'�=�9���U�c�À�U���wv�¤=�U�

nnoeuds
�¦��¢µYLU¥�þU¹�ª«§��a¬H�9���a¢�¨U�F����ª°¥¦®_���a¢�»¡y�9¤U�

4 ≤ nnoeuds ≤ N
»

Z �c�¦®£¨=�_�c®£¨V�¿�A¤±¡y�9�.)J¬H�9�=�¾�9¡U¢��a��§��f¡y�9¤U� nnoeuds
þbaM�j�V�=§��Z¢

Nit
�a¢c¥_�£§�¢��&�9�=�<»

• ®£¨=�9�&�c�a�o§��&¥�§�¢c�9�a�c�_�F�¦�Z¢m�&���wv�¤=�¯Z¤U�0�U�9�a¢�å_¢��c�¾�U¥_¡U�%§9®¦¥=+
• ®£¨=�9�&�c�a�o§��&¥�§�¢c�9�a�c�_�F�_�J¢o�&�¦���=¥j¡=�&§9®¦�_�F�_�J¢c�'§�8¦�a��¤U¢£§��Y�_¢��£§9�A�%§��Y�A¤±�wv�¤=�¯�=§��=��¤U�±�a�J¢c�_�,_9§��a�&�À¡=�c¥#¯�=¥nµV�U�

[−δ,+δ] +
• ®�§��&®_¤U�&�_�o�%§o_9§��&�_¤U�o�U�

U
¡y�9¤U�o®¦�À�=�9¤b_:��§�¤Q®¦�9�Z¢c�9¤U�,+

• §9®¦®¦�_¡U¢c�_�m®¦�¾®¦�9�Z¢c�9¤U�m������ª°¥_�=�_��¬#�&��§t�A�a���a�Z¤=¥¾�&�9�c���A¤Q�U¥_¡U�%§9®¦�_�F�_�Z¢"þZ §ö��9¤U¢c�_�o�U�_¤MLX�=�9¤b_:��§�¤MLX�wv�¤=�U�o�c���&�À®_���a¢c¼_�c� 0 C1
3!�0ª°�¦�c¢�¡V§9��_H¥_���+µV¥=+V§"_:�¦® 0 C1

3i�U¥jµ=�U�f¡V§���»

(C1) :
Uforme

card(B)
< th1 021 þ ç 3

F � 0 C1
3m�¦��¢e_:¥_���+µV¥=+���ª«§��a¬H�9���a¢�¨U�F�F��ª«§�����å_¢c��þ�¹0�¦�'�wv�¤=�U�À�£�9�Z¢À§ö��9¤U¢c¥¦����¤U�'�&�¦�À®ON9¢c¥¦�'�&�¦��¡U�a¤=��¥_�&�9�a¬#�=¥¦��U�À�%§6?�9���F�À�a�U�a¢��%§��&��þ¹f�¦�æ_#§��&�_¤U�c�À�U�¦�À¡V§��£§��F¼_¢��c�¦�¿�c�9�Z¢,+y¡V§��¾�ILA¡y¥_���&�_�=®¦�=+0¥j¬:§�¤YL ·�»

N = 10
+
δ = 4

+
Nit = 6000

+
th1 = 0.17

+
ω = 2

�_¢
β = 0.6

þ9¹0�i�=�9���U�c����ª �a¢c¥_�£§�¢��&�9�=�
Nit
�U�9�a¢\å_¢��c�Ã�c¤A[��£§����F�_�Z¢Á¬#�£§��=�t¡y�9¤U��§9�c��¤U�c�_�M�%§'®¦�9�5_:�_��¬H�_�=®¦��U�À��ª«§��a¬H�9���a¢�¨U�F��þ�¹5ª �a�U�a¢��%§��a�&�£§�¢��&�9�©�A¤Q®¦�9�Z¢c�9¤U�'§9®_¢��\6Á�¦��¢�6�§��a¢c��¡V§����&�À�c�¦®_¢£§��U¬#�&�¿�_�U¬#�&�9�V§��Z¢m�A¤¯�V��¢��a�F�_�Z¢"þ¹5ª°¥ _H�9�a¤U¢��&�9� �A¤¯®¦�9�Z¢c�9¤U�o·t®£¨V§9Z¤=�¾§öp�9¤U¢��U���wv�¤=�U���¦��¢�¡U�c¥¦�c�_�Z¢c¥¾·h�%§ Â �a¬#¤U�c� 1 þa� � þ F �_�&�9�¯�%§�6)�9���F�À�A¤�V��¢��a�F�_�Z¢,+=�&�¾®¦�9�Z¢c�9¤U�'§9®_¢��\65§h�y�¦�c�9�a�Q�U�À¡U�a¤=�o�9¤±�F�9�a�=�o�U�À�wv�¤=�U�"þìY�9¤=�5�&�¦�Á�V��¢��a�F�_�Z¢c�!�U��¢£§��a�a�&����¤A[��n§����F�_�Z¢5¬#�£§��=�U� 0 � ²�² ¡U�\LU�_�&�g3M�c�9�Z¢Á¢��n§��+¢£¥_� 0 Â �a¬#¤U�c� 1 þa� ` 3#þ 1 �2�c�9��¢��&�=+®£¨V§9®_¤U�©�¦��¢'§�¡U¡U�c�,LJ�a�F¥¿¡V§��o¤U�Q¡y�9�.)J¬H�9�=�¿�_¢o�a�f�0ª )¯§t¡U�a¤=�m�U�¾¢��c�9¤=�m��¤U���&�¾¢c�9�a¢"þ 1 _Z�&�U�_���F�_�Z¢,+y��ª �a�?)±§�¤U�=�®¦�9¤U�Ã�a�Z¢c¥_���&�_¤U�c���_¢Ã:¤=�m¢c�9¤U¢c�¦�i�&�¦�i¡V§���¢��&�¦�Ã�ILJ¢c¥_���&�_¤U�c�¦���c�9�Z¢Ã�U¥_¢c�¦®_¢c¥¦�¦��®¦�9���F��®_�9�=�=�ILA�¦�,+Z�%§�®¦�9¤U�i�a�Z¢c¥_���&�_¤U�c��£�_�£§�¡y�_�c�U¤=��þJa ®¦�_¢�¢c�o�a�a���+¢n§�¢��&�9�2¡U�c¼¦�4+H�&�¦���c¥¦��¤U�a¢£§�¢c�!�c�9�J¢�¡y�#���a¢��\6?�!®�§����&�¦���V��¢��a�F�_�Z¢c�i�c�_¢��c�9¤b_H�_�Z¢i�=�_�;6)�9���F�¦�¡U�a¤=�o®¦�9¨=¥_�c�_�Z¢c�¦�o¡V§����£§�¡U¡y�9��¢m·t�%§t�c�a¬#�U�+µV®�§�¢��&�9�Q�c¥¦�_�a�&�¾�U�¦�o�9��öp�_¢c�"þ

" � º



1 þ ` þ�ao¡U¡U�c�,LA�a��§�¢��&�9� �U�¦���V��¢��a�F�_�Z¢c�o¡V§���¤U�=�G6?�9���F�À¡y�9�.)J¬H�9�V§��&�

10 noeuds8 noeuds6 noeuds4 noeudsInitialisation

ced/fhg5�<i��Jr knR��¥��Òw�v�x�¥���~nw §�¥n�9v�¥nw}��nw §�¥nw}�� ~��j�ce ¥#rUv�xXmoxX  ��v�x�¥n�É~nw §�¥n�9v�¥nw}��'§¤v�x shrb¥nw}�ë~nx @£¢#���#�¦v4 ©cÍ�v�xRumA�#�9v4 o~nw ( wb�n� v�x�� �X�£�9Ë'�n�,~�®Oq7�. <x4mz�	¨��. � ¤¥n�9v�§��#�4���. y~nw�mA�#x4�X�ª�#w}�z§�¥n�9v�¥nw}��rb¥nw5�ow5�{�¦¥nmA© ���
nnoeuds

~����!��wb~( �~'¥n���Ù¢"®f39x����os¤¥n�#my�6�# #v��#wn¨5¢���  ��v�xX Rs¤�nxX  �n�9v��F1�x�®4�"®M( wb�n�¦~¼xX�Ë��e Ë¼�hr��n �v��,¥.r~��hr¦xa*��#�Ò yx�¨n�¦¥n��¢. ¼¥nw�( wb�n�¦~�xX����e Ë¡�zrb�( Av��,¥.r�~��hr¦xa*��#�Ò y�,�7�¤¥nw�v�¢. ¼~'�n�b y����s ¥��.mA�k6or�¥nw}�Aw5�§.�#� v��nxX�s�¦¥nmA©#���6~����!��w�~n £lð�n��¥��� ���e �n��¨'¥n�#x4v4«�mA�� Ue �n�.���¤v��"®

" � ç



\&]_^ \a`#^
ced/fhg5�<i�� � kOd�¢. .w}��v���v£~nw·§�¥n�9v�¥nw}�A�'§¤v�x s6 .w}�o����7"¥n�Ù�A~��. ¼©�Í�v�x4mA�#�9v4 oxX  ¥n�ª¢. y~nw�( wb�n� v�x�� ���£�9Ë'�n�,~¡~5��/�w5�Vu� �#�c( wb��1/©k6y� v�xXmy�"¨5�h~fe �nm£r¦�Òx�v�w�~5�h§�¥n�.���. �rb¥n�¦~'���9v���1>�j6'®Vqï�is¤¥n�#mA�£x4��x�v�x��n�ª�h�.  v\� �¼¨n�.xX h� v½©#�ª�#w� v½���os¤¥n�#my�5Ï½�¦�n�ª�6�#�¨n�#x  6� v�©#���n�¦§®

" � ´



� �U���	�U�������������U�
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'èÖÀ�_��§��Q�_¢�(m�*)Z�=�9�&�U�4+�� Õ�Õ#"q/ Ö��_��§��{+$¾oþ��_¢�(o�*)J�=�9�&�U�,+£Öoþ 0 � Õ�Õ#" 3#þ�-i�9�=��¢��£§��a�=�¦� �c�¦�c¢c�9�£§�¢��&�9� §��=� ¢�¨=��c�¦®¦�4Á:�_�£)»��6t�A�&�c®¦�9�Z¢��a�Z¤U�a¢��&�¦�"þËÄ R�R;R , ¡£¢¨ Y®*¢µºO¤2¥2¦= Y®ß¦¨  Ê ¢H¤§¤�«I¡g  .  !¢=¶ Ë ®g¥>®ß¢¨ !© 4 ¢HºI´µ¥� �«�Äg !¤�«I¶>¶Ü¥\¬µ«* !ºg«*+�*Ã 0 � 3æ» �=å ç Z � ¼ � þ å þ � þa��þ � + å þ � þa��þ � + å þ � þ " þ " + 1 þ �'èÖÀ�_��§��Q�_¢£ÖÀ�_��§��{+0� Õ ¼�Ã / ÖÀ�_��§��{+ F þA�_¢�Ö��_��§��{+M¾6þ 0 � Õ ¼�ÃJ3#þ F ¢c�Z®£¨V§9��¢��&®'�c�_�%§qL=§�¢��&�9�{+�Ö'�a�U�=�Ã�A�&��¢��c�+�=¤U¢��&�9�{+§��=��¢�¨=�j^�§,):�¦���%§��´�c�¦��¢£§�¤U�£§�¢��&�9�¸��6o�a��§�¬H�¦�"þÇÄ R;R;R , ¡£¢= Y®*¢Hº,¤2¥2¦¨ w®Q¦¨  Ê ¢=¤§¤�«I¡I  .  !¢=¶ Ë ®g¥>®[¢¨ !© 4 ¢µºI´µ¥� �«Äg �¤�«*¶>¶¸¥.¬µ«I �º�«O+wÈ�a D ê Â å » ç9" � Z ç Ã=��þ å þ � þa��þa� + ¾oþa��þ " + ¾oþa��þ � + ¾oþ " þa�
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