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p U"nrqbnre TUWVsU#nStug>VXlbahUWv,Uwn
x�y gwzfUWe|{�}>~
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�@����W�&� ��2��� i�n���]hi,e��U y U#nmn�U TcZa/��`�ef]_ah]dnmc�ef]hgji p ��`bibU�V@�UWe R g p U p U p �U#t�gjVXl�g^nr]_em]_gji p U p gjV�c�]_i�U
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Unit é de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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 ¸ ¶ � QSR U�c�l�lba_]otWc�em]_gji g���c p gjV�c�]_i p UwtugjVXl�g±n�]_em]_g>i VXUWe R g p � {� | �¢��Ãg y t�gjV��
l y U#nfnr]_¤bahU�em` y ¤�`ba_UWi�e���g��ZnÖgji y gj`�� R ¤�gj`bi p c y ]_U#n|]dnkl y U#n�UWi�efU p § QSR U�c�lblbah]dtWc#ef]hgji�g��¯e��¯g
adcWq^U y VXg p UWa��Ãg y e R ]dn�erq�l�U|g��&l y gj¤bahUWV ]dn��>c#a_] p c�efU p e Rby gj`b� R i�`bVXU y ]dtWc#a,emU#n�eþnSg y ]_�j]hi�c�emU p
� y g>V ]_i p `�n�e y q^§��¥e©e R U¦UWi p ª�e R U¦l�g^nmn�]h¤b]_ah]_erq�g��|e R U�c�lbl�a_]dt	c�ef]hgji g�� {� |  ]dn"�^U y ]H°®U p ª
e R�y gj`�� R e R U©n�em` p q¦g��ße R U��>c�ah] p ]herq�g���e R U�¤�c>n�]otWn R q�l�gje R U#n�]onu§
� ���7·�� ´���� �>� p g>V¦c�]hi p U#t�gjVXl�g^nr]_em]_gji¦VXU	e R g p ª^°�ib]hefU��^gjah`bVXU|VXU	e R g p ª^°�ib]hefU�UWa_U	VXUWi�e
VXUWe R g p ª �kc�aha7adc!��ª,em` y ¤�`ba_UWi�e"��g���ªbe#�Sg2aocwq^U y VXg p U	a



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n }
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� §h� �¬�«E`®c�ef]hgji�n p U � UWq,i�gja p nktugjVXl y U#nmn�]_¤�a_U#nJ§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �

� § � {�g p TUWahU Tc ¤�c>n � UWq�ibgja p n §�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �
� §ê} ��gj]on p U�l®c y g>] §©§�§©§�§"§�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �
� §�Y � p ]hVXUWi�nr]_g>ibibUWVXU�i�e p U#nk�>c y ]oc�¤bahU#n"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �
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},§h� �¬�«E`®c�ef]hgji n�gj`®n �Ãg y VXU�t�gji�nrU y �>c�em]_�^U §"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W�
},§ � � gji p ]_em]_gji®nÖc#`bv¦a_]_Vs]_efUwn9§�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W}
},§ê} �bg y V�`baoc�em]_gji��Sc y ]oc�ef]hgjibi�UWa_ahUD§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W}
},§�Y  Ö]onft y �UWef]onfc�em]_g>i�nrl�c�em]dc#a_U p `�l y gj¤�a TUWVXU §�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W}
},§��  Ö]onft y �UWef]onfc�em]_g>i emUWVXl�g y UWa_ahU p ` l y gj¤�a TUWVXUZ§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W�
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Yb§h� \^e y c�e��UW�j]hU p U�a/�¨c#lbl y g�t R U §�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ ���
Yb§ � & q�l�gje R TU#n�U#n §�§©§�§©§�§"§�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �W�
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�,§h� x adc>«E`�U�l�adc�i�U�§©§�§©§�§"§�§"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ � �
�,§ � x adc>«E`�U y `b�j`�UW`�n�U�� � cjn�� §"§�§�§"§�§"§�§©§�§©§�§"§�§�§"§�§"§�§"§�§©§�§©§�§ �(�
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�&��gj¤�zfUwtuef] � p U t�U�e y cW�jc#]_aZU#n�e�adc �jc#a_] p c�em]_gji p U p ]��¡�U y UWi�e£n2VXg p TUWahU#n p U�em` y ¤b`�a_UWi�t�U
¤b]otugj`�t R U©l�g>` y a;�m�UWem` p U©i,`bVº�U y ]o«E`bU p ��`biµ�U#tug>`ba_U	VXUWi�ekef` y ¤b`ba_U	i,e¡c�` � p U#nmn�`�n p ��`�ibU2l�c y gj]
y `��j`bUW`®n�U�UWekadc��¯�U y ]H°�tWc�em]_gji p U#n R q,l�gje R7TU#nrU#n Tc"adc"¤�c>n�U p U#nSVº�UWe R g p U#n p U p �UwtugjVXl�g±n�]_em]_g>i
p U p g>V¦c�]hibU|¤�c>n,�UWU#nZn�` y adc"e R �UWg y ]_U p U�a/� R gjVXg>�ß�UWi��UW]dnmc�ef]hgji7§#�&��]_i�eb�U y	�UWe p U©tuUwnSVXg p TUWahU#n�U#nre
p � �gjefU y aoc¦n�gj`®n �Étugj`�t R UX��]dnm«E`�UW`�n�U p ` p gjV�c�]_i�U p UXt	c�adt�`ba�UWe p Usn�]hV�`bahU y a/��]_i �®`bUWi�tuU p U#n
y `��jg^nr]_e��U#n¥l®c y a_U�¤b]oc�]on p ��`bi�U�ahgj] p U�l�c y g>]&c�lblbah]d«^`k�UWU Tc2`bibU�� y gji�ef]	�U y U|lbaoc�ibU|°Bt�ef]_�^U±§


 ib]_em]dc�ahUWVXUWi�ekl y gjl�g^n��UWU¦l�c y � c yfy c�` � ��U Q c#a_ahU#t��H��
Sl�gj` y p U#n �U#tugj`�a_UWVXU	i,eþnÖtug>VXl y U#n �
n�]h¤ba_Uwn�adc#VX]_i®c�] y U2UWe2ef` y ¤b`bahUWi�eWª7adc�Vº�U	e R g p g>a_g>�j]_Usc p g>ibik�UWU p UX¤�g>i�n y �U#n�`�a_e£c#e£n"l�gj` y a_U
tWc>n aoc�VX]hi�c�] y U^§ � UWl�UWi p c#i,e�ahU#n y �U#n�`�a_e£c>n|i,`bVº�U y ]o«E`bUwn�l�gj` y p Uwn��Uwtugj`bahUWVXUWi�e£n�ef` y ¤b`bahUWi,eþn
i7��gji�ekl�cjnknmc�ef]on �;c#]_eka_Uwn R q�l�gje R TU#n�U#n p U|¤�cjnrU p U¡adc"Vº�UWe R g p U^ª�l�gj` y ahU"t R g>]_v p ��`bisVXg p TUWahU
p U�ef`�¤b`ba_U	i�tuU�c#a_�ß�U	¤ y ]o«E`bU±§
 |c�i®nktuUÖe y cW�>c�]ha/ª^gjiX`�ef]_ah]dnrUk`biXVXg p �U	a_U p UÖem` y ¤�`ba_UWi®tuUÖ¤�]dtug>`�t R U^ª^c p c�lbe��U�c�`bvO�U#tug>`ba_U �

VXUWi�e£n&n�` y l®c y g>]dn y `b�>`bUW`�nrU#nu§ � i�Vsgji�e y U Tc�l�c y em] y p UZlbah`�n�]hUW` y n�tWc>n �;efU#nre£n�ª,«^`bUkahUkVXg p TUWahU
p g>ibibU p Uwn y �U#n�`�a_e£c#e£n©tug R �U y UWi�e£n|UWe©«^`bU�ahU#n R q�l�gje R7TU#n�Uwn p U�¤�cjnrU p UXa;�¨c#lbl y g�t R U � c ymy c�`
y Uwn�efU	i,e �Ãg>i p c#VXUWi�e£c�ahUWVXUWi�e7�>c�aoc�¤bahU#n�l�g>` y t�U#n2�U#tugj`�a_UWVXU	i,eþn»em` y ¤b`�a_UWi�e£n�§��ÖibU¡c�i�c#a_q�n�U p U
a/��U yfy UW` y p U�adc"Vº�UWe R g p U|Uwn�ekl�c y c#]_a_ahUW` y n�U��BU#tuem`k�UWU p c�i�n x ] y g>ibibU#c#`�UWeZc#a/§��¨��
/§

��U#nktWc>n �;efU#nre£nke y c#]_e��U#nSgji�e¦�UWe��U p gjibi��U#nSl�c y a_U � ¬�\ Q ��� � ¬ �"§�~Ögj`®nktugji�nr] p �U y gji®n¥e y gj]on
p g>V¦c�]hibU#nuªßtWc y cjtue��U y ]on��U#n�l�c y p ]��¡�U y U	i,emU#n�eþc�]_aha_U#n p U y `b�>g^nr]_e��Uwnu§� "�êc�¤�g y p ª�i�gj`�n �UWef` p ]_g>i�n
a/��]_i �®`bUWi�tuU p U|ahUW` y �Ãg y VsU�n�` y aoc"tug>`�t R U|a_]hVX]_emUkef` y ¤b`bahUWi,emUÖU	ekUWi�n�`�]_efU¡ibgj`�nS�>c#a_] p gji�nSahU#n
R q,l�gje R7TU#nrU#n p U"¤®cjn�U p UwnSefU#t R ib]o«E`bUwn p � R gjVXg>�ß�UWi��UW]dnmc�ef]hgji7§
 |c�i®nÖadc p UW`bv�] TU	VXUÖl®c y em]_U p U2tuU�e y cW�>c�]_a;ªbgji�l y �U#nrUWi�efU�a_U#n¦�U#«^`�c�em]_g>i�nÖ«^`b]7�>gj`b�^U y ibUWi�e

a/�m�U#tug>`ba_UWVsUui�eWª7c#]_i�nr]|«^`bU¦a_U¦VXg p TUWa_U p U em` y ¤�`ba_UWi®tuU¦t R gj]on�]/§���Uwn Vº�U	e R g p Uwn�i�`bV@�U y ]d«^`bU#n
UWVXl�a_g#q¯�U	U#nkn�g>i,e|l y �U#nrUWi,e��UWU#n p c�i�n|adc�e y g>]dnr] TUWVXU�l�c y em]_U^§ �Bc¦«E`�c#e y ] TUWVXU�l�c y em]_U2U#nre"t�gji�nmc �
t y �UWU Tc"adc p �Uu°�ib]hef]_g>i p ��`bi¦tWc p y U�V¦c#e R �UWV�c�ef]o«E`�Ukl�g>` y adc"Vº�UWe R g p U p U p �UwtugjVXl�g±n�]_em]_g>i p U
p g>V¦c�]hibU�UWe Tc2adc��Ãg y V�`baoc�ef]hgji p U#n R q�l�g>e R �Uwn�U#n�§4 |c#i�n|adc�tu]_i®«E`b]	�UWVXUZl�c y ef]hU^ªbgji�l y �U#n�U	i,emU
a/�êc�i�c#a_q�n�U p U#n y �Uwn�`bahe£c�eþn¥i�`bVº�U y ]d«^`bU#n�tug>i�tuU y i�c�i�eZa_U#nSe y gj]onÖt	cjn¦�UWef` p ]W�U#n�§�~Ög^nZtugji®tua_`�nr]_g>i�n
°��>` y UWi�e p c#i�n¥aoc2n�]hv,] TUWVXUZl�c y ef]_U p U©tuU y c�l�l�g y e	§

� U�e y cW�>c�]ha"c �UWe��U y �U#c#a_]on,�U p c�i�nXahU tWc p y U p ��`bi²tugji�e y c�e cw�^Uwt a_U � ¬ ��� � ¬S\ Q �"§��jU
y U	VXU y t�]_Uka_U � ¬ ��� � ¬�\ Q �Jl�gj` y n�gji�]_VXl�g y e£c#i,e¯l�c y efUWi®c y ]oc�ek°�i�c#i�tu]_U y §

Y



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �
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��U2VXg p �UWahU|`bem]_a_]on�U�a_Uwn¦�U#«^`�c#ef]_g>i�n p U2~|cW��]_U y �f\±efg��^UwnSVXg#q^UWibi��UWUwnuª�«E`�U"a/��gji �ÃU y VXU¡l�c y
`bi2VXg p �UWa_U����	� �Ãgji p �UZnr` y ahUktug>i�tuUWlbe p US��]dnmtug^nr]_e��U¯ef` y ¤b`bahUWi,emU � tug>i�tuUWlbe p U � g>`�nfnr]_ibU#nm«®¢þ§
x g>` y l y U	i p y U�UWi�tugjVXl�efU�tug yfy U#tuefU	VXUWi�e�adc"l�c y g>]/ª,`�ibU©c�lbl y g�t R U�¤�]dtug>`�t R U�c �U	eb�U�t R gj]on�]hU
Tc2l y g#v�]_VX]heb�U p U�adc"l®c y g>]/§
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��U#n��U#«^`�c#ef]_g>i�n p U � UWq�ibgja p n � �U#«^`�c#ef]_g>i�n p U©~|cW��]_U y �f\±efg��^UwnSVXg#q^UWibi��UWUwn�4 �U#«^`�c�em]_g>i�n�5�6�£¢¯n�g>i,e p g>ibi��UWUwn¥l�c y+7
8:980; 4=<?> � 9 � ¢ @ �BA
8 � 9 � ¢8:; 4C<�>2D 9 �FEO� 4.DHG54 �

} �JI � I?�=<�> �LKNM ¢ @ �BA8'O8:; 4C<�> D+D O 4PGQ4 �

} � I � I �=<?> �LK M 7 � 4 � M ¢R@ �BA8 � 9 ��¢8:; 4=<�> � 9 � ��¢S�=<�> DTDVU 4 U MW:X I <Y� I �6ZTX @ �BA
8 � 9 �£¢80; 4=<�> � 9 � �£¢1�=<�> D+D U 4 U MW0[ I <F� I �\ZT[ @ �B>

��U#nka_gj]on p �m�U	e£c�eZ«^`b]��ÃU y VXU	i,e�a_U©nrqbnre TUWVXU¡nu�m�U#t y ]_�^UWi�e 7
O @ 9 D^] 4 ��`_ � _ba I 4 9 � @ c�dbe\4 ��f_ � _ba 4 9 �NAG @ �hg �@�#¢ 9 ei>

��U#n p �Uu°�ib]hef]hgji�nknrgji�eka_U#nknr`b]_�>c�i�efUwn 7
· 9 7 p UWi�nr]_e��U±ª
·�� @ �Lj Alkb¢ 7 t R c#VXl p U��,]hefU#nmn�U�VXg#q^UWibi��U	U^ª
· G 7 l y U#nfnr]_gji n�eþc�ef]o«E`�U^ª

�



� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

· e 7 efUWVXl��U y c#ef` y U^ª
· ] 7 �U	ibU y �>]_U|]hi,emU y i�U^ª
· O 7 �UWibU y �j]hU|efg>e£c#a_U^ª
· � 7 �UWibU y �j]hU|ef` y ¤b`bahUWi,emU^ª
· � 7 p ]dnmn�]_l®c�ef]hgji p U�a/�m�UWibU y �j]hU|ef` y ¤b`bahUWi,emU^ª
· K M @ � U 4 U M ¢�� 7 efU	i�n�UW` y p U � UWq�ibg>a p n�4 efUWi�nrUW` y p U�tugji�e y c�]hi,emU#n�em` y ¤b`�a_UWi�efU#n�ª

· � @�� < � 4C< ����� � �

} <�> � �
· U M @ c	� 9 � a� 7 �,]onftug±n�]heb�U|em` y ¤b`�a_UWi�efU^ª
· U 7 ��]dnmtug^nr]_e��U�VXg>a	�U#t�`badc#] y U±ª p gji�ik�UWU�l�c y adc ��g>] p U2\^`be R U y aoc�i p

U � e ¢�@ U�
 D ee 
 I
��� a D e 
 4º�j�	�e\4º�j�	� I
ªBa/��]hi p ]otuU�� y UWi��^gj]hU2c#`bv�«^`�c�i�ef]he��U#n p U y �U �>�U y U	i�tuU p �Uu°�ib]hU#nÖnr` y a;�f�U#tug>`ba_U	VXUWi�e
]hi,°�ib];ª

· � M @ ��� 4 � M ¢ < e 7 ��`bv p U©t R c�ahUW` y
· � @ U c��x�y @ U gx�y 7 tug^U���tu]_U	i,e p U©tugji p `�tuef]h�,]he��U|Vsgja	�Uwtu`badc#] y U^ª
· � M @ U M c��x�y M @ U M gx�y M 7 tug^U���tu]hUWi,e p U©tug>i p `�t�ef]_��]_e��U|ef` y ¤b`bahUWi�efU^ª

·�� @ D U M � � �

}
9 � � I 7 < � 7 efU y VXU p U�l y g p `�tuem]_g>i7ª

· Z X @ � � 9 � 7 efU y VXU p U�l y g p `�tuef]hgji 4JefU y VXU p U p U#nre y `®tuef]hgji¦l�gj` y a��m�U#«^`�c#ef]_g>i¦UWi?�NA
· ZT[ @ �� � c�[ � � � c�[ a 9 � 
 7 efU y VXU p U�l y g p `�t�ef]_g>i`4 emU y VXU p U p U#n�e y `�t�ef]_g>i�l�g>` y a;�f�U#«^`�c�em]_g>iUWi �b>
¬�i,°®i�adc"�>c#a_UW` y p U#nÖt�gji�nre£c�i�efUwnSU#n�e p g>ibi��UWU©l�c y 7

g @µ��>�Y 7 tug>i�n�eþc�i�efU2c p ]dc#¤�c�em]d«^`bU^ª
x­y @²�B>H� � 7 i�gjV�¤ y U p U x�y c�i p ema/ª
x­y M @²�B>¨� 7 i�gjV�¤ y U p U x�y c�i p ema7ef` y ¤b`bahUWi,e	ªc	� @²�J>ê�j�BA'c�[

�
@ ��>�Y>Y2A�c�[ a @ ��>ê�j}j}>}JA�W0X�@µ� >¨�BA)W0[ @µ� >¨},§

�



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �

� �,� 
���� �&� � �
� i¦`bef]ha_]on�U c [ a @µ� >¨�j}>}j}�ª4c#`�a_]hUW` p U�aoc"�jc#a_UW` y tuadc>nfn�]o«E`�U c [ a @µ��>ê� � � �^gj] y � � 
Ñ¢þ§

� �,� 
���� �&� 
 �
� i y UWVslbadc>tuU p c�i�nka_U�VXg p �U	a_U �Q�6�¯a_U�emU y VXU p U�l y g p `�tuem]_gji

� @ D U M � � �

}
9 � � I 7 < �

l�c y ahU|efU y VXU¡nfc#i�n|tug^U���tu]hUWi,eþn p ]dc#�jgji®c�`bv

� @ U M�� 8 j8�� 4 8 k8���� a � �

}
9 �2<?> �

l�gj` ySy �U p `b] y Uka/��U��BUWe p UZadc|��]dnft�g^n�]he��Ukem` y ¤b`�a_UWi�efU p c#i�n�ahU#n y �UW�j]hgji�n p U¡tugjVsl y U#nmn�]hgji�n �
p �U	efUWi�efU|g T`�ahU#n�emU y VXUwn p ]oc��jg>i�c�`�v p U � p gjVX]hibUWi�e � �^gj] y ���	
Ñ¢þ§


��L
 � ���	�! (�!
�� 3"��� #%!'&"����(��"�
�&��] p �UWU¦U#n�e p U y �U#n�g>` p y U p c#i�n�adc��	gjibU Tc�¤�cjn�i�gjV�¤ y U p U � UWq�ibgja p n"`biOVXg p TUWahU p U

ef` y ¤b`bahUWi�tuU�¤�c>n��UZnr` y `bibU�n�UW`�a_U��U#«^`�c�em]_gji § � UWemefUs�U#«E`®c�ef]hgji©U#n�eßtugj`�lba	�UWU�c�`bemgjV¦c#ef]o«E`bU	VXUWi�e
c�`@Vsg p TUWa_U	� �$��ª�� y �cjtuU Tc�a/��]_i�e y g p `�tuef]hgji p ��`bi�U p �Uu°�ib]hef]_g>i@c p �U#«^`�c�emU p `Dibg>V�¤ y U p U
� UWq,i�gja p n ahg�tWc�a ��
 § �Bc�n�e y c#eb�UW�>]_Ustugji�nr]dnrefU Tc y �Uwn�gj` p y UXahU#n��U#«^`�c�em]_gji®n � UWe5�|l�gj` y p U#n
�>c�ahUW` y n p U ��
�� � �j�BA�U	ek`bibU �U#«^`�c�em]_gji p U�e y c�i®n�l�g y e|l�gj` y adc2«^`�c�i�ef]he��U ��n�] ��
�� � �j�,§
~Ögj`®nÖcW�^gji®nSl�c y p �Uu°�i�]_ef]hgji 7

� 
 @ ��� � 9^9��U � >
� UWefemU p �U�°�ib]_em]_g>i p U ��
 i�U �;c�]he�l�c>n�]_i�efU y �^UWib] y a_U � y g>efefU	VXUWi�e TcÖaocÖl�c y gj]bV�c�]dn4aoc y cjtu]hibU

p U �4§
\^] ��
�� � �j��ª�g>i¦`bef]ha_]dnrU|a/�m�U#«^`�c�em]_gji�nr`b]_�>c�i�efU 7

8 � 9 ��¢80; 4=<?> � 9 � ��¢S�=<�> DTDVU 4 U MW0X I � I � � ����������� @º�RA
g T` 7 9 ��@���������� @ 9 �! "# [ A U M @ c	� 9 � � # �^A

�



� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

g T` � p �Uwn�]_�>ibU2adc p ]on�e£c#i�tuU p `�l�gj]_i�e Tc�aoc l®c y g>]�UWe|a;��]hi p ]dt�U�� aoc �>c�ahUW` y�Tc�adc�l�c y gj]�UWi tuU
l�gj]hi,e p U|l y g#zfU#tuem]_gji § x c y tug>i�n�e y `�tuem]_g>i7ªbtuU¡l�g>]_i�e p U¡l y g#zfUwtuef]hgjiXU#nreSahUÖl�gj]hi,e p U|l�c y gj]Ba_U
lbah`�nSl y g�t R U p `�l�g>]_i�eZtugji®n�] p �U y �U^§

��U#nSa_g>ib�j`�UW` y n p U|Vº�U	adc�i��jU¡n�gji�e p �Uu°�ib]hU#n p U �;c��tug>i Tc y UWl y g p `b] y U|ahU#n�¤�g>i�nSl y g#°�adn p U#n
«^`�c�i�ef]heb�U#n � �,]hefU#nmn�U^ª^l y U#nfnr]_gji ªN�XUWe"�£¢ p c#i�nkadc2tug>`�t R U|a_]hVX]_emUÖem` y ¤b`�a_UWi�efU 7

# � @��Nc��	� � 
� � � ��� UWv�l � � ��
�#� � � A
# [+@��Nc �	� � 
� � � �i� UWv,l � � ��


� � c �	� � 
� � � A
g T`��F@º�J>�Y��j§

��
� � �)���%�"!$-"��/0���

��U|¤b`be p U#n�a_g>]dn p UÖl®c y g>]dn�U#n�e p �m�UW��]_emU y ahU|tWc#adtu`�a p U#n p �UWe£c#]_aon p UÖa&�m�Uwtugj`bahUWVXUWi�e&l y g�t R U
p U�adcXl�c y gj]¯UWe p gji®t p �m�U	�,]hefU y a/��`bef]ha_]dnmc�em]_gji�ahg�tWc�ahU p ��`bi VXg p TUWahU TcX¤�cjn � UWq�ibg>a p n�§ �Za_g y n
gji n���U#nrek]_i�e��U y U#nfn��U Tc�adc2l�g^nfnr]_¤b]ha_]heb�U p U"ahUW` y c�lbl�a_]dt	c�ef]hgji Tc p Uwn p g>V¦c�]hibU#n y `b�j`bU	`bv4§ � i�c
t R gj]on�]_U p ��]hVXlbahUWV�U	i,erU y aocÖa_g>] p U � UW]dt R c y p ª>«E`b] y U#nrefUk�>c�aoc�¤bahU p c�i�n�ahU#n y �U	�j]_g>i�n�a_]hik�U#c�] y U¯UWe
a_g>�^c y ]_e R VX]o«E`bU±§ � i�l�UW`be p �U#t y ] y UkadcÖahgj] p U � UW]dt R c y p2p Ukaoc �;c��tugjisn�`�]_�>c�i�efU 7 n�g>]_e � � � � A � � � �
adc"¤®cjn�U©g y e R g>�jgji®c�a_U Tc aoc"l�c y gj];ª�c�a_g y nkadc"ahgj]dnkn��m�U#t y ]_e

���� ��� � � � > � � � @ �
� � � > � � � @ j���� �Lj�� ¢

g T` j a� p �U#nr]_�ji�U�aoc �Ãg y tuU p U�� y gjemefUWVsUWi,e Tc"adc"l�c y g>]�UWe � U#nre p gjibi��UWU�l�c y
� � j�� ¢�@ � >�� ahgj�����)4�� � 
 � 4D�^>ê������ ��� ] � ��
�j� � ��
 ] �	�! �"�"#%$�j�

&
''( A
cW�^U#t)�F@@�B>�Y��|UWe � 
 @ 9�� j��U � p ]��¡�U y UWi,e¯l�c y¯y c#lbl�g y e Tc � 
 ¤�]dtug>`�t R Uj¢£§�� ��g>¤�zfU#tuem] �BU#n�e p U
tWc#adtu`bahU y j�� ª�l�c y `bibU|Vº�U	e R g p U p U�~ZU!�kefg>iXl�c y UWv�UWVXlbahU^ª�l�g>` y UWi�nr`b]_emU|tWc#adtu`�a_U y ��UWe�� Tc
adc"l®c y g>]�l®c y a_U#n�UWv,l y U#nmn�]_g>i�n 7

� @ j a�* c � A ��@ j a���+ A
�



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �

g T`�+�U#nreÖaoc p ]dnre£c#i�tuU�UWi�e y U¡adc"l�c y gj]&UWekahU p gjV�c�]_i�UÖ°Btuem] �ßg T`�Uwn�e¦�U#t y ]_e¯adc"a_g>]/§

���� � � � ,.!����2�����"��! ,.! ��� � ! ������/0����3"(�! �

 |c�i®n­aocÖl�c y ef]hUki,`�V@�U y ]o«E`�U�gji y �U#nrgj`be�ahU#n��Uw«E`�c#ef]hgji�n�nmc�i�n p ]_VsUWi�n�]hgji7ªWg T`�a_U#n&�jc y ]oc�¤bahU#n
n�g>i,e¯c p ]_VXU	i�n�]hgjibi��U	U#n p UÖaoc �;c��tugjisn�`�]_�>c�i�efU 7 nr] � � p �U#nr]_�>ibUk`bibUZa_g>ib�j`bU	` y tWc y cjtue��U y ]on�ef]o«E`�UUWe�� adc"�>c y ]dc#¤ba_U p ��U#n�l�c>tuU^ª�adc"ibg>`b�^UWa_ahU|�>c y ]dc�¤�a_U©nfc#i�n p ]_VXUWi®n�]_g>i��	�HA�n��m�U#t y ]_e
�	�)@ �

� � >
 ÖU�adc2V �UWVXU �;c��tug>i7ª�gji¦ibgjemU 7
� � @ �

� � A9 � @ 99 � A
G
� @ G9 � � a� g A
; � @ ; � �� � A
��� @ �

� a� A
��� @ � � �� �� A
U � @ UU � A
U �M @ U M9 � � � � � >
¬�i@`bef]ha_]dnmc�i�e�ahU#n2�jc y ]oc�¤bahU#n�c p ]_VsUWi�n�]hgjibi��UWU#nuª�g>i p �Uu°�i�]ÖahU#n�t�g^U��¦t�]_UWi�e£n p U � y ]dtuem]_g>i

� c
�j¢�UWekl y U#nmn�]_g>i � c��#¢ Tc2adc"l�c y gj]&l�c y+7
c
�"@ � � � > W M > � � � A c���@ ��� G � >

��U#n y �U#nr`ba_eþc�eþnÖi,`�V@�U y ]o«E`�U#n � l�c y ef]_U �^¢Zn�g>i,e¡¤�cjn��U#n�n�` y t�U#n p �Uu°®ib]_em]_gji®nuªBnfc�` �kVXUWi�ef]hgji
p `�tug>i,e y c�] y U^ª^UWe¯a_U#n¯«E`®c�i�ef]_e��U#n � � ª 9 � ª4§_§h§��UWe£c#i,e p �Uu°�ib]hU#nSt�gjVXVXUkahU#n��>c#a_UW` y n Tc"a;��]_i�°�ib] p Ua/�m�U#tug>`ba_UWVsUui�e p �U#t y ]_ekl®c y a_U|°Bt R ]hU y �;l y g#°�a p gjibi��U©l�c y ahU � ¬�\ Q �"§

�



�W� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]
� � ����&
��#�¦
��	
�� � ��� ��|�S���¦���

����
 ���������������� �2�������H��/N,.! *+������!'/��S���2� ��!
\^g>]_e�� `�i�gj`b�^U y e p U 
 � a UWe�	 nfc � y gji�ef] TU y U�
jnr` ��nfc�VsVXUWi�e y �U	�j`bah] TU y U�
�§ � i p �Uu°�ib]headc"�>c y ]dc#¤ba_U�
 @ � 
�� A�
 M ¢þª�cw�^Uwt�
�� 7 � � 
 � 
 UWe�
 M 7 � � 
 � a A�l�c y


 � @ �����
99 j9 kO
&
'''( A


 M @ � 9 �� ����� � A
g T` � � � � @ 9 �bAbnr] ��
�� � �>�,ª � ����� @ ��nr]_ibg>i7§
x c y adc2nr`b]_emU^ª,g>i�`bem]_ah]dn�U y c�ahU#nSibg>e£c�em]_g>i�nÖnr`b]_�>c#i,emU#n 7
� U � X�@ U 4 U MW X ª
� U � [ @ U 4 U MW [ ª
������� @ � U 4 U M ¢ � Y } 8 j8�� � �

}
8 k8 ��� ª

��� #"# @ � U 4 U M ¢ � Y } 8 k8�� � �

}
8 j8 � � ª

����� # @ � # � @ � U 4 U M ¢ � 8 j8�� 4 8 k8���� ª
� � � @ � 4 � M §
¬�i p �Uu°®ib]dnmnfc�i�eka_U���`�v�� @ � � � A�� M ¢þª��$@ � � � A�� M ¢�U	e�� @ � � � A�� M ¢Sl�c y
� � 7 
 � � � � 
 � 
 � 
 � 
 A � M 7 
 � � � � 
 � a � 
 � a ª
�!� 7 
 � � � � 
 � 
 � 
 � 
 A�� M 7 
 � � � � 
 � a � 
 � a ª
� � 7 
 � � � � 
 � 
 A�� M 7 
 � � � � 
 � a ª
g T`"� � A�� � A�� � n�gji�eXahU#n"efU y VXU#n p U ��`�vDt�gji��^U#tuef] �mª p ]��B`�n�] ��UWe p U n�gj` y tuU�l�g>` y ahU#n

�U#«^`�c�em]_g>i�n p Us~|cW��]_U y �f\^emg��^U#nZUWe#� M A�� M A�� M nrgji�e"a_Uwn emU y VsU#n p U���`bv tugji��^U#tuem] �mª p ]��B`�nr] �

�W�



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �j�

UWe p U©n�g>` y tuU©l�gj` y ahU#nX�U#«^`�c�em]_g>i�n p U�ef` y ¤b`bahUWi�tuU±ª�c�a_g y nka_U�l y gj¤ba TUWVXU�tuaocjnmn�]d«^`bU�UWi �Ãg y VsU
tug>i�n�U y �>c�ef]h�^U�nu�m�U#t y ]_e 7
Q»y gj`b�^U y 
 efU	a&«E`bU

���������������� ���������������

8 
 �80; 4=<�> � � � 
��u¢1�=<�> � � � 
 Al< 
µ¢ @ � nr` y � � 
 � 
 A
8 
 M8:; 4C<�> � M � 
µ¢+�=<?> � M � 
 Al< 
µ¢ � � � � 
 Al< 
 ¢R@ � nr` y � � 
 � 
 A

 � ��Aþ�E¢ @ 
 � � ��¢ nr` y �"A

 � ��A ; ¢ @ 
 � �k� ��¢ nr` y 	1>

� ��¢
��U#nkibgjeþc�ef]hgji�nZn�g>i,eZa_UwnSn�`�]_�>c�i�efU#n 7


�� � lk�U y c#efUW` y p ��g y p y U"� � nrgj` y tuUj¢ 7 g>i�c
� � @ � �JA£�BA£�JAþ�E¢ �

x c y c�]ha_ahUW` y n�ª�n�] ��
�� � �j�,ª�gji c

� M @ �� � � 9 ��� � c�[ � � � c�[ a 9 � 

��

n�]hibgji ªbgji�l�g±n�U

� M @
	 � ������������ �
	�� � l��U y c�emUW` y p ��g y p y U�� � tugji��^U#tuem]_g>i4¢ 7

�j�



� � �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

8 
 �8:; @

��������������������

8098:;
8 � 9 j ¢8:;
8 � 9 kb¢8:;
8+O8:;

�
�������������������
A 8 
 M8:; @

������� 8 � 9 ��¢8:;8 � �������±¢8:;

�
������

<�> � � @ 8 � � �8�� 4 8 � � #8�� A
� � � @

����� 9 j9 j a 4PG M9 j k
� O 4PG M ¢ j

�
���� A � � # @ ����� 9 k9 j k9 k a 4 G M� O 4PG M ¢Bk

�
����

<�> � M @ 8 � M �8 � 4 8 � M #8�� A
� M � @ 	 9 � j� ����� j � A�� M # @
	 9 �2k������� k �

¸ � � l��U y c#efUW` y p ��g y p y U � � p ]��B`�n�]hgji4¢ 7
<�> � � @ 8 �!� �8�� 4 8 � � #8 � A

� � � @
������� �

� ���
� # �j � ��� 4Ck ��� # 4 � � 8 e8��

�
������ A �!� # @

������� �
� � #
� #"#j � # � 4Ck � #"# 4 � � 8 e8��

�
������

<�> � M @ 8 � M �8�� 4 8 � M #8 � A
� M � @

������ U � X 8 �8 �
U � [ 8 � ��������� 9 ¢8��

�
����� A�� M # @

������� U � X 8 �8��
U � [ 8 � ��������� 9 ¢8��

�
������

� �



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �W}���L
 � �i���"�L�2���i��� �)��� ( � ,.�L�2!1�

��U#nZtugji p ]_ef]hgji�nkc#`bv¦a_]hVX]_emU#n�UWVXl�a_g#q¯�U	U#n�n�gji�eka_Uwnkn�`b]h�jc#i,emU#n 7
� � y g>i,em] TU y Ukn�g>a_] p U � l�c y g>]Ñ¢ 7 tug>i p ]_em]_g>i p UÖi�gji �;�jah]dnfnrUWVXUWi�e&l�g>` y aocÖ��]_efUwnfn�U � � @ � ¢ � y UWV��

lbaocjtB�U	UXl�c y aoc�tugji p ]_em]_gji p U � UW]ot R c y p p c�i�n"ahU¦tWc>n p U¦a/��`�ef]_ah]dnmc�ef]hgji p ��`�ibU¦a_gj] p U
l�c y g>]Ñ¢£ª^l�gj` y adc|emUWVXl��U y c�em` y U�tugji p ]_ef]hgji p U¡~ÖUW`bV¦c#ibi R g>VXgj� TUWibU � t�gji p ]hef]hgjisc p ]oc �
¤�c#ef]o«E`bU±ª

8 e8�� @²�E¢þª�tugji p ]_em]_gji p U© Ö] y ]ot R ahUWe�l�gj` y �XUWe"��ª
� Tc�a;��UWi�e y �UWU 7 tugji p ]_ef]hgji p U2 Ö] y ]ot R ahUWeW§ x�y g�°®a p U©�,]hefU#nmn�U^ª p UWi�n�]he��U^ª0��U	e"� p gji�ik�UWU#nÖl®c y a_U

� ¬S\ Q ��� � ¬ �"ª

� Tc"adc©n�g y ef]hU|UWe Tc"adc � y gji�ef] TU y U|]hi,°�ib]hU 7 tugji p ]_ef]hgji p U ��`bv�]_VXl�g±n,�U�tWc#adtu`�aW�UWU Tc"l�c y em] y p U|aoc
�>c�ahUW` y ]_i�efU y ibU p U�
 UWe p U"nmc"�>c�a_U	` y 
 
 l�c y `bibU|emU#t R ib]d«^`bU p U©tWc y cjtue��U y ]on�em]d«^`bU^ª
p `¦erq�l�U2\^emUW�jU y ��� c y VX]hib� � �^g>] y � �W�	
7UWe ���	
Ñ¢£§

���
� � ��/N, ��( ���������
	 ��/0�����2���i�"��!1( (�!
\±gj]_eZa_U n�gj`®n �;U#n�l�c>tuU p U � � � � �Ö¢f¢�� p �Uu°�ib]7l�c y 7

� @
���
� ��� � � �Ö¢ � � � ��� � @ 
 �k� ��¢�� >
�Bc �Ãg y V�`badc#ef]hgji��;c#]_¤bahU"t�gji�ef]_i�`bU�c>nfnrg�tu]	�UWU©c#`�l y gj¤ba TUWVXU � ��¢�nu�m�U#t y ]_e 7
Q»y gj`b�^U y 
 � �µefU	a7«^`bU����
 � A��
 M � � � � �Ö¢ 7��������� ��������
�
�
8 
 �80; �
 � � �� � � < �
 � 4 �� � � >�� � �
 � 4 �� � � < �
 � � �� � � >�� � �
 � @ �BA

�
�
8 
 M80; �
 M � �� � M < �
 M 4 �� � M > � � �
 M 4 �� � M < �
 M � �� � M > � � �
 M � �� � M �
 M @ �BA


 � ��A£�E¢ @ 
 � � ��¢�A|nr` y �">
����� � ���2*N/ �!'�����2���2���i� �2-"������� (�! � � -�/0��3"( �!�, !
\^gj]heie� `�ibU|l�c y ef]hef]hgji¦tug>i �Ãg y VXU p U��� |UWiº�UWa	�UWVXUWi�e£n7e y ]dc#ib�j`baoc�] y U#n�ªbcW�^U#tk`bi¦tug>i,emgj` y

l�gjahq,�>gji�c#a 	� ^ªbefU	a_a_U «E`bU
�W}



�uY �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

�  @�� M���� �
e � A0e � � e  >

� i p �Uu°®ib]_e&V¦c�]hi,emUWi�c#i,eB`bibUZc�`�e y U¯l�c y ef]hef]_g>i p U �� ^ª p `�c�ahU p U¯adckl y U	VX] TU y U � �^g>] y °��>` y U
��¢þª p U��;c��tug>i Tc�cW�^gj] y 7

�� "@ ������� �
c �

g T`�a_U#nic � n�g>i,e¡c�l�l�U	aW�U#nS�^g>a_`bVXUwn p U"t�gji�e y �g>a_U#n�§

Ti

Tj

Tk

S i

C i

�
	���
 � ��������
��������������� ���"!��$#%�&�$�(')���*�,+.-�"!��0/
�&�¨c#lbl y g#v�]_V¦c#ef]hgji p U|aoc�n�gjah`bef]hgjiXUwn�e �;c�]hefU p c�i�n�a/��U#n�l�c>tuU p U p ]_VXUWi®n�]_g>i�°�i�]_U¡n�`b]h�jc#i,e 7

1  V@3254  � 4  � � � � �Ö¢TA�4  � � � � � A �'e � e� "6�AUWekg>i p �Uu°®ib]_e¯`bi�U#nrl�cjt�U"c#`bv�]_a_]oc�] y U 7
7  @8254  � 4  � � a � �Ö¢TA94  �;:�< @ k � @>=@? � � ; A � @µ� A � ��6�A

g T` � �XU#n�e�ahU�ibg>V�¤ y U p U¦nrgjVXVsUWe£n p ` V¦c#]_ahadc��>U2UWe �
�
Uwn�e�a/��U#n�l�c>tuU p U#n�l�gja_q�i �g>VXU#n p U

p UW� y �U�]_i �>�U y ]hUW` y g>` �UW�±c�a TcX�>§
��U#n �Ãgji�t�ef]_g>i�n p Uk¤�c>n�U p U#n�U#n�l®cjtuU#n�t R gj]on�]onuª>n�gji�e�a_U#nßn�`b]h�jc#i,emU#n � y U#n�l�U#tuem]_�^UWVsUui�e7l�gj` y1  |UWe 7  j¢ 7

A � � �.B�¢�@DC � n�]!� @FE^A� n�]hibgji ª
� � ¢

UWe

�uY



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n � �

� � � ��¢�@8C � n�] � � c �
�JAµnr]_ibg>i § � }E¢

¬�t y ]h�^gji�n�`bibU �Ãg y V�`badc#ef]_g>i p `¦erq,l�U x UWe y g#� ���¡c�a_U y ��]_i p `Xl y gj¤ba	�UWVXUk�>c y ]dc�em]_g>ibibUWaB]_ib] �
ef]oc�a;ªWadc"�Ãgji�tuem]_g>i � }^¢¡�U	e£c�i�e7l y ]dn�U�tugjVsVXU �Ãg>i�tuem]_gji©efU#nre7l�gj` y aoc¥l®c y em]_U�¬­`�a_U y p `©l y g>¤ba TU	VXU^§
�Öl y	TU#nÖ`bi�U�]hi,e��UW� y c�ef]hgji�l�c y l�c y ef]_Uwn g>i�g>¤bef]hUWi�e|a_U2l y gj¤ba TUWVXU p ]dnmt y UWe	ª�U	e|UWi t R g>]dnr]dnfnmc�i�e
tug>VXVXU"�Ãgji®tuef]hgji�nkefU#nreka_U#n �Ãg>i�tuem]_gji®n p U�¤�cjnrU"UWaha_U#n �/V �U	V�U#n�ªjgji¦g>¤bef]hUWi,e 7
���������� ���������
�:�< 8 
��  8:; 4 �

� :�< � �  �> � � 4 �
����� �
	 ��� � �  < A � �

�
� ��
 � �  ^> � � A � @ �JA

�:�< 8 
 M  8:; 4 �
� :�< � M  > � � 4 �

����� �
	 ��� � M  < A � �
�
� � 
 � M  > � � A � � �

����� ��	 ��� � M  A � @ �JA
A � �'@µ� A > > A � �

� Y,¢
x gj` y adc"nr`b]_emU^ª^gji²�U#t y ]_e 	�@ 	 ��� 	 
 A,g T` 	 �ZU#n�e¯adc � y gji�ef] TU y U�nrgjah] p U � l�c y g>]Ñ¢�UWe!	 
 aoc

� y g>i,em] TU y U Tc2a/��]hi,°�ib];§
~Ögj`®n�UWv�c�VX]hibgji®n¥V¦c#]_i�efUWi®c�i�e|a_U2e y c�]hefUWVsUWi,eZi�`bV@�U y ]d«^`bU p UXt R c>tu`bi p U#n|efU y VXU#n p U

adc �Ãg y V�`badc#ef]hgji p ]onft y	TUWefU � Y,¢þ§

� Q U y VXUwnStug>i,�^U#t�ef] �;n 7������� ������
�
� :�< � �  �> � � @ �B 	�� � � � �� :�< � � �  �> �� � Bi4 �

� :�<�� ��� � �  �> �� � 4 �
� :�<�� ��� � �  �> �� ��

� :�< � M  > � � @ �B 	�� � � � �� :�< � � M  > �� � B 4 �
� :�<�� � � � M  > �� � 4 �

� :�<�� � � � M  > �� �
� U#n�efU y VXU#n&n�g>i,e¯tWc#adtu`ba	�U#n©�c a;�¨c#] p U p Ukaoc|efU#t R ib]o«E`bU p U#n ��g>a_`bVXUwn �É��]_ib]on p �U#tuU	i,e y �UWU¯l�c y

a_Uk¤�]dc�]on p ��`bisn�g>a_�^UW` y p U � ]hUWV¦c�i�i p `�erq�l�U � g^U ��� 
;§��ÖibUkUWv�efU	i�n�]hgjisc�`sn�U#tug>i p g y p y UÖU#nre
gj¤�efUWi�`bU�cW�^U#t|`bibU�c#lbl y g�t R U p `�erq�l�U�{ ��\ � � � �^g>] y �H�j��
�U	e � �	
�l�gj` y l�a_`�n p U p �UWe£c#]_aoná¢£§
x g>` y l y �U#n�U y �^U y aocXl�g±n�]hef]_��]_e��U p U#n�«E`�c#i,em]_e��U#n 9 � UWe 9 �bA4gji `bef]ha_]dnrU2adc¦�jc y ]oc�i�efU�l y g>l�g±n��UWU
p c#i�n � Y	
/§ ��U#n|tug>i p ]hef]_g>i�n|c#`bv�ah]_VX]hefU#n¯n�` y 	 � UWe�	 
 n�gji�e|l y ]dnrU#n¥U	i tugjVXl�efU p c�i®n�t�UWefemU
l�c y ef]hU^§

� Q U y VXUwnS Ö]��4`®n�] �;n 7 ]_adn¯nu�m�U#t y ]h�^UWi�eSnr]_VXl�a_UWV�UWi�e������ �����
�
�
� �  < A �

�
�
� M  < A �

� �



�W� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

� i y UWV¦c y «^`bU�«^`bU^ª,ahU��;c�]_e p ��`bem]_a_]on�U y p Uwn¥]hi,emU y l�gjaoc�em]_gji®nSa_]_i��U#c�] y U#n¯tugji p `b]_e Tc

< k � ��¢ � � @ ��
	 � k � � � ¢B< A � � ��¢�@ = ? � � ; >
� Q U y VXU p U©n�g>` y t�U 7 tuU�efU y VXU

�
�
� M  A �
U#n�eke y c#]_e��U p U��;c��tugji�UWv,l�a_]dt�]_efU±§

����� � ���2*N/ �!'�����2���2���i� ��! ,.- ��/0! (�(�! � � -�/ �)3"( �! ,.!
¬�i�ibg>`�n y �U �>�U y c�i�e Tc � � 
;ª,ibg>`�nk]_i�eb�UW� y gji®n¥aoc y UWaoc�ef]hgji 7

8 
8:; @ � � 
 ¢
Tc2a/�¨c#] p U p ��`bi�nmt R �U	V¦c p U � `bi��jU ���|`befeþc UWv�lbah]dtu]hefU Tc�«^`�c�e y U�l�c>n p U�emUWVXl�n


 � @ 
 � A
 X @ 
 � 4�� X�� ; � � 
 X � � � A0� @J� A > > AfY2A
 � 
 � @ 
 
 A
cW�^U#t��

�
@º�J>h�j��A	� a @ �J> � �#�>�JA
� � @²�J>��JA�� 
 @ ��>¨�B>~Ögje y Ukl�c>n p UkefUWVsl�n»ahg�tWc�a � p �UWl�UWi p c�i�e p `�n�g>VXVXUWeþn � � ¢£ªjUwn�e p �U	efU y VX]_i��U�l�c y adc�tug>i p ] �

ef]hgji p U � � ��ahg�tWc�ahU

� ; � � � ¢�@@VX]_i � � �� � � 4F= A 9 � � � � a� � U 4 U M ¢ � >

�W�



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n ���
� � 
��@��� ���"��
�� ��
�� 
2% ����$����#����|�

�"��
 � �B/0��� �!�����! � ! (�� ��-"-�/ ��*���!
�Bc VXg p �UWa_]onfc�em]_g>i�l y g>l�g±n��UWU p c#i�n � c yfy c�` � ��U Q c#a_a_Uwt � �H��
Ñ¢ZU#nre"¤�c>n,�UWUsn�` y adcXe R �UWg y ]_U

p U p �UwtugjVXl�g±n�]_em]_g>i p U p gjV�c�]_i�U^§ ��U p gjV¦c#]_ibU p U t	c�adt�`baÖUwn�e p ]h�,]on��U�UWi p UW`bv y �UW�j]hgji�n�ª
n��U	l�c y �UWU#n�l®c y `�ibU�� y g>i,em]	�U y U °�tuef]h�^U � �^gj] y °��>` y U � ¢ 7 a/��`�ibU�l y g�t R U p U�adc¦l�c y gj] � q
	 �£¢
tug>i,emUWi�c�i�e|ahU#n y `��jg^nr]_e��U#n p ]dnre y ]h¤b`��UWUwn p U �;c��t�gji lk�U y ]hg p ]d«^`bU � l y g>¤ba TUWVsU�ahg�tWc�aÃ¢£ª4U	e|a/�êc�`be y U
�UWahgj]_�>ik�UWU � q�� �£¢ßtug ymy U#nrl�gji p c#i,eZc#`bv�l y g>¤ba TUWVsUS�jahgj¤�c#a/§���U|l y g>¤ba TU	VXUZtugji®n�]dnrefU Tc"tug>`blbahU y
a_Uwn p UW`bv�l y g>¤ba TU	VXU#n Tc�a;��]hi,emU y �;c>tuU�l�c y a_U2¤�]dc�]on p ��`bibU2a_g>] p U2l�c y g>] p U2e�q�l�U � y g>efefU	VXUWi�eWª
«^`b]bc>nfnr` y UZadc|t�gji�ef]_i�`b]heb�U p U#n�U��4g y eþn�UWe p Uwn��,]hefU#nmn�U#n�ªWUWe�«^`b]�n�U y e p UZtug>i p ]_em]_g>i2c�`�v"a_]hVX]_emU#n
l�gj` y a_U¡l y g>¤ba TUWVsUÖ�>a_gj¤®c�a/§ � U	efefU¡a_gj] p U|l�c y gj]7U#nreZtWc�aotu`ba	�UWU|nr` y `bibU©tuU	a_a_`�a_U��UWa	�UWVsUWi,eþc�] y U±ª

Interface   Γ

  Ω

Ω

Z

ε

Ο(ε)

global

 local

Γ

ΓΓ

Γ

s

g d

p

x

y

z

Y

X

�
	���
 � � �$� ')��#�
 ������������� ��� ����#������ ��� ����#������ ���"!������"! �)� !�� '��"!
UWi�`bem]_ah]dnfc#i,e¡`bibU�V@�UWe R g p U p � R gjVsgj�ß�U	ik�UW]dnmc�em]_gji § � i y �U#nrgj`be©a_U#n��Uw«E`�c#ef]hgji�n p U � UWq�ibgja p n
p U�� � §_��UWe�� � § � nr` y `bi�U¦tuUWaha_`bahU�tugji�efUWi®c�i�e�`�ibU y `��jg^nr]_e��U^ª&cw�^Uwt p Uwn"tug>i p ]_em]_g>i�n�c�`bv a_] �
VX]hefU#n|l��U y ]_g p ]o«E`�U#n�UWe©`bi ��`bv tugji®n�e£c#i,e2]hVXl�g^n��U Tc�a/��]_i�efU y �;cjtuU�nr`blk�U y ]_UW` y U^§ �Bc�n�g>a_`bem]_gji
p U�tuU"l y gj¤ba TUWVXU�a_g�t	c�a�l�U y VXUWe p U©l y �U p ] y U©`bibU2�>c�ahUW` y VXg#q^UWibibU � 
 � n�` y a/��]_i�efU y �;cjtuU
n�`�lk�U y ]hUW` y U^ª4«^`b]�i�U p �UWl�UWi p «^`bU p ` ��`�v �L]hVXl�g^n��U±§ �BcXa_g>] p U � y gjefemUWVXUWi�eZnu�m�U#t y ]_e¡c�a_g y n

 � ��� @ � 
 � A�
 M ¢ � ��� @ � 
 � � �©¢£§

���



�W� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

�"�L
 � &�- � � � �! ��! �
x gj` y l�gj`b�^g>] y zf`®n�ef] °�U y a/�êc�lbl y g�t R U"l y �U#t4�U p U	i,emU^ª�tuU y e£c�]hibU#n R q,l�g>e R �U#nrU#n p g>]_�^UWi�e �UWe y U

nfc#ef]on �;c�]hefU#n 7
� �'� � ��U¦l�c y c�Vº�UWe y U��2t	c y c>tue��U y ]dnref]o«E`bU p U¦adc y `b�jg±n�]heb�U p gj]he �UWe y U¦U#n�e�nr` �¦nmc�VXU	i,e�l�U �

em]_eWª7l�gj` y l�gj`��^gj] y©y UWVslbadc>tuU y ahU#n �U#«^`�c#ef]_g>i�n p U p �UWl�c y e"l�c y a_UW` y p �UW�^U	a_gjl�l�U	VXUWi�e
c>n�q�VXlbefg>ef]o«E`bU p ��g y p y U�� �U y g�§

� �'� 
 �&�m�U#tugj`�a_UWVXU	i,e�Uwn�ekl��U y ]_g p ]o«E`�U�l�g>` y ahU#n��>c y ]dc#¤ba_Uwn�� UWe���ªb]/§�U^ª�� � ��A���A
	 A��¡¢ @
� � ��A�� 4D� A
	�A�� 4O��¢þªbg T`��R@ � � ª�	.@ � � UWe�� @�� � p �U	ibgjemU|a/�m�U#t R UWa_ahUkVX]dt y g^nmtug��lb]o«E`�U p U�a/�m�U#tugj`�a_UWVXU	i,e	§

� �'� � ��U#n�tug>i,e y c#]_i�efU#nkUWe|ahU ��`bv Tc�a/��]hi,emU y �;c>tuU©n�`bl��U y ]hUW` y U2�>c y ]_U	i,eZl�UW` Tc�a/�m�Uwt R U	a_a_U¡VX] �
t y g^nmtugjlb]o«E`�U^§ � UWaoc y UW��]_UWi�e Tc p ] y U�«E`�UXtuUwn|tugji p ]_em]_gji®n ah]_VX]hefU#nkibU p �U	l�U	i p UWi�e�l�cjn
p U�aoc"�jc y ]oc�¤bahU�� §

� ��� 
 � � �&�����

� · x �U y ]_g p ]dtu]heb�U 7 `�ibU �Ãg>]dnÖaoc�nrgja_`�ef]_g>i�nre£c�em]_g>i�c�] y U2c#efemUW]_i�efU^ªbl®c y aS�m�U#«E`®c�ef]hgji p U©adc�tugji�ef] �
i�`b]_e��U^ª,aoc2n�g>a_`bem]_gji p gj]heZnfc#ef]dn �;c�] y U 7

�� ���� 9 � > ��� �

� ��� �� � � ����� :
@²�,ªblb`�]dnf«^`bU�l�c y a;� R q,l�gje R �U#nrU � �'� 
 ª

���� 9 � > ��� � @ ��� 9 � > �!� �

�W�



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n �W�

	�� \±gj]_e 7
	 e��Me��� � @ ��� @ �� � � 9 ��EO� �=W�� 
�> � � � @ 	 9 j a9 k � � 	 � ��� � �hG54 a� � �

� # � � A	 e��Me �� � @ ��	 @ ��  � 9 ��EO� �=W�� 
�> � � � @ 	 � 9 j a� 9 k � � 	 � � ��� 4 �hG 4 a� � �� � # � � A	 e �Me �� � @ ��
 @ �� � � 9 ��EO� 
^> �� ��� ��
���
� �

4 �� � �"W��l> � � �� ��� ��
���
@ 	 9 j k9 k a �� ��� ��
���

�
	 � � #
� # # � �hG 4 a� � � �� ��� ��
���

A

	 e �Me �� � @ ��� @ �� � �"W��l> �!� � @ � ����
� ��� � � G54 a� � ��� � � 4 � � # � a� # � � � 4 �

� #"# � �hG 4 a� � ��� � a
�� >

� i p �Uu°�ib]he

� ��� ����� ³ @ ���"4���	
��� >

x c y � �'� 
 ª p U�lk�U y ]_g p ]otu]_e��U^ª^gji p gj]_eZcW�^g>] y

� ��� ����� ³ @ � >
x c y a��m�Uw«E`�c#ef]hgji p `�Vsgj`b�^UWVsUui�eWªjg>i�c l�c y c#]_aha_UW` y n

� ��� ����� ³ @ � � 
 4�� �
���

@ � ��
! ���� ��� �G ]#" ; ]G%$ "=@? � k ] = ; �,? �
� ��
'&)4��(�

���� ��� �G ]#" ; ]G%$ "
� � � �Nj ���,? �

>

� · ��U#n�U#nmnfc#]dnSi�`bV@�U y ]d«^`bU#n � �^gj] y n�U#tuem]_g>i �^¢ p gj]h�^UWi,eßVXgji�e y U y «E`bU±ª Tc p UZ¤�cjnmn�U#n R c#`befU	` y n
p U�tug>`blbaoc��jU±ª�gjiDe y g>`b�^UXUWi V �UWVsU2efUWVXl®n�`bibU¦¤�gji�ibU�l��U y ]_g p ]dtu]heb�U p Uwn"�jc y ]oc�¤bahU#n
tWc y c>tue��U y ]dnref]d«^`bU#n�UWek`bi
��`bv�«^`b]4�>c y ]_U�l�UW` Tc"a/��]hi,emU y �;c>tuU¡n�`bl��U y ]_U	` y U^§

�W�



� � �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]
� � ���������
ß��
�� �Ö
!���#���Ö���ß���	
��

��UX¤b`be©l y ]hi�tu]hl�c�a p UXtuU	efefUsn�Uwtuef]hgji U#n�e p UX�>c#a_] p U y a_Uwn R q�l�g>e R �Uwn�U#n�l y �U#t�U p UWi�efU#nZl�c y
a_U�¤b]oc�]dn p U y �U#nr`ba_eþc�e£n�i,`�V@�U y ]o«E`�U#nu§ ��U#n p ]_�^U y n�t	cjn �;efUwn�e£n"g>i,e �UWe��Ustug>i�n�e y `b]he£n�U	i �>c y ]oc�i�e
a_Uwn p ]_VXUWi®n�]_g>i�n p U#n y `b�>g^n�]he��U#n � c#VXlba_]hef` p U2UWe�a_gji��j`bUW` y ¢£ª&UWe�a_U#n p U y ib]_U y n�tWcjn p U¦tWc#adtu`ba
tug yfy Uwn�l�gji p UWi,e¡c�`�v¦n�]hef`�c#ef]_g>i�nkUWv,l��U y ]hVXUWi�e£c�ahUWn��UWem` p ]	�UWU#n Tc x g>]_ef]hU y n�§
x gj` y t R cj«^`bUstWcjn �/emU#n�e	ª»aocXl y �U#nrUWi�e£c�em]_g>i p Uwn y �Uwn�`bahe£c�eþn|i,`bVº�U y ]o«E`bUwn¥UWe�aoc p ]dnft�`�nfnr]_gji

n�g>i,e��;c�]hefU#n p U�aoc �;c��tug>i�nr`b]_�>c�i�efU 7
· p U#nmt y ]hlbef]hgji p ` p gjV�c�]_i�U|UWeZtWc y cjt�eb�U y ]dn�em]d«^`bU#n p `�V¦c#]_ahadc��>U^ª
· y �U#nr`ba_eþc�eþn TcJ�U#t R UWa_ahU2�ja_g>¤�c�ahU � ]on�g��/V¦c>t R ª»]on�g��/l y U#nfnr]_g>i7ª�tug^U���tu]_U	i,e p U�� y gjemefUWVXU	i,e	ª�§_§h§H¢£ª

tj��U#n�e#� Tc!� p ] y U±ª»l y �U#nrUWi,eþc�em]_gji p U#n �U#tug>`ba_UWVsUWi,eþnÖnr` y emgj`be©a_U p gjV�c�]_i�U^§ �&��]hi,e��U y	�U	eWª4U#nre
p U�l y �U#n�UWi�efU y a;��]hi ��`bUWi®tuU p U#n y `��jg^nr]_e��U#n Tc a;�f�U#t R UWaha_U��jahgj¤�c#a_U � y U#tu] y tu`�adc�em]_g>i7ªZ�U	l�c�]on �
nr]dnfnrUWVXUWi�e p U�adc2tug>`�t R U�a_]_Vs]_efUkem` y ¤�`ba_UWi�efU±ª4§_§h§H¢þª

· y �U#nr`ba_eþc�eþn Tc¦�U#t R UWaha_U7ahg�tWc�ahU � °��j` y U�Y,¢þ§ � i©n���]_i�e��U y U#nmn�U Tc¥a;�f�U#tug>`ba_U	V�UWi�e�nr` y p UW`bv y `b�>g^n�]he��U#n�§
 "�êc�¤�g y p U#n�e p gjibi��U©`bi�c#l�U y �tu` p U#nkl�g^nfnr]_¤bahU#n y U#tu] y tu`�adc�em]_g>i�nSUWi�cW�jc#a p U y `b�jg±n�]heb�U#n
Tc�e y cW�^U y n"a_U#n2]dnrg��>c#a_UW` y n p U * a X� ª�]on�g��/V¦c>t R ª�]dnrg��;l y Uwnfn�]hgji@UWest R c�VXl p U��,]hefU#nmn�U^§¬�i�nr`b]_emU�g>i��¯�U y ]H°®U|adc"�¯�U y c>tu]_e��U p U#n R q,l�gje R7TU#nrU#n p U"¤�c>n�U"l�g>` y p U"¤�c>nfn�Uwn R c#`befU	` y n
p U�tug>`blbaoc��jU±ª�UWi l�c y em]dtu`bah]_U y l�gj` y � @ �J>ê�,������ª � @ �J>h������ª � @!�B> ����� UWe� @ ��>ê������§ �&��]hi,e��U y	�UWekUwn�e p U�l y g>`b�^U y «E`bU�ahU�Vsg p TUWa_U�U#nreZc�lbl�a_]dt	c�¤bahU Tc p U#n¦�U#tugj` �
ahUWVXUWi�e£nZn�` y p Uwn l�adc�i®t R U y n�cW�^U#t p U#n y `��jg^nr]_e��U#n p U��;c�]h¤ba_U p ]_VXUWi®n�]_g>i�UWe p �m�U	e£c�¤�a_] y
p Uwn��UW�^UWi�ef`�UWa_ahU#n�a_]hVX]_eþc�em]_gji®n�UWi��Ãg>i�tuef]hgji p U|adc��Ãg y VsU p Uwn y `��jg^nr]_e��U#nu§��&�¨c�i®c�a_q�n�U�U#nre
�;c#]_efU©nr` y a_U#n y �U#n�`�a_e£c#e£nSi�`bVº�U y ]d«^`bU#n�n�`�]_�>c�i�e£n 7
���� � �Ã´ �'� ¸ �d¶��� 7


 � l y g#°�a p U#nS�>c y ]dc#¤ba_Uwn Tc �±c�`�t R U�UWe Tc p y g>]_efU p Uwn y `b�>g^n�]he��U#n�ª
	�� ��`�v p U�V¦cjnmn�U ]#"�" � � ��� nr` y 	 � UWi
�Ãgji�tuem]_g>i p U�aoc R c�`�efUW` y ª
¸ � tug>i�n�U y �>c�ef]hgji p U�aocÖtug>i,e y c#]_i�efU�W��b> � U	i#	 � UWe 	 � UWi��Ãg>i�tuef]hgji p USaoc R c�`bemUW` y� ]#"�" � � ��� ¢þ§

	 ¹Ã� � � ¶ ¸ ´ � ¶���
#� � ¶ � �
 ¹�
 � � ¶ � �
� 
 ¸^�¦�W�'� �� ��� ��� � � 	 � 7
 � l y g#°�a p U�W��b> � �f���
�
A � a ¢f¢£ª � � 7 W��b> � 4�� � ¢ > ¶ � � � ¢£ª U � XH< �T> � � � � ¢Bc#i p U � XH< ��§ �� � � ¢�UWi
�Ãgji�t�ef]_g>i p U�adc R c#`befUW` y ª

	�� l y g�°�a p U#nS�>c y ]oc�¤bahU#nkn�` y 	 � UWi
�Ãg>i�tuef]hgji p U�adc R c#`befUW` y §

· l�gj` y ahU¦tWcjn©}�gjiOtug>VXl�c y U�ahU#n"nrgjah`bef]hgji�n"g>¤befUWi�`bU#n©cW�^U#t `�ibU¦c�l�l y g�t R U¦¤b]dt�gj`�t R U�UWe
cW�^U#tÖaoc"a_g>] p U � UW]ot R c y p §

��U p g>V¦c�]hibU p U�tWc#adtu`�aSU#nre p �U	a_]_Vs]_e��U�l®c y `bibU�lbadc>«E`�U l�adc�i�U U	iDc#VXgji�e � �W�>��VXV�¢þª
n�`�]_��]_U p ��`bibU�l�c y ef]hU y `b�j`bU	`�n�U � °®�j` y U2}E¢þ§� "�¨c#¤�g y p ª4ibgj`®nÖtWc#adtu`�a_gji®nSa/�m�Uwtugj`bahUWVXUWi^e¯nr` y aoc

� �



\^]hV�`baoc�em]_gji p U#n¦�U#tug>`ba_U	VXUWi�e£n�tug>VXl y U#nfnr]_¤bahU#n�ef` y ¤b`ba_U	i,eþnkn�` y l�c y gj]on y `b�j`bU	`�n�U#n � �

l�c y ef]hU¦lbadc#ibU^ª�cW�^U#tXa_U¦l y g�°�a � ¬S\ Q � Tc�a;��UWi�e y �UWU^§&¬�i�n�`�]_efU±ª�gjiD`�ef]_ah]dnrUXadc n�g>a_`bem]_gji Tc aoc
n�g y em]_U p U2adcXlbaocj«^`bU2lbadc#ibU^ª7t�gjVXVXU�l y g�°�a p ��UWi�e y �U	U"l�gj` y adcXl�c y ef]hU y `b�>`bUW`�nrU � a_U2V �U	VXU
l�gj` y a_Uwnktu]_i�«�tWc>n �;efU#nre£ná¢þ§

��U�V¦c�]ha_aoc��jU¦U#nre¦tug>i�n�em]_ef`��U p �m�UWa	�UWVsUWi,eþn �
�
§ x gj` y l�gj`b�^g>] y l y UWi p y U�U	i²tugjVXl�efU p U

l�g^nmn�]_¤�a_U#n y Uwtu] y tu`badc#ef]hgji�n�ª�ahU2V¦c�]ha_adc#�jU�c p �` �UWe y U y c �sik�U�l yWTU#n p U�aoc�l�c y gj];ª»U	i�l�g^nmc�i�e�a_U
l y UWVX]_U y l�g>]_i�e Tc `bi�U p ]dn�eþc�i�t�U p U�a;��g y p y U p U��W� � 
 � VXV�¢þ§

100  mm

h

�
	���
 } ��� ��#������ ��� !������"! �$� '��"!�'0��!�� 
 ! ����'�� �@+(!�� ��� � �)� +@� ��� � ���
y

h

2�
	���
 Y
��� ��#������ � !�� '��"! �$� '��"!�'0��!�/�� ����
����������� �$� ! � ' � !�!���!��	�&��
� � � �@� ! ��� ���5� �@�*+%�$�')��� 
 ! � �$�0/
����
 
 (�������! - ( �)��!
��UwnÖtWc y c>tue��U y ]dnref]d«^`bU#n p U�a/�m�U#tugj`�a_UWVXU	i^eSnrgji�e p gji�ik�UWU#nkl�c y 7
· {�cjt R @ � §ê�,ª
· � U �WVXV @ � > � ���¡�W� 
 §
��U p gjV�c�]_i�U|U#n�e p �Uu°�ib]7l�c y+7
·  ÖgjV�c�]_i�U � VXV�¢ @ � �©�W�j�BA£� 
 � ���JA �>� 
;ª
· ~ÖgjV�¤ y U p U©nrgjVXVXU	e£n)@ �,� �,�jª
· ibv�@ �W�j� y c�]on�g>i @ �>§¨��ª
· i,q?@ �j� y c#]dnrgji @ �j§h���^§

� �



�(� �S§��¯c#a_UWi�ef]hi7ª x § ��U Q c�aha_U#t ��� §�{�g R c�VXV¦c p ]

��U#n�]on�g��/V¦c>t R n�g>i,e�l y �U#n�U	i,e��U#n p c�i�n"aoc�°��j` y U �,§ � i tug>i�n�eþc�emU¦«E`�U�ahUXtug^U �¦tu]hUWi�e p U
� y ]otuef]hgji�U#n�ekl y U#nm«E`bU tugji�nre£c#i,e � °��j` y U��E¢þª,lb`�]dnf«^`bU|a;�m�U#t�gj`bahUWVXUWi�e�Uwn�eSl®c y �;c#]_emUWVXUWi�e p �UW�^U �
a_g>lbl��U^§

���L
 
 (�������! /T������!����2!�� � � � 

��UwnÖtWc y c>tue��U y ]dnref]d«^`bU#n p U�a/�m�U#tugj`�a_UWVXU	i^eSnrgji�e 7
· {�cjt R @ � §ê�,ª
· � U �WVXV @ � > � ���¡�W� 
 §
��U p gjV�c�]_i�U|U#n�e p �Uu°�ib]7l�c y+7
·  ÖgjV�c�]_i�U � VXV¦¢�@ ���JAW�	}j� 
 � ���JA �>� 
;ª
· �W� y `b�>g^nr]_e��Uwn � VsV�¢ 7 ��� ª R ¢i@ � �W},ªê�,§��E¢£ª
· ~ÖgjV�¤ y U p U©nrgjVXVXU	e£n)@ � �>}(�,�>ª
· ibv�@ }j�j� y c�]on�g>i @ �>§¨��ª
· i,q?@ �j� y c#]dnrgji @ �j§h�W�,ª
· l y U	VX]_U y l�gj]hi,e � VXV�¢�@ ���|�	� � 
 §

��U#n p ]_VXU	i�n�]hgji�n p Uwn y `b�>g^n�]he��U#n�]_i�efU y � TU y UWi�e©n�UWi®n�]_¤�a_UWVXU	i,e©n�` y aoc�tug>`�t R U¦a_]_Vs]_efU � °��
�j` y U#n¦�,ªZ� UWe �W�^¢£§ ��U#n�tug^U���tu]_UWi�e£n p U � y ]otuef]hgji@UWe p U�l y U#nfnr]_g>i � °��j` y U �>¢XVXg>i,e y UWi�e
«^`bU�a/�m�Uwtugj`bahUWVXUWi^e�U#nreÖl��U y ]hg p ]d«^`bU�UWekl y g�t R U p ` p �U#tugjaha_UWVsUWi^eWª^UWekg>i�gj¤®n�U y �^U�V �UWVXUZ`bibU
y Uwtu] y tu`badc#ef]hgji p U�l�UWef]hefU�e£c�]ha_ahU^§ �Ö`@ib]h�^U#c�`Oa_g�tWc#a � y `b�jg±n�]_e��U#ná¢þªSgji²t�gji�nre£c�emU y �UWUWaha_UWV�UWi�e
tuUWemefU y U#tu] y tu`baoc�em]_gji � °��>` y U�� � ¢£§

� �'� 


� i y UWe y gj`b�^U Tc p Uwn �;c#]_¤bahU#n R c#`befU	` y n�ª�`bi�U�¤�g>ibibUSl��U y ]hg p ]dtu]he��U&l�gj` y emgj`bemU#n4a_Uwn4�jc y ]oc�¤bahU#n
� °®�j` y U"�	}E¢£ª>UWib�jU	i p y �U	Ukl�c y adcZ���UWg>V@�UWe y ]_U p UZadcÖl®c y g>]/§ � U	l�U	i p c�i�e¯tuUWemefUSl��U y ]hg p ]dtu]he��U¯i7��U#nre
l�c>n�l�c y �;c�]hefU^ª#nrgj` y efgj`�e�l�gj` y p U#n R c�`bemUW` y n p Uktug>`blbaoc��jU¯lba_`®n»]hVXl�g y eþc�i�efU#n�ªug T`�gji"g>¤�n�U y �^U
`bibU�l�U y emU�n�]h�jib] °BtWc�em]_�^U p U�adcXl��U y ]_g p ]dtu]heb�U^ªBn�g>` y emgj`be©l�g>` y aoc��>c y ]dc�¤�a_UY�4§ �&�f�U#tug>`ba_U	VXUWi�e
y U p UW��]_UWi�e�lk�U y ]hg p ]d«^`bU�UWi p U R g y n p U�adc2t�gj`�t R U|ah]_VX]hefU^§

�Bc�°��j` y U¦�uY p �UWVXgji�e y U©«E`bU±ª TcXt	c�`�nrU p U2adc�l��U y ]hg p ]dtu]he��U p U2a;�f�U#tug>`ba_U	V�UWi�eWª^ahU ��`bv p U
V¦c>nfn�U�VXg#q^UWibi��U"UWi 	 � U#nre��;c�]_¤�a_U � p UXa;��g y p y U p U��W� �	� ¢ÖV �UWVXU Tc p U#n R c#`befUW` y n�]hVXl�g y �e£c#i,emU#nu§'�Bc p ]��¡�U y U	i�tuU"U	i,e y U"ahU�tu]dnmc�]ha_a_U	V�UWi�eSVsg�q^U	ibik�U©n�` y 	 � UWe�	 � U#n�e¡lba_`�n¡n�UWi�nr]_¤bahU Tcadc�ibgji �/l��U y ]_g p ]dtu]heb�U|l�c y �;c#]_efU±ª,UWe p gji�t|g>i y UWe y gj`b�^U ] "�" � � � � p U|a;��g y p y U p U���� Tc"q0@©�uVXV� °®�j` y U�� �E¢þ§ �&� R q�l�gje R TU#n�U y Uwn�efU��>c�aoc�¤bahU^ªbV¦c#]dn�i ��U#nre p g>i�t�l�c>n¥l®c y �;c#]_emUWVXUWi�e��¯�U y ]H°¥�U	U^§
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� i2gj¤�nrU y �^U � °��>` y U��	�E¢ß«E` � Tcka/�m�Uwt R U	a_a_Ußa_g�tWc#a_U^ª#a_U#n �Ãgji®tuef]hgji�n p U"��`bv�UWe p U�tu]dnmc�]ha_a_U	VXUWi�e
TcÖa;��]_i�efU y �;cjt�U 	 � l y �U#nrUWi,emUWi�e p U �Ãg y efU#n7�>c y ]oc�em]_gji®n Tc p U �;c�]_¤�a_U#n R c�`�efUW` y n p UZtug>`blbaoc��jU±§ � UWaocU#nre p �`2l y ]_i�t�]_l�c#a_UWVXU	i,e�c#`"l y g�°�a p U��|UWe p U�� M Tc¥a;��]_i�efU y �;cjt�U 	 � � °��j` y U|�#�j¢£ª#g¯�`2gji y UWe y gj`��^Up ��]_VXl�g y e£c#i,eþn¥� y c p ]_UWi�eW§ � U#nZ�jc y ]oc�ef]hgji�n¡c�lbl�c y c#]dnfnrUWi�e Tc�tWc#`�n�U p UwnÖ� y c�i p Uwn p ]_VsUWi�n�]hgji�n
p U#n y `b�jg±n�]heb�U#n�ª4«^`b]7nrgji�e p gji�t|]_i®c p c#lbe��UWUwn¥l�gj` y aoc"V@�UWe R g p gjahgj�j]hU�UWVXlbahg�q¯�UWU^§
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 §
��U p gjV¦c#]_ibU�U#nre p �Uu°�i�]4l�c y+7
·  ÖgjV�c�]_i�U � VXV¦¢�@ ���JAW� � � 
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;ª
· � � y `b�>g^nr]_e��Uwn � VsV�¢ 7 ��� ª R ¢i@ � �,ª¨��§ �^¢£ª
· ~ÖgjV�¤ y U p U©nrgjVXVXU	e£n)@ � �>}(�,�>ª
· ibv�@ }j�j� y c�]on�g>i @ �>§¨��ª
· i,q?@ �j� y c#]dnrgji @ �j§h�j�W��ª
· l y U	VX]_U y l�gj]hi,e � VXV�¢�@ � �|�	� � 
 §
� i y U	V¦c y «E`bUß`bibUSl�U y efU p U¯a/��]hi ��`bU	i�tuU p Uwn y `b�jg±n�]_e��U#n&n�` y adcZtugj`®t R U�ah]_VX]hefU&ef` y ¤b`ba_U	i,emU

� °®�j` y U#nk�W�,ª��	��UWe �(� ¢ Tc a;�m�U#t R UWaha_U��jahgj¤�c#a_U^ª>UWi y c�]on�gji p Ukadc p ]hVX]_i�`bef]hgji p Uka_UW` y e£c#]_a_ahU^§ x c y
tug>i,e y U^ªb`bi�U�c�`b�>VXUWi�e£c�em]_g>i p U#n y Uwtu] y tu`badc#ef]hgji�nSUWi cW�jc#a p U#n y `��jg^nr]_e��U#n � °®�j` y U#n � ��ª � �©UWe
� Y�¢SUwn�ekgj¤®n�U y �¯�UWU±§ �&�m�Uwtugj`bahUWVXUWi�e¯n�U�l y �U#n�UWi�efU¡l�c y �;c�]_emUWVXUWi�e p �U#tugjaha	�U^§
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� a/�m�Uwt R U	a_a_U2ahg�tWc�ahU^ª�a/�m�U#tug>`ba_UWVsUui�e�n�U�VXgji�e y UXl�c y �;c�]hefUWVsUWi,e�l��U y ]_g p ]d«^`bU � °��>` y U � �^¢£§
� UWaoc�nrU y U � TUWefU�nr` y a_U
��`�v Vsg�q^U	i p U�V�cjnfnrU Tc�a/��]_i�efU y �;cjtuU�	 � §S¬�iOU��BUWeWª¯tuU¦e£c#`bvDU#nrel y g�t R U p U�� �U y g V �UWVsU Tc p U#n R c#`befUW` y n p U�t�gj`blbaoc��>U�]_VXl�g y e£c#i,emU#n � °��j` y U � �^¢�UWeWª�UWi
tug>i�n��U#«^`bUWi®tuU^ª7adc p ]��¡�U y UWi®tuU p U#n©tugji�e y c�]hi,emU#n�UWi�e y U�	 � UWe 	 � Uwn�e�c�`®nfn�]kl y g�t R U p U � �U y g� °®�j` y U � �j¢þª�tuUZ«E`�] y U � TUWemUkadcÖl�c y �;c#]_efUkl��U y ]hg p ]dtu]he��U^§>¬�i�tugjVsl�c y c�i�e�adc¥°®�j` y U��uY TcZadc¥°��>` y U
� ��ª^gji�tug>i�n�eþc�efUZ`bibUk� y c#i p U p ]��¡�U y UWi�tuU p Ukl y g#°�a/ª p �`bU Tc|adc p ]_VX]hi,`bem]_g>i p Uka/��]hi ��`bU	i�tuU p U#n
y `��jg^nr]_e��U#nkn�` y a;�m�U#t�gj`bahUWV�U	i,e	§j¬�iXU��BUWe	ª,ahU|l y g#°�a p ` �®`bv p U|V¦cjnmn�U � °��j` y U � �^¢£ª y U#nfnrUWV�¤ba_U
lbah`be �g>e Tc `�i�l y g#°�a p U���`bv p U"V�cjnfnrU2nr` y `bibU©lbadc>«E`�U"lbaoc�ibU^ªBcW�^U#t p U#nÖl�U y efU#n p U©V¦cjnmn�U
VXg>]_i�nS]hVXl�g y eþc�i�efU#n Tc2a/��]_i�efU y �;cjtuU n�`bl��U y ]_U	` y U^§� Ögji®tjª p U �;c��t�gji�l�a_`�nkl y �Uwtu]dnrU"«^`bU©l�g>` y a_U
tWc>n¥l y �U#tB�U p UWi,e	ª^adc"l��U y ]_g p ]otu]_e��U|U#nre y U#nrl�Uwtue��UWU±§
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efU	` y n p U�tugj`bl�adc��>U^ª�UWi tugji®n�U y �jc#i,e¡efgj`wzfgj` y n p U �;c�]_¤�a_U#nk�>c y ]oc�em]_gji p U ��`bv�U	e�tugji�e y c�]hi,emU
Tc�	 � � � @ �J>���VsV U	e � @ � >¨��VXV�¢£§�¬�i�U��4U	eWª�gji ibU y UWe y gj`b�^U©l�cjn p U�� y c�i p U#n|�jc y ]oc �ef]hgji�n p U#n|�>c y ]oc�¤bahU#n|tWc y c>tue��U y ]dnref]d«^`bU#n Tc�a;�f�U#t R UWaha_U|ahg�tWc�ahU � °��>` y U � �^¢|t�gjVXVXU¡l�g>` y a_U�tWcjn
l y �U#t4�U p U	i,e	§

� U�tWcjnZn�U	V�¤bahU p g>i�t"UWi�e y U y p c#i�nÖahU2tWc p y U©V¦c�e R �UWV¦c#ef]d«^`bU¡«E`�]�cO�U	eb�U �U	e£c�¤�a_]/ªbU	i y U#n �
l�U#tueþc�i�ekefgj`�efU#nka_U#n R q�l�gje R �U#n�UwnÖc>nfn�g�t�]W�UWU#n�§
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· � � y `b�>g^nr]_e��Uwn � VsV�¢ 7 ��� ª R ¢i@ � �,§¨��ª¨��§¨�(�^¢£ª
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 §
¬�i y c�]dnrgji p U#n|e y	TUwnÖl�UWef]hefU#n p ]hVXUWi�nr]_gji®n p Uwn y `b�jg±n�]heb�U#n�ª»g>i�Uwn�e©tugji � y gji�e��U Tc p U#n p ] � �

°Btu`�a_e��Uwn¥l�gj` y a_U#nkV¦c#]_a_ahU y p U �;c��t�gji�U���tWcjt�U � °��j` y U2Y^�^¢£§ �Bc2°��j` y U�}j��i�gj`�nÖVsgji�e y U©«^`bU
a/��]_i �®`bUWi�tuU p U#n y `��jg^nr]_e��U#n i�U�n�U
�;c#]_e2l�c>nXn�UWi�ef] y¦Tc�a/�m�U#t R UWa_ahU2�ja_g>¤�c�ahU^§ x c y tug>i,e y U^ª�i�gj`�n
cW�^gji�n �UWe��U�n�` y l y ]on p U�tugji®n�e£c#efU y emgj`#zfg>` y n p U#n y U#t�] y t�`badc#ef]_g>i�nkUWi cW�>c�a p U#n y `b�>g^nr]_e��Uwn � °��
�j` y UkYb�#¢£§ � U	adcÖVXg>i,e y U¯«^`bU^ª#V �UWVXU&l�gj` y p U#n&V¦c�]ha_adc#�jU#n4� y g±nfn�]hU y n�c#`2ib]_�^U#c#`"ahg�tWc�a;ª�aocÖV@�U �
e R g p gjahgj�j]hU�U	VXlba_g#q¯�UWU¡n�U2VXg>i,e y U�U���tWcjtuU�l�gj` y�� tWc�l�ef` y U y 
�ahU#n y U#tu] y tu`�adc�em]_g>i�nu§�¬�i�nr`b]_emU^ª
gji nu��U#n�eZ]_i�e��U y U#nfn��U Tc a;�¨c�l�lba_]otWc�em]_gji p U�aoc ahgj] p U � UW]ot R c y p §��Ö` p �UWl�c y eZgji�l�adcjt�U"adc2a_g>] p U
l�c y gj] Tc�adc�n�]hi,`�nrgj] p U2«^`b]ßn�U"e y g>`b�^U Tc�+5@ �J>_� p U"aoc�l�c y gj];ª p g>i�t p c#i�nÖadc�tug>`�t R U"a_]hVX]_emU
ef` y ¤b`bahUWi�efU � � 
�� }j�,ª��Wg>ibU p UZ�>c�ah] p ]heb�U p UZadc|a_g>] p UÖl®c y g>]Ñ¢ � °��>` y U#n¯}j}�ªb}�Y©UWe¯}(�^¢£§ � iXibU
y U	e y g>`b�^U2l�c>n ahU#n y U#tu] y tu`baoc�ef]hgji�nkUWi cW�>c�a p U#n y `b�jg±n�]_e��U#nuªBUWi y c#]dn�g>i p U2a;��`bem]_a_]onfc#ef]_g>i p ��`bi+ � � ���7§& Ögji�t>ª�gji U#nmnfcWq^U p U y U	e y g>`b�^U y a_Uwn y Uwtu] y tu`badc#ef]hgji�n|UWi `�ef]_ah]dnmc�i�e + @$�J>¨�>�j� �
� ��
 � �B>¨�,�#¢ � °��j` y U#n"}>� UWe©}^�j¢£§ß{�c�]on�gji U#n�e�UWi p U R g y n p U�adc �Wg>ibU p U��>c�ah] p ]heb�U p UXaoc
a_g>] p U�l®c y g>]ÖU	e Tc ibg>`b�^U#c#`DgjiOibU y UWe y g>`b�^U¦l�cjn�ahU#n y Uwtu] y tu`badc#ef]hgji�n�§ � i y UWV¦c y «^`bUXahU#n
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p ]��¡�U y UWi�t�U#n p �¨c�Vslba_]hef` p Uwn p ` c
�2UWe p ` c��©l�c y|y c�lbl�g y e TcXtuUWah`b]&cW�^U#t�¤�]dtug>`�t R U � °��j` y U#n
}�Y�ª7}(��ª7}j��UWe|}^�j¢þ§ � i�tug>i�tua_`�e|«^`bU"aoc�a_g>] p U"l�c y gj]­nu�¨c#lblbah]d«^`bU�V¦c�a7]otu]�t	c y UWa_ahU�i�U"l�UW`be
l�c>nÖtWc#lbef` y U y ahU#n y U#t�] y t�`badc#ef]_g>i�n � °��j` y U#nkY^�2UWeSY � ¢þ§
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��U#nÖ�>c y ]dc#¤ba_U#n¡tWc y cjtue��U y ]on�ef]o«E`�U#nÖnrU2VXgji�e y UWi�ekl�c y �;c�]_emUWVXUWi�ekl��U y ]_g p ]o«E`�U#n � °��j` y U2Y^}^¢£§
� gjVsVXU p c#i�n|a_UstWcjn|l y �U#tB�U p UWi,e	ª�ahU ��`bv p U�V¦c>nfn�U Tc¦a/��]_i�efU y �;cjtuU�	 � U#n�e�l y g�t R U p U � �U y g� p UXa/��g y p y U p U��	� � 
 ¢ Tc p U#n R c#`befU	` y n��;c�]_¤�a_U#n � °®�j` y U Y>Y,¢þ§�\^g>i l y g#°�aSUwn�e"U	i�tug y UXlbah`�n
l y g�t R U � tug>VXl�c y �U©c�` tWc>n � ¢ p U�tuUWa_`�]&n�` y lbadc>«E`�U"lbaoc�ibU^ª�V¦c#]dnSefg>`#zfgj` y nÖUWi y c#]dn�g>i p U"aoc
l��U y ]_g p ]otu]_e��U"UWi��jUWi p y �UWU2l�c y aoc��ß�UWg>VXUWe y ]_U±ª�n�gji e£c�`�v�U#n�e�VXg>]_i �U	a_UW�¯�U2nr` y emgj`be�l y	TU#n p U�aoc
l�c y gj];§�¬�iOtugji®n,�U#«^`bUWi�t�U�aoc p ]��¡�U y UWi�t�UXUWi�e y U�a_Ustu]onfc�]ha_ahUWVXUWi�e Tc 	 � UWe�	 � U#n�e2l y g�t R U p U� �U y g � °��>` y U�Y �E¢£§
¬�i y �Uwn�`bVº�U±ª,t�gjVXVXU p c�i�nka_U©tWc>n � ªbadc2l��U y ]_g p ]otu]_e��UÖUwn�eZe y	TUwnS¤b]_UWi y UWe y gj`��¯�UWU±§
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� gjVXVsUkl�g>` y a_UwnStWc>nSl y �U#tB�U p UWi�e£n�ªjgji�c"adc�l�g^nfnr]_¤b]ha_]heb�U p U t R g>]dnr] y p U �;c#]_¤bahU#n R c#`befU	` y n
p U tugj`�lbadc#�jU UWe�tugji�nrU y �^U y p U �;c�]_¤�a_U#nX�>c y ]dc�em]_g>i�n p U ��`bv@U	e�t�gji�e y c#]_i�efU Tc 	 � � °��>` y UY^�^¢£ª&cW�^U#t�a;�¨cW�>c�i�e£c#�jU p U2l�gj`��^gj] y t R gj]on�] y p U�lbah`�nÖl�UWef]hefU#n R c�`bemUW` y n � � @ �B>_�"VXV ª � @
�J>���VXV UWe � @ ��>ê� VXV�¢£§ �Bc�°��j` y U�Y���VXgji�e y U¦a_U#n �;c�]h¤ba_U#n"� y c p ]_UWi�e£n p U#n��jc y ]oc�¤bahU#n
tWc y cjt�eb�U y ]dn�em]d«^`bU#n Tc�tuUwn R c�`bemUW` y nu§
¬�i,°�i7ªb`bi�U p U y ib] TU y U¡�¯�U y ]H°Bt	c�ef]hgji p U�aoc"lk�U y ]_g p ]otu]_e��U p U�a;�f�U#tug>`ba_U	VXUWi^e�UWe p `�t	c y c>tue TU y U

i��UW�>a_]h�jU#c#¤ba_U p U#n ��`�v p U©V¦cjnmn�U2�^U y ef]dt	c�`bv¦nrU2e y gj`b�^U©UWi Q c#¤ba_U¦�>§4 ©�¨c�l yWTU#n|adc2i�`ba_ah]_e��U p `
��`bv p U�V¦cjnmn�U"�^U y ef]otWc�a;ªbgji p gj]he©cw�^g>] y e � � @ ��U	e|l�c y l��U y ]_g p ]dtu]heb�U5e � a 4%e � @ �,§ x gj` y�¯�U y ] °�U y tuU#n y �U#n�`�a_e£c#e£n�ª�g>i c�tWc#adtu`�aW�U e � p �¨c#l y	TUwn¥ahU#n¥ahgj]on p U�tugji®n�U y �jc#ef]hgji�l®c y aoc �Ãg y V�`ba_Ue ��@ � e � a 4 e � � ¢ � # � �! �"� a UWeSg>i¦c y UWl y �U#n�UWi�e��U Tc p ]��¡�U y U	i,emU#n��jc#a_UW` y n p U � a_U#n�«^`�c�i�ef]he��U#n e � ae �
UWe e � �e � > ��� § ��Uwn p U	`bvX«^`�c#i,em]_e��Uwn y U#nrefUWi�ekUWv�e y	�U	VXUWV�Uui�e�l y g�t R Uwn p UwnS�jc#a_UW` y nSe R �UWg y ]d«^`bU#nu§

� U�tWc>n�U#nrektuUWah`b]�l y g�t R U p ��`bistWcjn y �UWUWa;§ � iX�¯�U y ]H°®U p g>i�tjª�«^`bU|adc�V@�UWe R g p gjahgj�>]_UZUWe¯n�U#n
R q,l�gje R7TU#nrU#nuª�nrgji�eÖ¤b]hUWi¦c p c�lbe��UWU#n Tc aoc y �U#c#a_]heb�U p `¦l y gj¤ba TUWVXU^§
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��U�Vsg p TUWa_U p U2em` y ¤�`ba_UWi®tuU Tc p UW`�v�tug>`�t R U#n|nu��U#n�e¡VXgji�e y �U"¤b]hUWi�c p c�lbe��U TcXaoc�VXg p �UWah] �
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Unit é de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
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