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å E�WPæ9c åtç \'è�WKæIcÁéÅê å ê�ëìMHP]VXZEIíFí_HKì_î9ï�ðÚñ?òoXaL�HPcSLRïyì_E9LPXZóIYÚc	ôØì_H�LqW{[TE9GI[_HKGIXZLPXÚE9íO[FíMc?EIc`HK[_Y
åtõ LRXZí_E9[_YÚYZXZEIí�ïIHKìTWPìd^?ì_YVôØì_H	ö9ì�ëÁ÷�YZc?øMc?YdHKc`LPì_îIH{^�cÁù�[TEg[Tí_c`ù>c?EoWÉ[_L�WKæIc'ú9H{LRW	î9LRcÅ^?[_LPc_ûMD
üÁýTþ XZLÅ[wLRc`HPXZc`LOìTôËï9[M^{]_c�W{LÁWPH{[TEgLRù>XÚWRWPcSG·GdîIHKXZEIíw[/LPc`LKLRXZì_EÆì_ôË[/LRïyc`^?Xrúg^([TïIï9YÚXa^?[TWPXZì_E
óoÿ([ÅLPïgcS^�XÚúg^�æIìMLRW`û�è9ì_H�c��I[Tù>ïIYZc_U�WKæIc�ö9ì�ë ^?ì_îIYaG�óycÁWPæIcÁï9[M^{]_c?W�LPc?HKXÚcSL�ì_ôy[�LqWKHPcS[Tù>XZEIí
[Tî9GdXZì>ì_H'øVXaGdc?ì�LPc`LKLRXZì_E�óIîdWO[_E�è�\ õ ú9YZc�WPH{[TE9LRôØc?H'ë'XZYÚY�[TYaLRì<í_c`EIc?H{[�WKc=[<ï9[M^{]_c?W�ögì�ë�û
\ÁæIcÉW{[_LP]=ìTô9['ögì�ëÁ÷�YZc?øMc?Y_HKc`LPì_î9HK^?c	ù�[TE9[_í_c?ù>c`EMW�ïIHKìTWPìd^?ì_Y_XaL-WPì�XÚù>ïIYZc?ù>c?EoWË[_Gdù>XaLPLPXZì_E
^�ì_EoWKHPìMY�ûV\Áæ9[�WÁXaL?UVXÚW�æ9[MLWPì>Gdc`^?XZGdc�ë'æIc?WPæIc`HWKæIc�EIc�Wqë�ì_HK]>æ9[_Lc?EIìMîIí_æwôØHPc`cÅHKc`LPì_îIH{^�cSL
WPì�[_^`^�ì_ù>ù>ìdGI[�WKc=ógì_WPæ�WPæIc�E9c?ë1[_E9G WPæIc�ï9HPc`øoXZì_îgLRYZÿw[_Gdù>XÚWRWKc`G ö9ì�ëFL`û
\ÁæIcÉXZEoWPc?EoWKXÚìME�ìTôdWKæIc�é�ê å ê��ÅìVê�[Tï9ïIYÚXa^?[TWPXZì_E����Åìoêo÷téÅê�� õ ð
	�ò��4XaL×WKìOHKc�÷�î9LPc_USë'æIc?HKc

[TïIïIHKì_ï9HPXa[�WKc_UdWKæIc�ïIHKìTWKìd^�ì_Y-ù<cS^{æ9[TE9XZLPù�LFìTô�Oê�� õ ð ��ò�U9ë'æ9XÚYZc([TWFWPæIc<LP[_ù>c�WPXZù>c([TïI÷
ïIYÚÿVXZEIíw[>ù>ì_HKc�í_c`EIc?H{[TY×LPXÚíME9[TYZYZXÚEIí�ù>ìdGdc`Y-LRî9XrWKXÚEIí/ìTWPæ9c?HSUIïgìoLPLPXZóIYÚÿ�LRXZù>ïIYZc?HSUIHPcSLRìMîIH{^�c
ù>[_E9[TíMc?ù>c?EoW�LK^{æIc`ù<cSL�[ML×ë�c?YZY�ûTNîIHKHPc`EoWPYZÿ_U`WPæIcëìMHP]VXZEIíFí_HKì_î9ï�^�ì_EgLRXaGdc?H{L×XZù>ïIYZc?ù>c?EoWR÷
XÚEIí·Wqëì·ù>ìdGdc`YZL`U�[����������������'[_E9G½[�� ��!��#"���!�$����������wHKc`[_YÚXaLK[�WPXZì_E-û×\ÁæIc`LPc�WPc`HPù�L�HPc?ö9c`^�W
WPæIcF^?ì_ù>ïIYZc��dXrWqÿ�ì_ôgXZEoWPc?HKXZì_H�EIìdGdc`L�XZE>[�GIì_ù�[TXZE×ûT\ÁæIc'LRWK[�WKc�ôØîIYILPì_YZîdWKXÚìME<LRWPìMHPc�ïgc`HR÷�ö9ì�ë



LqW{[�WPc�XZEdôØì_HKù�[�WPXZì_E�XÚE(XÚEoWPc`HPXZì_H�EIìdGdc`L�LPîIXÚWPXZEIíOWKæIc å EMWAêVc?HKø���Oê�� õ �ÅìVê=ù>ìdGdc?Y�û��ÅE�WPæ9c
ìTWPæ9c?H�æ9[_E9G4U¢WPæ9c�HPcSGdî9^�cSGV÷tLqW{[�WPc>LPì_YZîdWPXZì_E HPc`YÚXZc`L=ìME [_í_íMHPc`íM[�WKc`G4Uyïyc?HP÷�^?YZ[MLPL=LRWK[�WKc`L=XZE
XÚEoWPc`HPXZì_H'E9ìVGIc`L`U9[TE9G�ìMEIYÚÿ c`GdíMc=EIìdGdc`LF[_HPc�ïyc?HKù>XrWPWPcSG/WKì/GdXaLRïyìMLPc=ìTô�ïgc`HR÷�ö9ì�ë LqW{[�WPcSL?û
\ÁæIXZL�ù>ìdGdcÉXZù>ïIYÚc`ù>c?EoWKL-WPæIc��OX��×êVc?HKø���	�
�¿ù>ìdGdc?Y�U`ë'æ9c?HKc 	�
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�(U�[_E9G WKæIcµEIc`ë �Åìoêo÷téÅê�� õ [THKc·ì_EI÷�ï9[TWPæ$HKc`LPì_îIH{^�cÆù�[TEg[Tí_c`ù>c?EoW
ïIHPì_WPìd^�ìMYZLÅóyc`^?[_î9LPc�WKæIc?ÿ·[_YÚY�HKc`LPc?HKø_c�HKc`LPì_î9HK^?c`L`UIWqÿVïIXa^?[TYZYZÿÕó9[TE9GIë'XZGVWKæ×U4XZE [ æIì_ïd÷�óVÿo÷
æIì_ïwù�[_EIEIc?HSûMb�c?ôØì_HKcO[_Gdù>XÚWRWKXÚEIí�WPæIcÅö9ì�ë�UM[�LRXZí_E9[_YÚYZXZEIí�ù>c`LKLP[_í_c'XaLÉLPc?EoWóyc�Wqë�c?c`E�WPæ9c
WqëìÕc`E9GV÷�ïgìMXÚEoWKL`û��ÅE½c`ø_c`HPÿ·æ9ì_ï×U-WPæIXaL(LPXZí_E9[_YÚYZXÚE9í�ù>cSLPLK[TíMc�HPc��Mî9c`LRWKL�[MGdù>XZLKLRXZì_E½[_E9G
HPcSLRc`HPøMc`LËWKæIc�HPcSLRìMîIHK^?c`LÉXrô�[_Gdù>XÚWRWPcSG4ûd\ÁæIc=[_Gdù>XaLPLPXÚìME/GdcS^�XaLRXZì_E/ôØì_HÁ[�YZXÚE9]�XZL�í_c`EIc?H{[TYZYZÿ
ø_c?HKÿµLPXÚù>ïIYZc_û å ô�WKæIc/LPîIù ì_ôWKæIcwEIc`ë'YÚÿ [THKHPXZøVXÚE9í ó9[_E9Gdë'XaGVWPæ½HKc��oîIcSLqW�[_E9G WPæIc/LPîIù
ìTô�[_GIù<XÚWRWKc`G$HKc`LPc?HKø�[�WKXÚìME9L>XZL�LPù>[_YÚYZc?HwWPæ9[_E:ì_H c��oî9[TYOWPì [�ïIHPc?÷�GIc�ú9EIcSG � !���� ����� ý��
����� ����� ý � !TUgWKæIc�E9c?ëÙHKc��oîIc`LRWFXaLÅ[MGdù>XrWPWPc`Gµ[TE9GÆXÚWKLÅHPcSLRc`HPø�[TWPXZì_EÆXZLÅ[_GIGIc`GÆWKì�WPæIc<LRî9ù�û
\ÁæIcwGdX��yc`HPc`E9^�c�óyc�Wqë�c?c`E [ÕLRWK[TWPc�ôØî9YÉ[TE9G [ÆHKc`Gdî9^?c`GV÷tLRWK[�WKc<LPì_YZîdWKXÚìME XaL�^�ìMù>XÚEIí�ôØHKì_ù
ë'æ9[�W�]VXZE9G¹ìTôFLRWK[TWPc`L�[THKcw[�ø�[_XÚYa[Tó9YÚc�[TEgG¹c`LRWK[Tó9YÚXaLRæ9c`G óVÿµWKæIc/LPXÚíME9[TYZYÚXZEIíÆù>c`LKLP[_í_c�XZE
XÚEoWPc`HPXZì_HÁEIìdGdcSL?û
å E(ïIHKc?øVXZì_î9L�ï9[_ïgc`HKLÁð �IU��SòVWPæ9cF[TîdWKæIì_H{L�[THKí_îIcSG�WPæg[�W	îIE9GIc?HËEIìMHPù�[TYd^?XÚH{^�îIù�LRWK[_E9^�cSL

XÚE¹[/æ9XÚíMæd÷�LPïyc?c`G EIc?WqëìMHP]Æë'XÚWPæ ù>[_EVÿÆö9ì�ëFLÅWPæIc>HKc`Gdî9^?c`GV÷tLRWK[�WKc(ù>ìdGdc<XZL=ï9HPc?ôØc?H{[TóIYZc
ì�ø_c?H�LRWK[TWPc?ôØîIYÉìMïgc`HK[TWPXZì_E×û×\ÁæIc/HPcS[_LPì_E XZL=WKæ9[�W<[ÕHPcSGdî9^?c`GV÷tLqW{[�WKc<ï9HPì_WPìd^�ìMY	ïgìoLRcSL�YZc`LKL
ïIHPìd^?c`LKLRXZEIíÅ[_E9G<LqWKì_H{[Tí_c�^?[_ï9[_^?XrWqÿ�HKc��oîIXZHPc`ù>c?EoWKL�WPì=^�ìMHPc�HKì_îdWKc?H{L�[_E9G(XrWËæ9[ML�[=LPù�[TYZYÚc`H
ïIHPì_WPìd^�ìMY¢ì�ø_c?HKæIcS[_G4UVë'æIXZYÚc=WKæIc�[_^{æIXZc?ø�[_óIYÚc=ïyc?HPôØì_HKù�[TE9^?cÅXaLFLPXÚù>XZYZ[_H`û

� ì�ë�c?ø_c`H`UoWKæIc?HKc�XaLF[TEÆc��I^?c?ïdWKXÚìME9[TY-LPXÚWPî9[TWPXZì_EÆë'æIc?HKc�ïyc?HP÷�ö9ì�ë�LRWK[�WKc`L'íMXÚøMc�[TE·[_Gd÷
ø�[_EoWK[TíMc�WKì�LRWK[TWPc?ôØîIYËïIHKìTWPìd^?ì_YaL?û4\ÁæIXaL=LRXÚWPî9[TWPXZì_E ìd^?^�î9HKL�ë'æIc`E HKì_îdWKXÚE9í ïIHKìTWKìd^�ì_YaLÅHPc?÷
GdXÚHKc`^�WÁö9ì�ëFLôØHPìMù WPæIc`XÚH'ìMHPXZí_XZE9[TY¢ï9[TWPæ WPì>[TYÚWPc`HPE9[TWPXZø_c�ï9[�WKæ9L`ûI\ÁæIXZLÁù>XZí_æoW'æ9[Tï9ïgc`E�[ML
[wHKc`[_^�WPXZì_EÆWKì/EIìdGdc(ì_HOYZXZEI]Æô¤[TXZYÚî9HPcMû å E·íMc?EIc`HK[_Y�Ugì_Ed÷�ï9[TWPæÕHKc`LPì_îIH{^�c�HKc`LPc?HKø�[�WKXÚìME�ï9HPì_÷
WPìd^�ìMYZLÉô¤[_^?cOWKæIc=ïIHPìMóIYZc?ù WPæ9[TWWKæIc�[_Gdù>XaLPLPXZì_Ewì_ô-HPc?÷�HKì_îIWPc`G<ögì�ëFLÉWKì�WKæIc�EIc?ë:ïg[�WPæ XZL
îIE9^�c`HRW{[TXZE�ôØì_HOc �I[Tù>ïIYZc�ógcS^?[TîgLRc=WKæIc?HKc�XaL'EIìTWÅc?EIìMîIí_æÆó9[_E9Gdë'XaGVWPæÕWKìw[_^`^�ì_ù>ù>ìdGI[�WKc
[TYZY4HPc?÷�HKì_îdWKc`Gwö9ì�ëFL?û å ô�WPæ9XZL'XaL�WPæ9c�^?[_LPc � � ����� ��" ý��"! �����#� ý�� ìd^?^?îIH{LÅð$��&%�ò�û

' c�GIc?ø_ì_WPc=WKæIXZLÅï9[_ïgc`H'WPì�WKæIc�LPc?øMc?HKc�^�ì_E9í_c`LRWPXZì_EÆæ9[_E9GdYZXÚE9í�ïIHPìd^?c`GdîIHKc�ìTô�	�(��û
' c�Gdc?WK[_XÚY¢WKæIc�ïIHKì_óIYZc?ù�ì_ô�LPc?øMc?HKc�^?ì_EIíMc`LRWPXZì_E/XZE·êVc`^�WPXZì_E 	dû9\Áæ9c?E�ëc�ôØìd^�î9LFì_EÆ^�ì_EI÷
í_c`LRWPXZì_E�æg[TE9GdYZXZEIí�ù>c`^{æ9[_EIXaLRù�L	XZE/êVcS^AWPXZì_E �IUM[_E9G>XZEMWKHPìdGdîg^�cOìMîIH	XZù>ïIHPì�øMc`G�LPì_YZîdWPXZì_E-û
å E/êVc`^�WPXZì_E)��ë�cFïIHKc`LPc?EoWÉ[�ë�ì_H{LqWP÷�^`[_LPcÁù<ìdGdc`YIôØìMH	WPæ9cO^�ìMEdú9í_î9HK[TWPXZì_E>ìTô¢WPæ9cFïIHKì_ïyìMLPc`G
ù<c?WPæIìdG4ûgè�XZE9[_YÚYZÿ_UIë�c�^�ìME9^�YZî9Gdc�WPæ9c�ï9[Tïyc?HSû

* +-,/.0,×ß1,Ùã¢àÉÝ324,65MÞIäqàÉÝ87:9ÅßIà4;=<>,6? á3,65Vã¢ß9ä>9OÞdäRàÉÝ

êVc?øMc?HKc>^?ì_EIíMc`LRWPXZì_E XZL�^?ì_E9LPXZGIc?HKc`G [_L�[TE îIE9GIc`LPXÚH{[TóIYZc�LqW{[�WKc_U4ë'æIXa^{æ¹ù>[�ÿµìV^`^�îIH�[ML�[
HPcSLRîIYÚW>ìTôÅ[ HPìMîdWPcÆ^{æ9[_EIí_cMû�\ÿVïIXZ^`[TYZYÚÿMU�HKì_îIWPXZEIí [_YÚíMì_HKXrWKæIù�L([_HPc�[TóIYZc/WKì [MGI[TïIW>[_E9G
^{æ9[TEIíMc�WPæ9c?XZH(HKì_îdWKXÚE9íµGdc`^?XZLPXZì_E9L�WPì·HKc�ö9cS^AW>^{æ9[TEIíMc`L�XZE½WKæIc/WKì_ïyì_YZì_íMÿ �ØcMû ígûÚU�YZXÚEI]¹ìMH
EIìdGdc�ô¤[TXZYÚîIHKc`L��<[TE9G¿WKHK[�@�^ ø_ìMYÚî9ù<cMû å E$LRî9^{æ LPXrWKî9[�WKXÚìME9L(WPæIcÕHKc�÷�HPìMîdWPcSG½WKHK[�@�^�ë'XZYÚY
ôØì_YZYÚì�ë�[µEIc?ë�HKì_îIWPc_û�éFìdGdcSL<YÚìd^?[TWPcSG½ì_E WPæIXaL<EIc?ë ï9[TWPæ¿ù>[�ÿ¹óyc`^?ì_ù>c ì�øMc?HKYÚìo[_GdcSG4U
LRc`ø_c?HKc(^?ì_EIíMc`LRWPXZì_E ù>[�ÿÕìd^`^�îIHSU4LRXZE9^�c(WPæ9c?ÿµLPî9GIGdc`EIYZÿ·ù>XÚíMæMW=EIc`c`GµWPìÆLRîIï9ïgìMHRW�ù>ì_HKc
WPH{[�@w^�WPæ9[_E WPæIc`XÚH�^?[_ï9[_^?XrWqÿMû	\ÁæIc·HKc`LPì_îIH{^�cÆù�[TE9[_í_c`ù<c`EoW>ï9HPì_WPìd^�ìMYFXÚE$HKc`[M^AWKXÚìME WKì
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LRc`ø_c?HKc�^?ì_EIíMc`LRWPXZì_EÕæ9[MLFWKì/WKc?HKù<XZE9[TWPc���LRìMù>c�ö9ì�ëFLOì_E·WKæIc>^�ì_E9í_c`LRWPcSGÆï9[�WKæµXZE·ì_H{Gdc`H
WPì>c?E9LPîIHKc=ïIHPìMïgc`H �ÅìoêwôØì_HÁWKæIc�HPc`ù�[TXZEIXÚE9í�ö9ì�ëFL`û
è�XZí_î9HPcwñ(LRæIì�ëFLÅ[TE·c �I[Tù>ïIYZc�LP^?c?E9[_HPXZì9ûgè�XZH{LqWSU9WKæIc�WKHK[�@�^(GdXaLqWKHPXZóIîdWKXÚìME·ë�[MLFLPî9^{æ

WPæ9[TW/WPæ9c·îIïIïyc?HÆ[TE9G YZì�ë�c?H�ï9[TWPæ9L ëc`HPcÕóyìTWKæ:îdWKXÚYZXZLPc`G î9E9Gdc?H EIì_HKù�[TY�^�ì_EgGdXrWKXÚìME9L`û
D'ôÀWPc`H�[·YZXÚEI]¹ô¤[_XÚYZîIHKc_U�WPæIc WPH{[�@w^/ìTô'WPæ9c îIï9ïgc`H<ïg[�WPæ¿ë�[ML�LPî9GIGdc`EIYZÿ½HPc?÷�GdXZHKc`^AWKc`G WKì
WPæIc

0− 3− 4
ï9[TWPæ ë'XrWKæIì_îdWÁXZù<ù>cSGdXZ[TWPc`YÚÿwXZEIXÚWPXa[�WKXÚEIí<HKc`LPc?HKø�[TWPXZì_EwHKc��oîIcSLqW{L	WKì<GIc`^�XaGdc

ì_E¹WPæ9c/[_Gdù>XaLPLPXZì_E¹ìTôÁWPæ9c�WPH{[�@w^>WKìÕWPæIXaL�E9c?ë ï9[�WKæ×û�\Áæ9c
	qì_XZEoW�YÚìo[_G ì_E½YZXZEI]
3 − 4XZLÁæIXZí_æ9c?H�WPæ9[_E/WKæIc�[_Gdù>XaLPLPXZì_EwWKæIHKc`LPæIì_YaG4UVæIc?Eg^�c�[<ù<cS^{æ9[TE9XZLPù XZLÁE9c?c`GIc`G/WPì>HPcS^�ì�øMc?H

WPì�[TE$[M^?^�c`ïdWK[_óIYZcÕYÚìo[_G HK[TWPæIc`H>WPæ9[_E WPì [M^?^�c`ïdW �Åìoê¿Gdc`í_H{[_GI[TWPXZì_E×û	\ÁæIcµXÚE9^?ì_ù>XZEIí
WPH{[�@w^·øMì_YZîIù>cµæ9[MLwWKì óyc GdcS^�HKc`[MLRcSG óoÿ ù>c`[_E9L ìTô�WPc`HPù>XZE9[�WKXÚE9í�ö9ì�ëFL�LRì WPæ9[TW�XÚô
[Æö9ì�ë HPc`ù>[_XÚEgL�[_GIù<XÚWRWKc`G½[TôÀWPc?H<^�ìMEIí_cSLqWKXÚìME æg[TE9GdYZXZEIí9U�XrW�æg[_L�WKì·óycwí_XZø_c`E¹WPæIc�ôØî9YÚY
ïIHPc`øVXÚìMî9LRYZÿ�HKc`LPc?HKø_c`G/ó9[TEgGdë'XZGdWPæ×û

� c?EIc`HK[_YÚYZÿ_UdLRWK[�WKc�ôØîIY4HKc`LPì_î9HK^?cÅHKc`LPc?HKø�[�WPXZì_E/ïIHPì_WPìd^�ìMYZL�YZXÚ]Mc Åê � õ ì_H� ç êIê å  ðZñ��Tò
LqWKì_HKc�WPæIc>GdcSLqWKXÚE9[TWPXZì_E·[MGIGdHKc`LKL'ôØì_H=[TYZY�ö9ì�ëFLFXZEÕWPæ9c?XZH�GI[TWK[_ó9[_LPc_û å ôËWPæIc<HPìMîdWPXZEIíwï9HPì_÷
WPìd^�ìMY�[TE9EIì_îIEg^�c`LOë'æIXa^{æµGdc`LRWPXZE9[TWPXZì_Eµ[MGIGdHKc`LKL'æ9[�ø_c�ógc`c?Eµ[MLPLPXÚíMEIc`GÆ[/EIc?ëÙï9[TWPæ×UgWPæ9c
HPcSLRc`HPø�[�WKXÚìMEÕïIHKìTWPìd^?ì_Y�^`[TE·cS[_LPXÚYZÿ�XZGdc`EoWPXÚôØÿÆWPæIc<HPc?÷�HKì_îIWPc`G�ögì�ëFL?û¢\ÁæIc?E-UgXÚW=^`[TEÕWKHPÿ�WKì
HPc?÷�HKc`LPc?HKø_cWPæIcÅEIc?cSGdc`G>HKc`LPì_î9HK^?c`L�ôØì_H�[TYZYIWKæIc`LPc'ö9ì�ëFLËìME>WPæIcOEIc?ë$ï9[TWPæ×ûoèIìMH	c��I[Tù>ïIYZc_U
XÚE è�XZí9ûÁñ HPìMîdWPc`H

0
^?[_E�XÚE9XrWKXZ[TWPcÆ[µEIc`ë HPcSLRc`HPø�[TWPXZì_E½ôØìMH<[_YÚYö9ì�ëFL(æIc`[MGdc`G�WPì�ëÁ[TH{GIL

Gdc`LRWPXZE9[�WKXÚìME�[MGIGdHKc`LKL
4
û å ô�WPæIXaL'EIc`ëÖHKc`LPc?HKø�[TWPXZì_E/ô¤[TXZYZL`UVWPæIc�HKc�ôØîgLRcSGwö9ì�ëFL�ë'XZYÚY-ógc=WKc?HP÷

ù<XZE9[TWPc`G ë'XÚWPæIXZEÕ[�HKì_îIEgGV÷�WKHPXZïwWKXÚù>c�� �\'\ �ë'æIc`E/WKæIc�LPì_îIH{^�cÅEIìdGdc=ì_H�WPæIc�GIì_ù�[TXZE�� L
XÚEIíMHPcSLPLc`GIí_c�EIìdGdc=XZL�XZEdôØì_HKù>c`G4û å E Oê � õ WPæ9XZL�ôØcS[�WPî9HPc�XZL'^`[TYZYÚcSG�� ý "�� ��� ��� ��� �AûI\ÁæIXZL
[TïIïIHKìM[M^{æ(XaL	[MGdø�[TEoWK[_í_c?ìMî9L�LRXZE9^?c'WPæIc'ë'æ9ì_YZcFïIHKìV^?c`Gdî9HPcÁXaL	[_L4�oîIXa^{]([MLËXÚW^?[_E<íMc�WSUTWPæ9c
HPcS[_^AWKXÚìMEµLRWK[THPWKL�[_L�LPìoìMEµ[_LOWPæ9c(HKì_îdWKXÚE9í/ïIHKìTWKìV^?ì_Y�HPc?÷�GdXZHKc`^AW{LFWKæIc(ö9ì�ëFLÅ[_E9GÆú9E9XZLPæIc`L
ë'XrWKæIXÚE�[ �\'\=û�D'GIGdXÚWPXZì_E9[_YÚYZÿ_U �×ìd^?[_Y 'c?ïg[TXZH�[TYaLRìÕHKc�÷�HKc`LPc?HKø_c`LÅWKæIcwHKc`LPì_îIH{^�cSLOôØìMH([ML
ù>[_EVÿ½ìTôOWKæIcÆHPc?÷�HKì_îIWPc`G½ö9ì�ëFL([ML<ïgìoLPLPXÚó9YÚcÕ[_^`^�ìMHKGdXZEIíÕWKì WPæIcÕ[_GIù<XaLKLRXZì_E WPæIHKc`LPæIì_YaG
�ØX�û cMûÚUIìMEIYZÿ�WPæIc�c �I^�c`LKLÁï9[_HRW'ìTô�WPæIc=WKHK[�@w^ÅXaLÁWKc?HKù<XZE9[TWPc`G �Aû
\ÁæIc�[_ógì�øMc	ïIHKìd^�c`GIîIHPc�XaL�óg[_LPc`G�ìME�ïyc?HP÷�ö9ì�ë�LRWK[TWPcSL?û � ì�ë�c?øMc?HSU`Gdî9cÉWKìOWKæIc'[Tó9LPc?E9^?c

ìTôÉïyc?HP÷�ögì�ë�LRWK[TWPcSLÅXZEµXZEoWPc`HPXZì_HÅEIìdGdc`L`U4[wHKc`Gdî9^?c`GV÷tLRWK[�WKc�ïIHKìTWKìd^�ì_Y�XaLOEIì_W=[_óIYZc�WKì GdXaLq÷
WPXZEIí_îIXaLPæwWPæ9cÅHKc�÷�HPìMîdWPcSG<ö9ì�ëFLÉôØHPìMù WKæIìMLPc�ì_EIcSL	WKæ9[�WÁëc`HPcÅì_HKXÚíMXÚEg[TYZYÚÿ(WPH{[�ø_c`HKLPXÚE9í=WPæ9[TW
ï9[�WKæ×ûyêVXZù>XÚYa[THKYZÿ/WKì Oê � õ U 	�
� ì_HOWPæIc�	�
�O÷�ó9[MLRcSG �Åìoêo÷téÅê � õ ìTô	é�ê å êÆî9LPc�WPæ9c
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ldx{s��t�¤xKÔIu`ft�PÃ¢j{zrh?sts{�TÂ�v�h?vT�ÅjAh?stxSm��q´oxËu?fqp|�Sp|vVh?zrz³��h?�`fqx{x{��fqx{stuS~_fqj{x{s�h�fqx	vou`���S~oh?fRh?vT�qxKxA�=h`v��
z|uSvo�`xKfA�



(1) Re-routed
     packets
     arrive

(3) Marking
     data packets

(6) For selected flows
     send notification
     signalling message

EgressIngress

(2) Overload
     measured

SS
SS

(4) First marked
      packet arrives;
      starting counter

(5) Marked packets
     counted; select
     flows to terminate

(7) Terminate
     flows

����� ±��I± ��h`stp|jFstx{Ï�xKfqx'j{u`vo�`x{s��qp|uSv>´oh`vV�_z|prvM�=}�x{jR´Vh?vop|st}�s�u`¶×Ñ�Ò<Ó

LRì_ôÀWR÷tLqW{[�WPc�ï9HPXZE9^�XZïIYZc�WPì/]_c?c`ïÕHPcSLRc`HPø�[TWPXZì_E9LÁîIïI÷�WKìT÷tGI[�WKc��IXÚôËö9ì�ëFLFGdì/EIìTWOHKc�ôØHKc`LPæ�WPæIc`XÚH
HPcSLRc`HPø�[�WKXÚìME(ë'XÚWPæ9XÚE�ïyc?HKXÚìdGdXa^?[_Y9XZEoWPc?HKø�[TYaL ��� ��LRcS^�ìME9GIL�óVÿ<GIc�ô¤[Tî9YrW��AUTWKæIc?XZHÉHKc`LPc?HKø�[�WKXÚìME9L
WPXZù<cÅì_îdWSûVNìME9LRXaGdc`HPXZEIí�HKc�÷�HPìMîdWPXZEIí9U�WKæIXaL	ù>c`[_E9LËWKæ9[�W	WKæIcOHKc�÷tGdXZHPcS^AWKc`G(ö9ì�ëFL	[_HPc'íMì_XZEIí
WPì>WPHKÿwWKìwHKc�ôØHKc`LPæ/WKæIc?XZHOHKc`LPc?HKø�[�WPXZì_E ù�[��dXÚù(îIù+ë'XrWKæIXÚE·[>HKc�ôØHKc`LPæ�XÚEoWPc`HPø�[_Y�UIë'æ9c?EÆWPæ9c
c��I^�cSLPL�ö9ì�ëFLWKæ9[�WO[_HPc�[Tóyì�ø_cÅWPæ9c � !�� � ����� ý�� ����� ����� ý � !Æ^`[TE�ógc=WKc?HKù<XZE9[TWPc`G×û

� ì�ë�c?ø_c`H`U	GIîIHPXZEIí¹WKæIXZL/WPXZù>cÕWPæ9c �oî9[TYZXÚWqÿ ìTô=ö9ì�ëFLwù>[�ÿ óyc·øVXÚìMYZ[TWPc`G LPc?HKXÚìMî9LPYÚÿMU
c_û í9ûZUTï9[_^{]Mc�W	GdHKì_ï9L�ù�[�ÿ(ìV^`^�îIHSû � c`E9^�cMUTHKc`Gdî9^?c`GV÷tLRWK[�WKc'ïIHKìTWPìd^?ì_YaL�E9c?c`G>[_E>[_YrWKc?HKE9[�WKXÚøMc
ù<cS^{æ9[TE9XZLPùÆUËë'æIXZ^{æ XaL�[TóIYZcÆWPì¹æ9[_E9GdYZc·LRc`ø_c`HPcÆ^�ìMEIí_cSLqWKXÚìME �oîIXa^{]oYZÿ_ûÉêdXÚE9^?cÕHPcSLRìMîIH{^�c
HPcSLRc`HPø�[�WKXÚìME XaL'ôØìMHPcSLRc`c?E�WPì/ógc�[_ïIïIYZXÚcSG�WPì/LRWPHKc`[_ù>XÚEIí<WKHK[�@�^_U9ïIHKXZù>[_HPXZYZÿwWPì �Ëì åtõ [TïI÷
ïIYÚXa^?[TWPXZì_E9L`U�WPæIc�c��dïyc`^�WK[�WKXÚìME XaL(WPì ógcÆ[TóIYZc WPì æ9[TE9GIYÚc�LRc`ø_c?HKc ^?ì_EIíMc`LRWPXZì_E�ë'XÚWPæ9XÚE [
ôØc?ë:æVîIE9GIHPcSG�ù>XÚYZYÚXaLPc`^�ìME9GILLRì�WPæ9[TWWKæIcOî9LPc?H{LìTô×EIì_WÉWPc`HPù>XZE9[�WKc`Gw^`[TYZYZL�Gdì(EIìTW�HPcS[TYZXZLPc
�Mîg[TYZXrWqÿ/GIc?í_H{[_G9[�WPXZì_E-û

� +-,/.0,×ß1,Ùã¢àÉÝ324,65MÞIäqàÉÝ�����ÝÅá3<PäRÝ	2

å E·ð 	TògWKæIcÅ[_îdWPæ9ì_H{L	íM[�øMcF[�LPì_YZîdWPXZì_E>ôØìMH�LPc?øMc?HKcF^�ì_E9í_c`LRWPXZì_E�æg[TE9GdYZXZEIí�ôØì_HÉWPæIc�ì_HKXZí_XZE9[TY�U
LqW{[TE9GV÷t[TYZì_E9c 	�
� ïIHKìTWPìd^?ì_Y�û å EÕWKæIXZL�ï9[_ïgc`HOë�c([_HPc�GIc`LK^�HKXÚóIXZEIí/[_E·c?E9æ9[TE9^?c`G4Uyù>ì_HKc
ïIHPcS^�XaLRc�LPì_YZîdWPXZì_E WPì>óyc�î9LPc`G ôØì_HÁWKæIc�HPcSGdî9^?c`GV÷tLqW{[�WKc�é�ê å ê �Åìoêo÷téÅê�� õ ïIHPì_WPìd^�ìMY�û

' XrWKæ·HPcSGdî9^?c`GV÷tLqW{[�WKc�ïIHPì_WPìd^�ìMYZL`U9LPc?øMc?HKc=^?ì_EIíMc`LRWPXZì_EÆXZEÕWPæIc<^�ìMù<ù(îIEIXa^?[TWPXZì_EÆï9[�WKæ
æ9[_LwWPì óyc EIìTWKXrú9cSG WPì�WPæIc c`GdíMc·EIìdGdcSL?UÁLRXZE9^?cµ^�ìMHPc·E9ìVGIc`L�Gdì EIì_W/æ9[�øMc·ïgc`HR÷�ö9ì�ë
XZGdc`EoWPXÚúg^?[TWPXZì_EÕ[TE9GÕLPìw^?[_EIEIì_WFXÚEIXÚWPXa[�WKc�ö9ì�ë1WPc`HPù>XZE9[�WKXÚìME×û ç GIí_c�EIì_WPXÚúg^?[TWPXZì_EÆXaLFGdì_E9c
óoÿwWPæIc=ôØìMYÚYZì�ë'XÚE9í<ù>cS^{æ9[TEIXaLPù �¤LPc?c�è�XÚígû 	 ��û
D'ôÀWPc`H�HPc?÷�HKì_îIWPc`G·ï9[_^{]Mc�WKL�[THKHKXÚøMc �qñ ��^�ì_HKc�HKì_îIWPc?H{LÅc`LRWPXZù>[TWPc<WPæ9c<ì�øMc?HKYÚìo[_GÆì_ôÉWPæ9c

YÚXZEI] óVÿ�ù>cS[_LPîIHPXZEIí½[THKHKXÚøVXZEIíµWKHK[�@w^ � 	 �<ë'XÚWPæ$[ ú �dc`G ù>c`[MLRî9HPc`ù<c`EoW<XZEoWPc?HKø�[TY �
S
�Aû

å ôÉWPæ9c�c`LRWPXZù>[TWPcSG·ó9[_E9Gdë'XaGVWPæ¹XaL=æIXÚíMæIc?H�WKæ9[TE WPæIc>ïIHKc`GIc�ú9EIcSG [MGdù>XZLKLPXÚìME·WPæ9HPcSLRæIìMYZG×U
Gdc?EIì_WPcSG(óVÿ

T
U�WPæIc'HKì_îdWKc?H	^?ì_E9^?YÚî9GIc`LËLPc?ø_c`HPcÁ^�ìMEIí_cSLqWKXÚìME×û�D'ôÀWKc?HËWKæ9[�WSU�WPæIcÅ^�ì_HKc�HPìMîdWPc`H

XÚEdôØìMHPù�L�WKæIc'c`GdíMcÁEIìdGdc`LË[_ógìMîdWËWPæIcF[_ù>ì_îIEoWËìTôgWPæIc'cSLqWKXÚù�[�WKc`G<ì�ø_c`HPYZìM[MG�óVÿ�ù�[THK]VXÚEIí�
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��� �×HPc`í_îIYa[THKYZÿÅGdc��Mî9c?îIcSG�î9LPc?H�G9[�WK[Oï9[_^{]Mc�W{L?ûS\ÁæIcÉEVîIù(ógc`H-ìTôIù�[_HP]Mc`G=ï9[M^{]_c�W{L4c?Eg^�ìdGdc`L
WPæIcF[_ù<ìMîIEoW	ìTô¢ì�ø_c`HPYZìM[MG4û�DOL	[_E<c �I[Tù>ïIYZc_U�YZc�WÉî9LÉLRîIï9ïgìoLRc�WPæg[�W[TôÀWPc?H	[=ù>cS[_LPîIHPc`ù>c?EoW
XÚEoWPc`HPø�[_YOWKæIcµHKì_îdWKc?H c`LRWPXZù>[TWPcSGÖ[TE1[THKHPXZø�[TYFH{[�WKc

R
U�[_E9G

R > T
ûÁ\ÁæIc c`LRWPXZù>[TWPcSG

ì�ø_c?HKYZìM[_G XaL
R − T

�ØcMû ígûÚU�XZE�óVÿMWKc`L(ïgc`H(LPc`^?ì_E9GIL��Aû�\ÁæIc�^�ì_HKc�EIìdGdc/WPH{[TE9LRôØì_HKù�L�WPæ9XZL
ù<c?WPHKXZ^�WPì�[/EVîIù(ógc`HÅì_ôÉóVÿoWPc`LÅWKì/ù�[THK]Õ[_L

B = (R − T ) · S
û¢\ÁæIc<^?ì_HKc�HKì_îdWKc?H�ë'XÚYZY

ù>[_HP]>WKæ9[�W'ù�[TEVÿwYZc`[�øVXZEIí�ïg[_^{]_c?WKLWPæ9c=WPìTW{[TY4LPXÚQ`c�ì_ô�ë'æIXa^{æÆ^�ì_HKHKc`LPïgìME9GILÉWPì
B
Udë'æIXZYZc

[�EIc`ë:ó9[_E9Gdë'XaGVWPæ ù<cS[_LPîIHKc?ù>c?EoW'^�ÿd^�YZcOóyc?íMXÚE9L`û ' XrWKæ/WKæIXaLÁïIHPìd^?c`GdîIHKcFWKæIc=^�ì_HKcOE9ìVGIc
^?[TE½ù�[_E9[TíMc�WPì·c`E9^�ìdGdc�[TE9G½LPXZí_E9[_Y	WPæ9c [Tù>ìMîIEoW�ìTôFì�øMc?HKYÚìo[_GµWPìÕWKæIc/c`í_HKc`LKL�EIìdGdc`L
ë'XrWKæIì_îdWFHKc?YZÿVXÚE9í<ìME ïyc?HP÷�ö9ì�ë:XZEdôØì_HKù�[�WPXZì_E-û
D'ôÀWPc`H/HKc`^?c?XZøoXZEIí¹WKæIc·ú9H{LRW/ù�[THK]_c`G ï9[M^{]_c?W � � ��UÉc`ø_c?HKÿ c`í_HKc`LKL�EIìdGdcµ^?ì_îIEoW{L�WPæ9c

Eoî9ù�óyc?H�ìTô×HKc`^�c`XÚøMc`G>ù�[THK]_cSG>óVÿMWKc`Lë'XrWKæ/^�ìMîIEoWPXZEIí�XZEoWPc`HPø�[TY
S
ûVD'ôÀWPc`H�WPæIXaL ��� ��Uoc`í_HKc`LKL

EIìdGdc`L	WPH{[TE9LRôØì_HKùÙWPæ9cO^�ìMîIEoWPc`G>ù�[_HP]Mc`G(óoÿoWKc`L	óg[_^{]�WKì�[TE�ì�øMc?HKYÚìo[_G�óg[TE9Gdë'XaGVWKæ�ø�[_YÚî9c
[_LOôØì_YZYÚì�ëFL`û �-c�W

E
Gdc`EIìTWKc�WPæ9c<LPc�W=ìTôÉc`í_HKc`LKLFHKì_îdWKc?H{LFHKc`^?c?XZøoXZEIíwù�[_HP]Mc`GÕï9[M^{]_c?WKL`û

BeXZLÉWPæIc�[Tù>ì_î9EMW�ìTô×ù�[THK]_cSG>óVÿMWKc`L�^�ìMîIEoWPc`G>óVÿ>c?íMHPcSLPLÉHPìMîdWPc`HKL �
e ∈ E

��ûo\ÁæIc`E
Be

S

í_XZø_cSL
WPæIc�[Tù>ìMîIEoWìTô�ì�ø_c?HKYZìM[_G�LPc?c`E/óVÿ�c?íMHPcSLPLHKì_îdWKc?H
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∑
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S
= R − T.
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ù<cS[_LPîIHKc?ù>c?EoW(ïyc?HKXZìVG×U
T
XZL�WPæIcÕ[MGdù>XZLKLRXZì_E�^?ì_EoWPHKì_YWPæ9HPcSLRæIìMYZG×U�[_E9G

Mi

XaL�WKæIc
i
WKæ

ù<c`ù>ì_HKÿ�^�c?YZY �
i ∈ [1..N ]

��U�WPæIc`E$[�W>WPæIcÆc`E9G ì_ôÅc`ø_c?HKÿ¹ù>c`[_LPîIHKc?ù>c?EoW>XÚEoWKc?HKø�[_YÁWPæIc
^�ì_EgLRXaGdc?HKc`G ì�ø_c`HPYZìM[MG4UV[_LÁLRæ9ì�ë'E XZEÕè�XZí9û&�gUIXaL�WPæIc=ôØìMYÚYZì�ë'XÚE9í �

R̂ = R − T −

N∑

i=1

Mi .
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éFc��VWSUdWPæIc�ù>c`ù<ìMHPÿ/XZLÁîIï¢GI[TWPc`GÆ[ML��

Mi := Mi+1 ∀i = 1..(N − 1), and MN := R̂ .

DOL�GdXZLK^�îgLPLPc`GÖc`[THKYZXÚc`H`UÉWPæIc WPXZù>c îIEoWKXÚY�[¿^�ì_E9í_c`LRWPXZì_E:LPXZí_E9[_Y �¤ù>[_HP]Mc`G$ïg[_^{]_c?WKL��
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