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5�B��CDE�FGH�I��JFKEFLMNMOPMQ�

RGSTLGFSDMGFP�BTGSTL�UML�COQSFDGFVDPDSW��XKKMOGSFVDPDSW�FGH�YKM7XUUMLHFVDPDSW�MU�SET�ZFL[T�FGH�C\FPP��ZTED[E�]GD^TLQDSW�

_TSEPTET\��`X��./����]CX
��CKEMMP�MU�YG[DGTTLDG[��IT\MKLDSOQ�]GD^TLQDSW�MU�aELFKT��bFGSED��567�8��//��5LTTKT

aET�NLD\FLW�TUUTKS�MU�LMKcQ�FGH�QSMGTQ�STGHDG[�SM�TLMHT�SMdFLHQ�QNETLDKDSW�QW\\TSLW�KFG�VT�DHTGSDUDTH�dDSE�SET�LFST�KEFG[T�MU�^MPO\T

dDSE� QOLUFKT��eFLVPT�NTVVPTQ�MU�^FLDMOQ� QEFNTQ�FGH� QDfTQ� FLT� LTKMLHTH�FGH�\MHTPTH�\FSET\FSDKFPPW�FQ� TPPDNQMDHQ��aET� LFST� KEFG[T�MU

^MPO\T�dDSE�QOLUFKT� � �� � �DQ�KM\NOSTH�UML�UPFS7QEFNTH�NTVVPTQ�dETLT�SET�SEDKcGTQQ�HD\TGQDMG�DQ�FQQO\TH�SM�VT�OGDSW��RG^McTH�DQ�SET

EWNMSETQDQ�SEFS�SET�KEFG[T�MU�QEFNT�FGH�QDfT�MU�NTVVPTQ�KFG�VT�KEFLFKSTLDfTH�VW�F�\FQSTL�KOL^T�HTLD^TH�ULM\� � � �� � �SET�
I�^TLQDMG�MU

� � �� � �aET�QNETLDKDSW�QW\\TSLW�DQ�FQQO\TH�SM�VT�KMGKTLGTH�dDSE�SET�NLTUTLTGKT�MU�LMOGHGTQQ�SM�QPTGHTLGTQQ�LT[FLHPTQQ�MU�SET�QOLUFKT

LMO[EGTQQ��Q\MMSEGTQQ�FGH�SET�\DGTLFPM[DKFP�KM\NMQDSDMG��aET�TLMQD^TGTQQ�FGH�FVLFQD^TGTQQ�MU�SET�QOLUFKT�FGH�SD\T�TUUTKSQ�KFG�DGSTLFKS

dDSE�QNETLDKDSW��dEDKE�DQ�FG�DQQOT�VTWMGH�SET�QKMNT�MU�SEDQ�dMLc�

*+,-�.�A�QW\\TSLW��QNETLDKDSW��LMOGHGTQQ��QPTGHTLGTQQ��TPPDNQMDH��QNETLMDH��NTVVPT��^MPO\T��QOLUFKT��TLMQDMG��FVLFQDMG

g�CDE�5�B���JFKEFLMNMOPMQ�I���
/�	

�34�#'$ 2!#+$�

CSMGTQ�FGH�LMKcQ�STGH�SM�VT�LMOGHTH�dETG�SLFGQNMLSTH

PMG[�HDQSFGKT�VW�dDGHQ�FGH�LFDGQ��CD\DPFL�NETGM\TGF�KFG

VT�MVQTL^TH�UML�MVhTKSQ�FQ�PFL[T�FQ�SET�QSFLQ�FGH�NPFGTSQ�FGH

FQ�Q\FPP�FQ�SET�VDMPM[DKFP�KTPPQ��iML�dEFST^TL�KFOQTQ�MU�TLM7

QDMG�FGHjML�FVLFQDMG��SETLT�FNNTFLQ�SM�VT�F�GFSOLFP�PFd�[M^7

TLGDG[�SET�KEFG[T�MU�QEFNT�FGH�QDfT�MU�MVhTKSQ��aEFS�DQ�SET

STGHTGKW�SMdFLHQ�SET�ED[ETQS�[TM\TSLDKFP�QW\\TSLW��aM�SEDQ

TGH��SET�LFST�KEFG[T�MU�̂ MPO\T�dDSE�QOLUFKT�� �� � �dDPP�VT

HTNDKSTH�FQ�SET�KFGHDHFST�SM�TkNPFDG�SEDQ�GFSOLFP�PFd��RS�SMMc

\MLT�SEFG��/�WTFLQ�QDGKT�SET��l./Q�SM�LTFPDfT�SEFS�SET�GT7

[PTKS�MU�DGSTLFKSDMG�VTSdTTG�SET�QOLUFKT�FGH�^MPO\T�EF^T

PTUS�\FGW�NEWQDKFP�NETGM\TGF�OGTkNPFDGTH��BPFQQDKFP�KMG7

SDGOO\�NEWQDKQ�FGH�\TKEFGDKQ�HDQKMGGTKSTH�QOLUFKT�FGH

^MPO\T�VW�FQQO\DG[�SEFS�SET�VMHW�UMLKTQ�^FGDQETH�DG�SET

PD\DS�UFQSTL�SEFG�SET�QOLUFKT�SLFKSDMGQ�m�n��aET�QM�KFPPTH�oQDfT

TUUTKSp�dFQ�PTUS�MOS�MU�KMGSDGOO\�\TKEFGDKQ�FGH�SETL\MHW7

GF\DKQ�dFQ�DGSLMHOKTH�FQ�F�QTNFLFST�HDQKDNPDGT��aEDQ�\FW
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VT�MGT�MU�SET�UOGHF\TGSFP�LTFQMGQ�dEW�SET�STGHTGKW�UML

MVhTKSQ�SM�QSLD^T�UML�ED[ETL�[TM\TSLDKFP�QW\\TSLW�dFQ�GT^TL

KMGQDHTLTH��aET�FQQO\NSDMG��� � ��� � → �EFQ�DG�TUUTKS�HDQ7

LT[FLHTH�SET�GFSOLFP�PFd�MU�MVhTKSQ�STGHDG[�SMdFLHQ�ED[ETL

QW\\TSLW��RS�EFQ�FPQM�FUUTKSTH�SET�SEDGcDG[�MU�LTQTFLKETLQ

UML�\MLT�SEFG�F�KTGSOLW�

5LFGSTH�QOLUFKT�STkSOLT�FUUTKSQ�SET�QDfT�QEFNT�FGH�LMOGH7

GTQQ�MU�MVhTKSQ�TG[OPUTH�VW�MOSTL�QNFKT��MKTFG�FGH�HTQTLS�

`MMLPW�QMLSTH�QF\NPTQ�KFG�VT�OG\FGF[TFVPT�dETG�QTTcDG[

UML�SET�UOGHF\TGSFPQ�MU�KFOQT�FGH�TUUTKS��X�dTPP�QMLSTH�[LMON

MU�QF\NPTQ�dMOPH�\FHT�GMST�MU�SET�QDfT�QKFPT�FGH�QEFNT�ML

SET�QNETLDKDSW�dEDKE�LTUTLQ�SM�SET�LMOGHGTQQ�FGH�QPTGHTL7

GTQQ�MU�SET�MVhTKSQ�DG�[TGTLFP��DG�KMGSLFQS�SM�SET�LTQSLDKSTH

HTUDGDSDMG�MU�SET�LFSDM�MU�SET�QOLUFKT�FLTF�MU�SET�QNETLT�SM

SEFS�MU�SET�MVhTKS�qLTUTLLTH�SM�FQ�NFLSDKPTr�DG�m
n��XG�FLVD7

SLFLW�KMGHDSDMG��EMdT^TL��dFQ�DG^McTH�SM�QTS�SET�̂ MPO\T�MU

SET�QNETLT�TsOFP�SM�SEFS�MU�SET�NFLSDKPT�dDSEMOS�NEWQDKFP�GML

\FSET\FSDKFP� TkNPFGFSDMG� TkKTNS� SET� UFKS� SEFS� o^MPO\Tp

QEMOPH�QM\TEMd�DGSTLFKS�dDSE�oQOLUFKTp��aEDQ�FNNTFLQ�SM

VT�SET�MGPW�dFW�SET�QNETLDKDSW�NFLF\TSTL�m
n�KFG�VT�\FHT

SM�HTNTGH�MG�̂ MPO\T�MU�SET�NFLSDKPT�qMVhTKSr�FGH�FLTF�MU�SET

NFLSDKPT��aET�UMLSODSMOQ�LTQOPS�[F^T�SET�D\NLTQQDMG�SEFS�SET

^MPO\T�SM�QOLUFKT�TUUTKSQ�dTLT�DGSTLFKSD^T��aET�DGSODSDMG

HTQTL^TQ�KLTHDS�T^TG�SEMO[E�SET�HTLD^FSDMG�PFKcQ�PM[DK��aET

\FSET\FSDKFP�TsOD^FPTGKT�MU�̂ MPO\T�MU�SET�MVhTKS�FGH�QNET7

LT�DQ�DLLT^MKFVPT�FGH�KFGGMS�VT�hOQSDUDTH�VW�EFGH�dF^DG[

QSFST\TGSQ�

CNETLDKDSW�� DG�[TGTLFP�� DQ�FQQMKDFSTH�dDSE� SET� LFSTQ�MU

TkKEFG[T�MU�̂ MPO\T�dDSE�QOLUFKT�SEFS�HTSTL\DGT�SET�LMOGH7

GTQQ�FGH�QPTGHTLGTQQ�MU�MVhTKSQ��RS�HMTQ�GMS�EF^T�SET�QF\T

\TFGDG[�FQ�SEFS�KMGQDHTLTH�DG�m
n��RS�DG^MP^TQ�F�SD\T�HTNTG7

HTGS�T^TGS�dDSE�SET�KEFG[T�MU�[TM\TSLW��aETQT�TUUTKSQ�FLT

LT^TFPTH�VW�F�\FQSTL�KOL^T�SEFS�TkEDVDS�F�HDLTKSDMGFP�NLTUTL7

TGKT�FGH�ETGKT�SD\T�TUUTKS��SETW�F[LTTH�dTPP�dDSE�SET�HFSF

MU�NTVVPTQ�

536)�!+-+!+#"$-/$!&#+$�&� %�&#*�'+�0

6MOGHGTQQ�FGH�LMO[EGTQQ�FNNTFLFGKT�KFG�NLM^DHT�SLFGQ7

NMLS�DGUML\FSDMG�MG�SET�SWNT�MU�MVhTKSQ��aET�KEFLFKSTLDQSDK

FVLFQDMG�NFSSTLGQ�MU�QNFKT�HOQSQ�FGH�\TSTMLDSTQ�MG�SET�HdFLU

NPFGTSQ�KFG�LT^TFP�SETDL�SD\T�EDQSMLW��aET�QF\T�FNNPDTQ�SM�F

[LFDG�MU�QFGH�dDSE�SET�QF\T�QEFNT�dDSE�HDUUTLTGS�FVLFQD^T

QOLUFKT�dETG�MVQTL^TH�OGHTL�ED[E�\F[GDUDKFSDMG��XPSEMO[E

SET�STkSOLT�MU�SETDL�QOLUFKT�HDUUTLQ��SETW�EF^T�F�QSLDcDG[�KM\7

\MG�UTFSOLT��oSET�QEFNTp�LTQT\VPDG[�SEFS�MU�FG�TPPDNQMDH

NTVVPT��eMLTM^TL��SETLT�DQ�F�UOGHF\TGSFP�DG^FLDFGS�NLMNLD7

TSW�MU�SET�STGHTGKW�SMdFLHQ�F�ED[ETL�HT[LTT�MU�[TM\TSLDKFP

QW\\TSLW��LT[FLHPTQQ�MU�PMKFSDMG�FGH�dTFSETLDG[��aEDQ�KEFL7

FKSTLDQSDK�MU�GFSOLT�dDPP�VT�TkNPMLTH�\FSET\FSDKFPPW�FGH

TkNTLD\TGSFPPW�UML�SET�NTVVPTQ�

iD[OLT���[D^TQ�F�KPMQT7ON�^DTd�MU�QFGH�ULM\�SET�5MVD

ITQTLS� DG�eMG[MPDF��]GHTL� SET�TPTKSLMG�\DKLMQKMNT�� SET

QFGH�NFLSDKPTQ�ULM\��/t
�SM���\\�DG�QDfT�KFG�VT�TGPFL[TH�SM

NTVVPTQ�MU�HDUUTLTGS�QDfTQ�FGH�QEFNTQ��ITQTLS�QFGHQ��SLFGQ7

NMLSTH�PMG[�HDQSFGKTQ�VW�dDGHQ��FLT�SWNDKFPPW�LMOGHTH��BM\7

NFLFVPT�QDfTQ�FGH�QEFNTQ�MU�QFGH�dETG�TGPFL[TH�FPQM�LT7

QT\VPT�SEMQT�KMPPTKSTH�ULM\�VTFKETQ�MU�aEFQQMQ��UFKDG[�SET

GMLSETLG�QDHT�MU�SET�XT[TFG�QTF�dEDKE�DQ�UFL�FdFW�ULM\�SET

5MVD�ITQTLS��aET�QFGH�NTVVPTQ�FGH�SEMQT�FS�SET�VTFKETQ�MU

aEFQQMQ�QEFLT�QD\DPFL�[TM\TSLDKFP�KMGUD[OLFSDMGQ��iD[OLT�


QEMdQ�FG�OGQMLSTH�KMPPTKSDMG�MU�\DkSOLT�MU�PFL[T��\THDO\

FGH�Q\FPP�NTVVPTQ�dEDPT�iD[����[D^TQ�FG�MLHTLPW�HDQNPFW�MU

TPPDNQMDHQ�FGH�QNETLMDHQ�MU�\FLVPT�NTVVPTQ�

aET�aEFQQMQ�LD^TLQ�SLFGQNMLS�SET�LMKc�QTHD\TGSQ�SM�SET

MKTFG��aETW�FLT�TLMHTH�VW�SET�MKTFG�dF^TQ�M^TL�SET�WTFLQ

FGH�dFQETH�MGSM�SET�VTFKETQ�MU�aEFQQMQ��aETDL�^FLDFSDMGQ

DG�QDfTQ�FGH�QEFNTQ�FLT�\FGDUTQSFSDMG�MU�SET�HDUUTLTGKT�DG

MKTFG�KOLLTGS�̂ TPMKDSW��NLTQQOLT��dTFSETLDG[�FGH�LMKc�NLMN7

TLSDTQ�[D^DG[�LDQT�SM�HDUUTLTGS�LFSTQ�MU�TLMQDMG�FGH�FVLFQDMG�

aETQT�DGKDHTGSFP�HTSFDPQ�GTTH�GMS�TGSTL�SET�FGFPWQDQ�UML�TQ7

SFVPDQEDG[�SET�STGHTGKW�UML�NTVVPTQ�SM�T^MP^T�SM�F�ED[ETL

QSFST�MU�QW\\TSLW�ULM\�KFLTUOPPW�QTPTKSTH�QF\NPTQ�FS�SET

VTFKETQ�MU�aEFQQMQ�

736)*�'+!+#"(",,�#'"�8&#*�,&#+!&/,$ �/

aET�STL\�QNETLDKDSW�dFQ�DGSLMHOKTH�VW�uFHTPP�m
n� SM

\TFQOLT�SET�LMOGHGTQQ�qQNETLDKFPr�MU�FG�MVhTKS��XG�DGHTk

Ψ��HTUDGTH�FQ�SET�LFSDM�MU�SET�QOLUFKT�FLTF� �� �MU�SET�QNETLT

SM�SET�QOLUFKT�FLTF� 	� �MU�SET�MVhTKS��dFQ�LTUTLLTH�SM�FQ�SET

iD[�����BPMQT7ON�MU�QFGH�ULM\�SET�5MVD�ITQTLS��eMG[MPDF iD[��
��RLLT[OPFL�QEFNTQ�FGH�QDfT
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oQNETLDKDSWp��QOKE�SEFS� � 	 �� �Ψ = �XQ�QOKE��SET�HTUDGDSDMG

DG^MP^TH�MGPW�SET�QOLUFKT�FLTFQ�MU�SET�QNETLT�FGH�MVhTKS�qML

NFLSDKPTr��aET�QSDNOPFSDMG�dFQ�\FHT�UML� �� �SM�EF^T�SET�QF\T

^MPO\T� 	� �MU�SET�MVhTKS�qML�NFLSDKPTr��aEDQ�DQ�\FSET\FSD7

KFPPW�TsOD^FPTGS�SM�QTSSDG[� � 	 �� �= �FG�DLLT^MKFVPT�\FGDNO7

PFSDMG�SEFS�DQ�GMS�D\\OGT�SM�HDQNOST��RGSTLTQSDG[PW��SET�QSDNO7

PFSDMG�LTKM[GDfTH�SET�DGSTLFKSDMG�VTSdTTG�SET�QOLUFKT�FGH

^MPO\T�m�n�SEFS�EFQ�VTTG�M^TLPMMcTH�DG�SET�HT^TPMN\TGS�MU

SETMLDTQ�DG�NEWQDKQ�FGH�\TKEFGDKQ��RS�dFQ�GMS�OGSDP�SET��l./Q

SEFS�SET�VMHW�UMLKTQ�dTLT�LTKM[GDfTH�SM�VT�DGSTLFKSD^T�dDSE

SET�QOLUFKT� SLFKSDMGQ�^DF� SET�LFST�KEFG[T�MU�^MPO\T�dDSE

QOLUFKT�MU�SET�TPT\TGS��RG�SEDQ�dFW��SET�QM�KFPPTH�oQDfT�TU7

UTKSp�dTLT�VLMO[ES�DGSM�KMGSDGOO\�\TKEFGDKQ��]N�SM�SEFS

NMDGS��QOLUFKT�FGH�^MPO\T�TUUTKSQ�FLT�cGMdG�SM�VT�LTPFSTH

NEWQDKFPPW��VOS�hMDGTH�\FSET\FSDKFPPW�VW�DG^McDG[�FHHDSDM7

GFPvEWNMSETQTQ��aEDQ� DQ�VFQDKFPPW�HOT� SM� QTSSDG[� SET� PD\DS

� � �� � → �SEFS�PTFHQ�SM�SET�QTNFLFSDMG�MU�QOLUFKT�FGH�̂ MP7

O\T�TUUTKSQ�m�n��COLUFKT�DQ�NFLS�MU�SET�̂ MPO\T�FGH�̂ DKT�̂ TLQF�

aETW�DGKLTFQT�FGH�HTKLTFQT�QD\OPSFGTMOQPW��aETDL�QTNFLF7

SDMG�dMOPH�LTQOPSQ�DG�DGKMGQDQSTGKDTQ�

CNETLDKDSW��FQ�HTUDGTH�NLTQTGSPW��DQ�KMGKTLGTH�dDSE�SET

LMOGHGTQQ�FGH�QPTGHTLGTQQ�MU�FG�MVhTKS��RS�HMTQ�GMS�EF^T

SET�QF\T�\TFGDG[�FQ�SEFS�KMGQDHTLTH�DG�m
n��eMLT�QNTKDUD7

KFPPW�� LMOGHGTQQ� FGH� QPTGHTLGTQQ� NTLSFDG� SM� QEFNT�dEDPT

LMO[EGTQQ�FGH�Q\MMSEGTQQ�SM�QOLUFKT�STkSOLT��aETW�FLT�LT7

PFSTH�SM�QDfT�MU�SET�MVhTKS��C\FPP�NFLSDKPTQ�EF^T�F�PFL[T�QOL7

UFKT�FLTF�DG�KMGSLFQS�SM�PFL[T�MVhTKSQ�SEFS�FLT�PTQQ�PDcTPW�SM

VT�FUUTKSTH�VW�FVLFQDMG��RG�SEDQ�PD[ES��SET�QOLUFKT�MU�F�[LFDG

MU� QFGH� DQ� TkNTKSTH� SM� VT� LMO[ETGTH�\MLT� SEFG� F� PFL[T

NTVVPT��aET�QDfT�MU�SET�MVhTKS�KM\TQ�DGSM�NPFW�^DF�SET�Tk7

KEFG[T�MU�SET�QOLUFKT�FGH�^MPO\T��aET�DGHD^DHOFP�TUUTKSQ

FLT�DGSTLdM^TG��iD[OLTQ�	�FGH���TkEDVDS�SdM�QTT\DG[PW�QD\D7

PFL�MVhTKSQ�dDSE�HDUUTLTGS�QOLUFKT�STkSOLTQ��wGT�MU�SET\�DQ

FG�FLSDQSDK�D\F[T�MU�F�xFKMVD7TPPDNQMDH�HdFLU�NPFGTS�LTQT\7

VPDG[�FG�TPPDNQMDH�NTVVPT��IdFLU�NPFGTSQ�FLT�FVMOS��//t

��//�c\�DG�HDF\TSTL��aETDL�GFSOLFP�STGHTGKW�DQ�SM�VTKM\T

QNETLMDHQ��iD[OLT���DQ�F�[LFDG�MU�QFGH�ULM\�SET�5MVD�ITQTLS

DG�eMG[MPDF��aET�FKSOFP�QDfT�DQ�FVMOS��//�µ\�\F[GDUDTH

×
//��RGHTTH��SET�QDfT�FGH�QOLUFKT�STPP�SET�SD\T�EDQSMLW�MU

FVLFQDMG�VW�QNFKT�HOQSQ�DG�KMGSLFQS�SM�FVLFQDMG�VW�QFGH�QTHD7

\TGSQ��iD[OLTQ�	�FGH���PFKc�SET�LTQMPOSDMG�SM�DPPOQSLFST�SET

HTSFDPQ�MU�SET�TUUTKSQ�MU�LMOGHGTQQ�FGH�LMO[EGTQQ�

)�%��/������.
���,00+1�,

BMGQDHTL�FG�TPPDNQMDH�dDSE�HDQSDGKS�QT\DFkTQ�
�≥�2�≥���
aET�^MPO\T�MU�SET�DGSTLGFP�NFLS�MU�SET�TPPDNQMDH�DQ�[D^TG�VW
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aET�QOLUFKT�FLTF�TGKPMQDG[�SET�TPPDNQMDH�DQ
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3qϕ��4r�FGH�/qϕ��4r�FLT�DGKM\NPTST�TPPDNSDK�DGST[LFPQ�MU�SET

UDLQS�FGH�QTKMGH�cDGH�LTQNTKSD^TPW�

)�#��/����1��
��
���5�0
1�6
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