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6WHSV�LQ�105�H[SHULPHQWV�

���&RKHUHQFH�JHQHUDWLRQ

���&RKHUHQFH�WUDQVIHU�DQG�RU�PL[LQJ

��WKURXJK�ERQG�FRKHUHQFH�WUDQVIHU

&26<�W\SH

72&6<

��WKURXJK�VSDFH�PDJQHWLVDWLRQ�WUDQVIHU

��KHWHURQXFOHDU�FRKHUHQFH�WUDQVIHU

���&RKHUHQFH�VHOHFWLRQ

��YLD�SKDVH�F\FOLQJ

��YLD�SXOVHG�ILHOG�JUDGLHQW

���$FTXLVLWLRQ
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XOWLPDWH�JRDO� WR�JHQHUDWH�WKH�ZDQWHG�REVHUYDEOH

DFKLHYHG�E\��� WKH�HYROXWLRQ�RI�WKH�GHQVLW\�RSHUDWRU�LQ�WLPH

WKH�SUREOHP�� YLD�PXOWLSOH�SXOVHV�DQG�GHOD\V�ZH�SURGXFH�VHYHUDO�GLIIHUHQW�FRKHUHQFHV

DPRQJ�WKHP�VRPH�DUH�ZDQWHG�VRPH�DUHQ
W

WKH�VROXWLRQ� RQH�KDV�WR�VHOHFW�WKH�GHVLUHG��DQG�RQO\�WKH�GHVLUHG�FRKHUHQFH�WUDQVIHU�SDWKZD\

WKH�DQVZHU�� ��SKDVH�F\FOLQJ

DFWLRQ�� UHSHDWLQJ�WKH�SXOVH�VHTXHQFH�VHYHUDO�WLPHV�EXW�YDU\LQJ�

WKH�UHODWLYH�SKDVH�RI�VHOHFWHG�SXOVHV

VHOHFWLRQ�� FR�DGGLQJ�WKH�VLJQDOV

��SXOVHG�ILHOG�JUDGLHQW

DFWLRQ� DFWLYDWLRQ�RI�D�ILHOG�JUDGLHQW�DW�VHOHFWHG�SRLQWV�LQ�WKH�

SXOVH�VHTXHQFH

VHOHFWLRQ� LQ�VLWXH
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PHPR�������LQ�FRKHUHQFH�OHYHO�GLDJUDP�WKH�UHOD[DWLRQ�LV�LJQRUHG��DV�LQ�32)�

PHPR�������WZR�VSLQ�V\VWHP��!�SRVVLEOH�VSLQ�VWDWHV�� αα
αβ
βα
ββ

VLQJOH�TXDQWXP�FRKHUHQFH���∆P� �±��RQH�VSLQ�VWDWH�LV�FKDQJLQJ H�J��αα�!αβ
GRXEOH�TXDQWXP�FRKHUHQFH�∆P� �±�����WZR�VSLQ�VWDWHV�DUH�FKDQJLQJ � H�J��αα�!�ββ
]HUR�TXDQWXP�FRKHUHQFH�����∆P� ��� WZR�VSLQV�VWDWHV�DUH�FKDQJLQJ

EXW�WKH�VSLQV�IOLS�LQ�RSSRVLWH�VHQVH� H�J��βα�!αβ
PHPR�����ORQJLWXGLQDO��]��PDJQHWLVDWLRQ�ZDV�D�]HUR�TXDQWXP�FRKHUHQFH
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S� �∆P�LV�WKH�RUGHU�RI�WKH�FRKHUHQFH

SURSHUW\���DEV��S��≤�QXPEHU�RI�VSLQV��H�J��,�DQG�6��������≤S≤����

]HUR�TXDQWXP�FRKHUHQFH��DQG�]�PDJQHWLVDWLRQ�KDYH�FRKHUHQFH�OHYHO � �

VLQJOH�TXDQWXP�FRKHUHQFH��KDV�FRKHUHQFH�OHYHO� ±�
GRXEOH�TXDQWXP�FRKHUHQFH��KDV�FRKHUHQFH�OHYHO� ±�
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ZKHUH�σL�LV�WKH�FRPSRQHQW�RI�WKH�RYHUDOO�GHQVLW\�RS��DVVRFLDWHG�ZLWK�WKH�L�WK�
FRKHUHQFH�OHYHO���SPD[�LV�WKH�PD[LPXP�SRVVLEOH�FRK��OHYHO�H�J��IRU�D�WKUHH�VSLQ�

V\VWHP��$0;��SPD[� ����

PHPR������D�UHDO�VSLQ�V\VWHP�VXFK�DV�/HX��$�%�037;��KDV��S����!����SRVVLEOH�FRK��OHYHOV�

UXOHV��� ���UI��SXOVHV�FDQ�LQGXFH�WKH�FRKHUHQFH�WR�EH�WUDQVIHUUHG�IURP�RQH�OHYHO�LQWR�DQRWKHU

��IURP�D�JLYHQ�OHYHO�>LI�WKLV�LV�QRW�WKH�WKHUPDO�HTX�@�LQWR�DOO�RWKHU�DYDLODEOH�OHYHOV�

���IUHH�SUHFHVVLRQ�FRQVHUYHV�WKH�FRKHUHQFH�RUGHU�

SUDFWLFDO�QRWDWLRQV�IRU�FRPSOH[�VLJQDO�TXDGUDWXUH�GHWHFWLRQ�

� FRKHUHQFH�WUDQVIHU�SDWKZD\�VWDUWV�DW�S� ���DQG�HQGV�DW�S� ���

�� IURP�WKHUPDO�HTX���HIIHFW�RI�WKH�ILUVW�SXOVH��FRKHUHQFH�RUGHU�±��LV�FUHDWHG�RQO\
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2QO\�WKH�GRXEOH�TXDQW�FRKHUHQFH�DUH�WR�EH�UHWDLQHG�DQG�WKH�SDWKZD\V�RI�FRK��OHYHO����������

GXULQJ�WKH�VHFRQG�GHOD\�VKRXOG�EH�GLVFDUGHG�

FRPPHQW�����D���R�±�Nπ��N� ������������SXOVH�SURGXFHV�IURP�DQ\�FRKHUHQFH�RUGHU�DOO�SRVVLEOH
FRKHUHQFH�RUGHUV�^IURP�FRK��RUGHU�L��!�S���S����������������S������S��DQG��S�≤�L�≤��S`

FRPPHQW�����D����R�±�Nπ��N� ������������SXOVH�SURGXFHV�IURP�FRKHUHQFH�RUGHU�L���!�RQO\��L
^IURP�FRK��RUGHU�L��!��L�ZKHUH���S�≤�L�≤��S`
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7UDQVYHUVH�PDJQHWLVDWLRQ��VLQJOH�TXDQW��FRK��EHWZHHQ�WZR�QXFOHDU�DQJXODU�PRPHQWXP

VWDWHV��LQGXFHV�YROWDJH�LQ�WKH�GHWHFWLRQ�FRLO��7KH�GHWHFWHG�VLJQDO�RVFLOODWHV�LQ�WLPH�

/HWV�FRQVLGHU�WKH�YHFWRU�PRGHO�

7KH�SKDVH�LV�WKH�UHODWLYH�SRVLWLRQ�RI�WKLV�YHFWRU�DW�WDFTX� ���

5HFHLYHU�SKDVH�FRQVWDQW��DQG�WKH�SKDVH�RI�WKH���R[�LV�LQFUHPHQWHG�E\����
R�

FRPPHQW���DGGLQJ�WKH�VLJQDOV�RI�WKH�IRXU�H[SHULPHQWV�QR�VSHFWUXP�LV�UHVXOWHG�LQ�
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5HFHLYHU�SKDVH�LV�LQFUHPHQWHG�E\���R����DQG�WKH�SKDVH�RI�WKH���R�LV�D�FRQVWDQW�[�

FRPPHQW���DGGLQJ�WKH�VLJQDOV�RI�WKH�IRXU�H[SHULPHQWV�QR�VSHFWUXP�LV�UHVXOWHG�LQ�

%RWK�WKH�UHFHLYHU�SKDVH�DQG�WKH�SKDVH�RI�WKH���R[�DUH�LQFUHPHQWHG�E\����
R��

FRPPHQW��DGGLQJ�WKH�VLJQDOV�RI�WKH�IRXU�H[SHULPHQWV����D�VSHFWUXP��REWDLQHG�ZLWK�LQWHQVLW\��
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ZKR�WR�VHOHFW�WKH�FRKHUHQFH�WUDQVIHU�SDWK"

'XH�WR�D�SXOVH�FRKHUHQFH�RUGHU�FKDQJHV�IRU�L�WR�N���∆S� �L���N�
,I�WKH�SKDVH�RI�WKLV�SXOVH�LV�FKDQJHG�E\�φ��WKHQ�WKH�DFTXLUHG�SKDVH�VKLIW�LV����∆Sφ

H�J��LI�L ����DQG�N� ��� WKDQ�FKDQJH�LQ�FRK��RUGHU��∆S���LV����������� ���
DQG�WKH�DFTXLUHG�SKDVH�VKLIW�LV�������φ�� ���φ

ZKR�WR�VHOHFW�EHWZHHQ�WKH�WZR�IROORZLQJ�SDWKZD\V

3XOVH�SKDVH��φ�������������∆S� �∆S�φ HTXL��F\FOH UHF��SKDVH VSHFWUXP

���������������>S@� ��R≤���≤���R� VHW�WR
GRXEOH�TXQDW��FRK��S� ���

� �� � � � �D

�� �� ��� ��� ��� �D

��� �� ��� ��� ��� �D

��� �� ��� �� �� �D

GRXEOH�TXQDW��FRK��S� ���

� �� � � � �D

�� �� ��� ��� ��� �D

��� �� ���� ��� ��� �D

��� �� ���� �� �� �D

]HUR�TXQDW��FRK��S� ��

� �� � � � �D

�� �� �� �� ��� �D

��� �� ��� ��� ��� �D

��� �� ��� ��� �� �D



3+$6&<&��

$IWHU�WKH�IRXU�VWHSV�S� ����DQG�S� ����UHVXOW�LQ����D���EXW�ZLWK�WKH�VDPH�UHFHLYHU�SKDVH�FR�

DGGLQJ�WKH�IRXU�VSHFWUD�RI�S� ���WKH�UHVXOW�����D�������D�� ��

7KH�%RGHQKDXVHQ�UHSUHVHQWDWLRQ�LV�EDVHG�RQ�ZKLFK�∆S�GR�SDVV�DQG�ZKLFK�GRQ
W�
^+HUH�∆S� ����DQG����SDVVHG��VR������������������������������`

FRPPHQW����

,Q�DQ�1�VWHS�SKDVH�F\FOH��WKH�YDOXH�RI����R�1�LV�LQFUHPHQWHG���ZLWK�WKH�∆S�SDWKZD\
DOVR�∆P�SDWKZD\V�DUH�VHOHFWHG��ZKHUH�∆P� �∆S�±�N1��N� ����������
^H�J��1� ���>��R�LQFUHPHQWV@�DQG�∆S� ����WKHQ�∆P� ����±�N���N� ����������

������VR�∆P� ������������������������������`
FRPPHQW������WKH�VHOHFWLRQ�RI�∆S�DPRQJ�U�SRVVLEOH�YDOXHV�UHTXLUHV�DW�OHDVW�DQ�U�VWHS�SKDVH
F\FOLQJ�

3XOVH�SKDVH��φ�������������∆S� �∆S�φ HTXL��F\FOH UHF��SKDVH VSHFWUXP
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$IWHU�WKH�VL[�VWHSV�∆S� ����UHVXOW�LV�����D��
%XW�ZLWK�WKH�VDPH�UHFHLYHU�SKDVH�FR�DGGLQJ�WKH�VL[�VSHFWUD�RI�∆S� ����WKH�UHVXOW�LV���
�7KH�UHVXOW�RI�WKH�VL[�YHFWRUV�DUH����

6R�ZLWK�WKH�SUHVHQW�SKDVH�F\FOH�ZH�KDYH�UHWDLQHG�∆S� ����DQG�HOLPLQDWHG�∆S� �����
�,Q�IDFW�ZH�KDYH�UHWDLQHG�∆P� ���±�N���N� ������������VR������������HWF��DUH�UHWDLQHG���

3UDFWLFDO�DVSHFWV�

,Q�WKHRU\� ��HDFK�SXOVH�PXVW�KDYH�D�VSHFLILF�SKDVH�F\FOH

��HDFK�SKDVH�F\FOH�DUH�WR�EH�H[HFXWHG�LQGHSHQGHQWO\�

,Q�SUDFWLFH DSSURSULDWH�SXOVHV�DQG�GHOD\V�DUH�JURXSHG�DQG�FRQVLGHUHG�WR�EH�SKDVH�

F\FOHG�WRJHWKHU�

,Q�UHDOLW\��� ��WKH�ILUVW���R�LV�QRW�SKDVH�F\FOHG��LW�SURGXFHV�RQO\�∆S ±��
��WKH�ODVW�SXOVH�LV�QRW�SKDVH�F\FOHG��RQO\�S� ����LV�REVHUYHG�

�IRU�VSLQ�����1�FRXSOHG�VSLQV�DUH�UHTXLUHG�WR�SURGXFH�1�TXDQW��FRK�

��SKDVH�F\FOLQJ�DJDLQVW�FRK��RUGHU�!�1�LV�XQQHFHVVDU\

��IRU�SURWRQ������FRK��RUG������LV�WR�EH�FRQVLGHUHG�RQO\��

H�J�

DLP��� WR�VHOHFW�RQO\�WKH�RYHUDOO�SDWKZD\�∆S� ���
LGHDOO\�� LQGHSHQGHQW���VWHS�SKDVH�F\FOH�IRU�WKH�ILUVW�DQG�IRU�WKH�VHFRQG�SXOVH��!�D�WRWDO

RI� ���VWHSV�DUH�UHTXLUHG�

JURXSLQJ� JURXSLQJ�WKH�WZR���R�V�DQG�WKH�LQWHUYHQLQJ�GHOD\�LQWR�RQH��D���VWHS�SKDVH�F\FOH�

PD\�SURYLGH�HQRXJK�VHOHFWLYLW\�

3XOVH�SKDVH��φ�������������∆S� �∆S�φ HTXL��F\FOH UHF��SKDVH VSHFWUXP
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:H�KDYH�UHWDLQHG�∆P� ���±�N���N� ������������VR�������������������HWF�



3+$6&<&��

$UWLIDFW�VXSSUHVVLRQ�YLD�SKDVH�F\FOLQJ�

&<&/236� FRPSHQVDWH�TXDGUDWXUH�LPPDJHV

LQ�TXDGUDWXUH�GHWHFW��WZR�LGHQWLFDO�FKDQQHOV�DUH�XVHG��UHODWLYH�SKDVH�VKLIW���R�

TXDGUDWXUH�JOLWFK��� DUWHIDFWV�E\�WKH�GLII��EHWZHHQ�WKH�GF��GLUHFW�

FXUUHQW��EDVHOLQH�RIIVHW�LQ�FKDQ���DQG�FKDQ���

TXDGUDWXUH�LPDJH�� GLII�VHQVLWLYLW\�RI�WKH�WZR�FKDQQHOV

WKH�TXDGUDWXUH�LPDJH
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7KH�DQVZHU�LV�D���VWHS�&<&/236

PHPR���D���VWHS�&<&/236�������������������DOVR�UHPRYHV�VLJQDO�IURP��'&�

(;25&<&/(��FRPSHQVDWH�LPSHUIHFW����R
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3XOVH�SKDVH��φ�������������∆S� �∆S�φ HTXL��F\FOH UHF��SKDVH VSHFWUXP
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:H�KDYH�UHWDLQHG�����������������HWF�

∆S� ����XQUHIRFXVHG�PDJQHWLVDWLRQ�
∆S� �±�����FRKHUHQFH�WUDQVIHU�SURF���DUH�HOLPLQDWHG�

$[LDO�SHDN�VXSSUHVVLRQ�

GXULQJ�IUHH�SUHFHVVLRQ��W���∆��τPL[���PDJQHWLVDWLRQ�UHOD[�WRZDUG�HTX�
FRQFOXVLRQ���EHIRUH�$&4��ZH�KDYH�D�SHDN�DW�)� ��

DQVZHU���SKDVH�F\FOLQJ�WKH�SXOVH�EHIRUH���W���∆��τPL[��HWF�
FRPPRQ�SURFHGXUH��SKDVH�F\FOLQJ�WKH�ILUVW�SXOVH����VWHS��

PHPR����'�12(6<�����VWHS�SKDVH�F\FOH������^12(6<��D[LDO�SHDN>τPL[�@&<&/236`
�'�&26<���������VWHS�SKDVH�F\FOH���������^������������������D[LDO�SHDN>W�@�����&<&/236`

�'�'4)&26<�����VWHS�SKDVH�F\FOH������^'4��D[LDO�SHDN>τPL[�@&<&/236`

OLPLWDWLRQV��� GLIIHUHQFH�PHWKRG

VHQVLWLYH�WRZDUG�FKDQJHV ��SXOVH�DPSOLWXGH

��SKDVH�FKDQJHV�RI�D�SXOVH

��ILHOG�IUHTXHQF\

��WHPSHUDWXUH

��ORFN�IUHTXHQF\

OHQJWK\��� IXOO�UHOD[DWLRQ�VKRXOG�EH�REWDLQHG��UG��
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�%R�LV�PDGH�LQKRPRJHQHRXV��ZKLFK�GHSKDVH�RU�UHIRFXVH�SUHYLRXVO\�GHSKVHG�FRKHUHQFH���$

GHSKDVLQJ�DQG�UHIRFXVLQJ�SXOVH�SDLU�LV�D�JUDGLHQW�HFKR��

SULQFLSOH��WKH�FRKHUHQFH�GHSKDVLQJ��φ��LV�SURSRUWLRQDO�WR ��γ��J\URPDJQHWLF�UDWLRV�
��S��FRKHUHQFH�RUGHU�

SUHY��WHFK��SUREOHP�� ��WKH�ILHOG�JUDGLHQW�LQIOXHQFHG�WKH��ORFN���

��WKH�ILHOG�JUDGLHQW�FDXVHG�ODUJH�HGG\�FXUUHQWV

DQVZHU��DFWLYH�VKLHOGLQJ

7KH�HIIHFW�RI�WKH�JUDGLHQW�SXOVH���VSDWLDOO\��]��GHSHQGHQW�SKDVH�LV�PDGH�IURP�D�XQLIRUP�SKDVH

7KH�JUDGLHQW�SURGXFHV�DQ��H[WUD��PDJQHWLF�ILHOG���%J�]�

%J�]�� �]�*]� �ZKHUH� *]�� �JUDG��VWUHQJWK��7�P�RU�*�FP�

]�� �]��W\SH��GLVWDQFH

%HII� �%R���%J�]�

WKH�/DUPRU�IUHTX��YDU\�DV�IXQFWLRQ�RI�]

ω��]�� ���γ�>%R���%J�]�@� ����γ�>%R���]�*]@� �ωR���γ]*]

FRPPHQW��� LQ�WKH�URWDWLQJ�IUDPH�WKH�IUHTXHQF\�LV� γ]*]
DIWHU�WLPH�W�WKH�VSDWLDO�GHSKDVLQJ�>φ�]�@�LV γ]*]W
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/HWV�FRQVLGHU�DQ�LQ�SKDVH�VLQJOH�TXDQW��FRK���,[���!�0[��W��≈�,[�W�

7KHQ�WKH�YDULDWLRQ�RI�WKH�EXON�PDJQHWLVDWLRQ�0[��W�

� ZLWK�QR�JUDGLHQW�

,[������,]�W���!����FRV�W��,[���VLQ�W��,\

WKH�QHW�[�PDJQHWLVDWLRQ�DFURVV�WKH�ZKROH�VDPSOH�
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&RQFOXVLRQ�� ��0[�GHFD\�LQ�DQ�RVFLOODWLQJ�PRGH

��VWURQJHU�JUDGLHQW�LQGXFHV�D�IDVWHU�GHFD\

��GHFD\�LV�IDVWHU�IRU�D�QXFOHL�ZLWK�KLJKHU�J\URPDJQHWLF�UDWLR

DSSUR[LPDWLRQ��LI�W�LV�ORQJ�HQRXJK�WKHQ�WKH�K\SHUEROLF�DSSUR[LPDWLRQ�KROGV�
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H�J�� ,I�D�VXSSUHVVLRQ�RI�D��+�LV�RI�LQWHUHVW��γ� ��������(���7��V���
LQ�QRUPDO�SURWHLQ�105�VDPSOH�UPD[�≈�����FP�>������P@
XVLQJ�D�JUDGLHQW�*]����*�FP�>���7�P@�
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LI�VXSSUHVVLRQ�LV������RI�WKH�RULJ��YDOXH��!��(��� ���>�����(���(��������(���W@

W ������PV

$V�PHQWLRQHG�SUHYLRXVO\�WKH�FRK��GHSKDVLQJ��φ��LV�SURSRUWLRQDO�WR ��γ��J\URPDJQHWLF�UDWLRV�
��S��FRK��RUGHU�

φ��U�W�� �V�%J�U�W�Σ�SLγL SLγL�J\URPDJQHWLF�UDWLRV�DQG�FRK��OHYHO�RI�QXFOHDU�VSHFLHV�L
WKH�JUDGLHQW�SURGXFHV�PDJQHWLF�ILHOG���%J�U�

V�LV�WKH�VKDSH�IDFWRU�RI�WKH�JUDGLHQW�SXOVH�

PHPR���JUDG��SXOVH�LV�QRW�UHFWDQJXODU�SXOVH��DW�W ��WKH�VORS�LV�∞��!�ODUJH
HGG\�FXUUHQWV� SK\VLFDO�GDPDJH�RI�WKH�FRLO�

V� ���W�∫�$�W��GW ZKHUH�DEV>$�W�@�≤��

ZKR�WR�VHOHFW�WKH�FRKHUHQFH�WUDQVIHU�SDWK"

$�JUDGLHQW�HFKR�LV�JHQHUDWHG�IRU�WKH�GHVLUHG�FRKHUHQFH�WUDQVIHU�SDWKZD\�

7KH�RYHUDOO�SKDVH�FKDQJH�IRU�WKH�VHOHFWHG�FRK��WUDQ��SDWKZD\�VKRXOG�EH�]HUR�

��φL���φN� ����

φL�� �V��SL�%J�W�
φN�� �V��SN�%J�W�

LI� SL� ����DQG�SN ����� >V� V��DQG��%J� %J�@

WKHQ�IURP�� ����W������W� �����!��W�� ��W�
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$UWHIDFW�VXSSUHVVLRQ

H�J���,\�����π�,[���!��,\��VSLQ�HFKR�

7KH�ILUVW�JUDGLHQW�GHSKDVHV�DQG�WKH�VHFRQG�UHSKDVHV��VDPH�VLJQ��VDPH�VWUHQJWK�

HIIHFW�RI�WKH� �]�JUDGLHQW��τ�����R��]�JUDGLHQW��τ�� �
��SXOVH�LPSHUIHFWLRQ�HOLPLQDWHG

��WUDQVYHUVH�PDJQHWLVDWLRQ�RI�D�GLII��VSLQ�LV�UHPRYHG

D�OLPLWDWLRQ�RI�SXOVHG�ILHOG�JUDGLHQW�

LI�SL���!�SM�LV�VHOHFWHG�E\�JUDGLHQW�WKHQ�WKH��SL���!�SM�FDQ�QRW�EH�VHOHFWHG�

6LQFH�ERWK�SDWKZD\V�DUH�UHTXLUHG��IUHTXHQF\�GLVFULPLQDWLRQ��WKH�WZR�SDWKZD\V�VKRXOG�EH

UHFRUGHG�VHTXHQWLDOO\�


