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6XPPDU\
)RU� RYHU� D� GHFDGH� QRZ� WKHUH� KDV� EHHQ� PXFK� UHVHDUFK� LQWR� WKH� XVH� RI

VXSHUFRQGXFWRUV�LQ�;�UD\��JDPPD�UD\�DQG�RWKHU�SDUWLFOH�GHWHFWRUV��'HWHFWRUV�EDVHG�RQ

VXSHUFRQGXFWRU�LQVXODWRU�VXSHUFRQGXFWRU�6,6�� DQG� VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO

PHWDO�6,1�� WXQQHO� MXQFWLRQV� KDYH� EHHQ� ZLGHO\� GHYHORSHG�� 7R� GDWH�� WKH� SUHGLFWHG

H[FHOOHQW� HQHUJ\� UHVROYLQJ� DELOLW\� RI� VXFK� GHWHFWRUV� KDV� QRW� EHHQ� UHDOLVHG�� 9DULRXV

HQHUJ\�ORVV�SURFHVVHV�KDYH�EHHQ�VXJJHVWHG�DV�SRVVLEOH�FDXVHV�IRU�WKH�IDLOXUH�WR�REWDLQ

HQHUJ\�UHVROXWLRQV�FORVH�WR�WKH�WKHUPRG\QDPLF�DQG�TXDQWXP�OLPLWV�SUHGLFWHG�

,Q� P\� H[SHULPHQWV�� ,� KDYH� XVHG� ERWK� 6,6� DQG� 6,1� WXQQHO� MXQFWLRQV� WR

LQYHVWLJDWH� WKH� WUDQVSRUW� RI� TXDVLSDUWLFOHV� DQG� SKRQRQV� LQ� VWUXFWXUHV� VLPLODU� WR� WKH

SURSRVHG� GHWHFWRU� GHVLJQV�� ,� KDYH� XVHG� PXOWLSOH� GLVWULEXWHG� MXQFWLRQ� JHRPHWULHV� WR

SHUIRUP� LQMHFWLRQ�GHWHFWLRQ� W\SH� H[SHULPHQWV�� 2QH� MXQFWLRQ� LV� XVHG� WR� LQMHFW

TXDVLSDUWLFOHV� DQG�RU� SKRQRQV� LQWR� WKH� GHYLFH� VWUXFWXUH�� ZKLOVW� WKH� FXUUHQW�YROWDJH

FKDUDFWHULVWLF� RI� D� VHFRQG� MXQFWLRQ� LV� PRQLWRUHG� IRU� D� UHVSRQVH� WR� WKH� LQMHFWHG

TXDVLSDUWLFOHV�SKRQRQV�

8VLQJ�WKLV�W\SH�RI�H[SHULPHQWDO�VHW�XS��,�KDYH�PHDVXUHG�WKH�WUDQVSRUW�RI�QRQ�

WKHUPDO� HTXLOLEULXP� TXDVLSDUWLFOHV� LQ� DQ� HSLWD[LDO� QLRELXP� ILOP�� 8VLQJ� D� VLPSOH

UDQGRP�ZDON�PRGHO��,�KDYH�FDOFXODWHG�DQ�HIIHFWLYH�OLIHWLPH�IRU�TXDVLSDUWLFOHV�� ,�KDYH

QRW� REVHUYHG� WKH� SURFHVV� RI� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� WKDW� KDV� EHHQ� REVHUYHG� E\

RWKHU�UHVHDUFKHUV��� ,�DWWULEXWH�WKLV� WR�GLIIHUHQFHV�LQ�WKH�PLFURVWUXFWXUH�RI�P\�GHYLFHV

DQG�FRPPHQW�RQ�WKH�LPSOLFDWLRQV�RI�WKLV�WR�SRVVLEOH�TXDVLSDUWLFOH�ORVV�PHFKDQLVPV�

,� KDYH� LQYHVWLJDWHG� WKH� HQHUJ\� WUDQVSRUW� LQ� D� GHYLFH� ZLWK� D� QXPEHU� RI� 6,1

WXQQHO�MXQFWLRQV�FRQQHFWHG�WR�D�FRPPRQ�QRUPDO�PHWDO�HOHFWURGH��3KRQRQ�WUDQVSRUW�YLD

WKH� VXEVWUDWH� LV� IRXQG� WR� EH� WKH� GRPLQDQW� FRXSOLQJ� SURFHVV� EHWZHHQ� WKH� WXQQHO

MXQFWLRQV�� DOWKRXJK� WKH�GHYLFH�GHVLJQ� FDQ� UHVXOW� LQ� VRPH� MXQFWLRQV� EHLQJ� HIIHFWLYHO\

VKLHOGHG�IURP�WKH�VXEVWUDWH�SKRQRQV�E\�WKH�FRPPRQ�HOHFWURGH�

)LQDOO\��WKH�SRVVLELOLWLHV�RI�XVLQJ�D�VXSHUFRQGXFWLQJ�KHWHURVWUXFWXUH�WR�FRQWURO

WKH� UDWH� DW� ZKLFK� TXDVLSDUWLFOHV� UHFRPELQH� DQG� HPLW� SKRQRQV� KDYH� EHHQ� H[SORUHG�

([FHVVLYH� UHFRPELQDWLRQ� LV� EHOLHYHG� WR� OLPLW� WKH� HIIHFWLYHQHVV� RI� ODUJH� DUHDV� 6,1

WXQQHO�MXQFWLRQV�DV�WKHUPRPHWHUV�IRU�SDUWLFOH�GHWHFWLQJ�ERORPHWHUV�



LL

3UHIDFH
7KLV�GLVVHUWDWLRQ��ZKLFK�LV�VXEPLWWHG�IRU�WKH�GHJUHH�RI�'RFWRU�RI�3KLORVRSK\�LQ

WKH� 8QLYHUVLW\� RI� &DPEULGJH�� GHVFULEHV� ZRUN� FDUULHG� RXW� IURP� 2FWREHU� ����� WR

$XJXVW������ LQ� WKH�'HSDUWPHQW�RI�0DWHULDOV�6FLHQFH� DQG�0HWDOOXUJ\��8QLYHUVLW\� RI

&DPEULGJH��([FHSW�ZKHUH�VSHFLILF�UHIHUHQFH�LV�PDGH��WKLV�ZRUN�LV�HQWLUHO\�WKH�UHVXOW�RI

P\�RZQ�ZRUN�DQG�LQFOXGHV�QRWKLQJ�WKDW�LV�WKH�RXWFRPH�RI�ZRUN�GRQH�LQ�FROODERUDWLRQ�

1R�SDUW�RI�WKLV�ZRUN�KDV�EHHQ�RU�LV�EHLQJ�VXEPLWWHG�IRU�DQ\�RWKHU�TXDOLILFDWLRQ�DW�WKLV

RU�DQ\�RWKHU�XQLYHUVLW\�

*DYLQ�%XUQHOO

'HYLFH�0DWHULDOV�*URXS��'HSW��0DWHULDOV�6FL���8QLYHUVLW\�RI�&DPEULGJH

$XJXVW������

,W�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�IRU�PH�WR�FDUU\�RXW�WKLV�ZRUN�ZLWKRXW�WKH�KHOS

DQG�VXSSRUW�RI�PDQ\�SHRSOH��)LUVWO\��,�PXVW�WKDQN�P\�VXSHUYLVRU��'U��0DUN�%ODPLUH�

ZKR� KDV� VKRZQ� H[WUHPH� IRUEHDUDQFH�� GHVSLWH� KDYLQJ� D� VWXGHQW� VHHPLQJO\� EHQW� RQ

GRLQJ� HYHU\WKLQJ� WKDW� KDG� DEVROXWHO\� QRWKLQJ� WR� GR�ZLWK� WKH� KLV� UHVHDUFK� SURMHFW�� ,

ZRXOG�DOVR�OLNH�WR�WKDQN�WKH�KHDG�RI�WKH�'HYLFH�0DWHULDOV�*URXS��'U���QRZ�3URI���-DQ

(YHWWV�� DQG� WKH� KHDGV� RI� WKH�0DWHULDOV� 6FLHQFH� DQG� 0HWDOOXUJ\� 'HSDUWPHQW�� 3URIV�

+XPSKUH\V� DQG�:LQGOH�� IRU� SURYLGLQJ� ODERUDWRU\� IDFLOLWLHV�� ,� KDYH� EHHQ� VXSSRUWHG

ILQDQFLDOO\�E\� WKH�(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFHV�5HVHDUFK�&RXQFLO��DQG� WKH�86

1DYDO�5HVHDUFK�/DERUDWRU\�� ,Q�DGGLWLRQ�� ,� WKDQN�.LQJ
V�&ROOHJH�&DPEULGJH� IRU�KHOS

ZLWK�WUDYHOOLQJ�H[SHQVHV�

,PSRUWDQW�RQ�D�GD\�WR�GD\�EDVLV�WR�P\�UHVHDUFK�KDYH�EHHQ�WKH�RWKHU�PHPEHUV

RI� 'HYLFH�0DWHULDOV� *URXS�� ,Q� SDUWLFXODU� ,� ZRXOG� OLNH� WR� WKDQN� �QRZ� 'U���:LOIUHG

%RRLM�ZKR�KDV�SURYLGHG� LQYDOXDEOH�DGYLFH��PHDVXUHPHQW�KDUGZDUH�� DQG� UDWKHU�PRUH

PHDOV� WKDQ� ,� JDYH� LQ� UHWXUQ� �� 'U�� =RH� %DUEHU� KDV� VKRZQ� PXFK� SDWLHQFH� ZLWK� P\

LQWHPSHUDWH�DQG�QRUPDOO\�XQIRXQGHG�DFFXVDWLRQV�DJDLQVW� WKH�FOHDQ�URRP�HTXLSPHQW�

5LFKDUG� 0RVHOH\� DQG� 'U�� ,NXR� .DQQR� KDYH� KHOSHG� HQRUPRXVO\� DV� ZH� KDYH
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FROOHFWLYHO\�VWUXJJOHG�RYHU�IDU�WRR�PDQ\�PRQWKV�ZLWK�RXU�GHYLFH�SURFHVVLQJ�IDLOXUHV�

'U��(G�7DUWH�KDV�DOZD\V�EHHQ�UHDG\�WR�DWWHPSW�WR�LQFUHDVH�P\�NQRZOHGJH�RI� WKHRU\�

2WKHUV� ZKR� PDGH� P\� WLPH� YHU\� HQMR\DEOH� LQFOXGH�� �KRSHIXOO\� VRRQ� WR� EH� 'UV��

'RORUHV�9D]TXH]�1DYDUUR�DQG�6WHYH�,VDDF��<RJHVK�6RPDQ��'DQLHO�-DUGLQH��'U��5REHUW

+HU]RJ��'U��-HVVLFD�2ZHQV�DQG�'U��0DUWLQ�*RRGFKLOG�

2XWVLGH�RI� WKH� ODERUDWRU\�� ,�PXVW� ILUVWO\� WKDQN�P\�KRXVHPDWHV��5HEHFFD� DQG

3HUF\�3UHVWRQ��ZKR�KDYH�KDG�WR�SXW�XS�ZLWK�PH�GRLQJ�IDU�OHVV�WKDQ�P\�IDLU�VKDUH�RI�WKH

KRXVHZRUN�� ,� ZRXOG� DOVR� OLNH� WR� WKDQN� DOO� RI� WKH� &DPEULGJH� <RXQJ� )ULHQGV�� LQ

SDUWLFXODU�5XWK�6DQGHUV�ZKR�KHOSIXOO\�FRQWULEXWHG�WKH�ZRUG� 
PRQNH\
� IRU� WKLV� WKHVLV�

7KDQNV� DUH� DOVR� GXH� WR�P\� UHODWLRQV�� LQ� SDUWLFXODU�P\� SDUHQWV��0DUWLQ� DQG� -RFHO\Q�

)LQDOO\��DQG�LQ�QR�PHDQV�OHDVW��,�ZRXOG�OLNH�WR�WKDQN�5DFKHO�0XHUV�ZKR�KDV�HQGXUHG

P\�VWUHVVHG�VWDWH�RYHU�WKH�ODVW����PRQWKV�

7KLV�WKHVLV�ZDV�SURRI�UHDG�E\�'U��:LOIUHG�%RRLM��5LFKDUG�0RVHO\�DQG�5DFKHO

0XHUV��WR�ZKRP�,�DP�YHU\�JUDWHIXO�

3UHIDFH�WR�WKH��QG�(GLWLRQ
,Q�WKLV�WKH�VHFRQG�HGLWLRQ�RI�WKLV�WKHVLV�� ,�VKRXOG�OLNH�WR�WKDQN�P\�H[DPLQHUV�

'U�� (G� 7DUWH� DQG� 3URI�� *RUGRQ� 'RQDOGVRQ�� ILUVWO\� IRU� UHFRPPHQGLQJ� PH� IRU� WKH

GHJUHH� RI� 3K'� RQ� WKH� EDVLV� RI� WKLV�ZRUN�� DQG� VHRQGO\� IRU� EULQJLQJ� WR�P\� DWWHQWLRQ

VRPH� ORRVHO\� ZRUGHG�� ZLOG�� RU� MXVW� SODLQ� ZURQJ� VWDWHPHQWV�� ,Q� DGGLWLRQ� WR� WKHVH

FRUUHFWLRQV�� D� QHZ� VHFWLRQ� RI� WKH� FRQFOXVLRQV� KDV� EHHQ� DGGHG�� YDULRXV� VRIWZDUH

LQGXFHG� W\SHVHWWLQJ� JOLWFKHV� UHPRYHG�� DQG� D� TXRWH� FRUUHFWHG�� ,� DP� DOVR� KDSS\� WR

UHFRUG�WKDW�VLQFH�WKH�ILUVW�HGLWLRQ��WKRVH�OLVWHG�DERYH�DV�VRRQ�WR�EH�'UV��DUH�QRZ�DOVR

DFWXDO�'UV�

*�%��&DPEULGJH��'HFHPEHU�����
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&RQWHQWV
&KDSWHU���,QWURGXFWLRQ �
��� &U\RJHQLF�3DUWLFOH�'HWHFWRUV �
��� )RUP�RI�WKLV�7KHVLV �

&KDSWHU���7KHRU\�RI�6XSHUFRQGXFWLYLW\ �
��� +LVWRULFDO�,QWURGXFWLRQ �
��� 3KHQRPHQRORJLFDO�0RGHOV�RI�6XSHUFRQGXFWLYLW\ �
����� /RQGRQ�7KHRU\ �
����� 3LSSDUG�1RQ�/RFDO�(OHFWURG\QDPLFV �
����� *LQ]EXUJ�/DQGDX�7KHRU\ �

��� $VSHFWV�RI�%&6�7KHRU\ ��
����� %&6�7KHRU\�IRU���. ��
����� %&6�*URXQG�6WDWH ��
����� )LQLWH�7HPSHUDWXUHV ��

��� 7XQQHO�-XQFWLRQV ��
����� 1RUPDO�0HWDO�,QVXODWRU�1RUPDO�-XQFWLRQV ��
����� 6XSHUFRQGXFWRU�,QVXODWRU�1RUPDO�0HWDO�-XQFWLRQV ��
����� 6XSHUFRQGXFWRU�,QVXODWRU�6XSHUFRQGXFWRU�-XQFWLRQV ��

��� 4XDVLSDUWLFOH�DQG�3KRQRQ�/LIHWLPHV ��
����� 4XDVLSDUWLFOH�/LIHWLPHV ��
����� 3KRQRQ�/LIHWLPHV ��

��� 3UR[LPLW\�(IIHFW ��
����� GH�*HQQHV�7KHRU\ ��
����� 0F0LOODQ�7KHRU\ ��
����� *ROXERY�0LFURVFRSLF�0RGHO ��
����� 3UR[LPLW\�(IIHFW�DQG�$QGUHHY�5HIOHFWLRQ ��

��� 1RQ�(TXLOLEULXP�6XSHUFRQGXFWLYLW\ ��
����� (QHUJ\�DQG�&KDUJH�0RGH�'LVHTXLOLEULXP ��
����� 5RWKZDUI�7D\ORU�(TXDWLRQV ��
����� &RXSOHG�1RQ�(TXLOLEULXP�5DWH�(TXDWLRQV ��

&KDSWHU���6XSHUFRQGXFWLQJ�3DUWLFOH�'HWHFWRUV ��
��� $SSOLFDWLRQV ��
����� $VWURQRP\ ��
����� 'DUN�0DWWHU�6HDUFKHV ��
����� 0DWHULDOV�$QDO\VLV ��
����� 0DVV�6SHFWURPHWU\ ��

��� 'HVLJQV ��
����� 6XSHUKHDWHG�6XSHUFRQGXFWLQJ�*UDQXOHV ��
����� 67-�'HWHFWRUV ��
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����� 6,1�%DVHG�'HYLFHV ��
����� 6XSHUFRQGXFWLQJ�7UDQVLWLRQ�6HQVRUV ��

��� 'HWHFWRU�3URFHVVHV ��
����� 4XDVLSDUWLFOH�7UDSSLQJ ��
����� 4XDVLSDUWLFOH�0XOWLSOLFDWLRQ ��
����� %DFN�7XQQHOOLQJ�DQG�0XOWLSOH�7XQQHOOLQJ ��
����� 6HOI�+HDWLQJ�YLD�5HFRPELQDWLRQ�3KRQRQV ��
����� 3KRQRQ�7UDSSLQJ ��

&KDSWHU���([SHULPHQWDO�0HWKRGV ��
��� 6XEVWUDWH�&KRLFH�DQG�3UHSDUDWLRQ ��
����� 6XEVWUDWH�&KRLFH ��
����� 6XEVWUDWH�3UHSDUDWLRQ ��

��� )LOP�'HSRVLWLRQ ��
����� 6SXWWHULQJ�6\VWHP ��
����� 3URFHVV ��

��� 'HYLFH�3URFHVVLQJ ��
����� 3KRWROLWKRJUDSK\ ��
����� %DVH�(OHFWURGH�(WFK ��
����� &RXQWHU�HOHFWURGH�0HVD�(WFK ��
����� 6HOHFWLYH�$QRGLVDWLRQ ��
����� :LULQJ�/D\HU�'HSRVLWLRQ ��

��� 'HYLFH�&KDUDFWHULVDWLRQ�DQG�0HDVXUHPHQW ��
����� 5HVLGXDO�5HVLVWDQFH�5DWLR ��
����� ;�UD\�5RFNLQJ�&XUYH ��
����� &RPSXWHU�6RIWZDUH�DQG�+DUGZDUH ���
����� ����.�0HDVXUHPHQWV ���
����� ����.�0HDVXUHPHQWV ���
����� �����.�0HDVXUHPHQWV ���

&KDSWHU���(SLWD[LDO�1LRELXP�6,6�'HYLFHV ���
��� ,QWURGXFWLRQ ���
��� 'HYLFH�3URGXFWLRQ ���
����� )LOP�'HSRVLWLRQ ���
����� 'HYLFH�)DEULFDWLRQ ���

��� 'HYLFH�&KDUDFWHULVDWLRQ ���
��� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV ���
����� %DFNJURXQG ���
����� ([SHULPHQWDO ���
����� $QDO\VLV ���
����� 5DQGRP�:DON�0RGHO ���
����� 4XDVLSDUWLFOH�0XOWLSOLFDWLRQ ���

��� ([SHULPHQWV�DW�����. ���
��� 6XPPDU\�DQG�&RQFOXVLRQV ���
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&KDSWHU���1RUPDO�0HWDO�%DVH�6,1�'HYLFHV ���
��� ,QWURGXFWLRQ ���
��� 'HYLFH�3URGXFWLRQ ���
����� 7KLQ�)LOP�'HSRVLWLRQ ���
����� 'HYLFH�)DEULFDWLRQ ���
����� 'HYLFH�&KDUDFWHULVDWLRQ ���

��� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV ���
����� %DFNJURXQG ���
����� ([SHULPHQWDO ���

��� 5HVXOWV ���
����� *HRPHWULFDO�'HSHQGHQF\ ���
����� ,QMHFWRU�%LDV�'HSHQGHQFH ���

��� 3RVW�0HDVXUHPHQW�)DEULFDWLRQ�([SHULPHQWV ���
����� 1RUPDO�0HWDO�%DUULHU ���
����� 0HPEUDQH�)DEULFDWLRQ ���

��� 6XPPDU\�DQG�&RQFOXVLRQV ���

&KDSWHU���6XSHUFRQGXFWRU�%DVH�6,1�'HYLFHV ���
��� ,QWURGXFWLRQ ���
����� 4XDVLSDUWLFOH�6FDWWHULQJ�LQ�3UR[LPLW\�6WUXFWXUHV ���
����� 4XDVLSDUWLFOH�7UDQVSRUW�LQ�3UR[LPLW\�6WUXFWXUHV ���

��� 'HYLFH�SURGXFWLRQ ���
����� )LOP�'HSRVLWLRQ ���
����� 'HYLFH�)DEULFDWLRQ ���

��� &KDUDFWHULVDWLRQ ���
����� &XUUHQW�9ROWDJH�&KDUDFWHULVWLFV ���
����� 'HQVLW\�RI�6WDWHV ���
����� 'LIIHUHQWLDO�&RQGXFWDQFH ���
����� &DOFXODWLRQ�RI�4XDVLSDUWLFOH�6FDWWHULQJ�5DWHV ���

��� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV ���
����� ([SHULPHQWDO ���
����� 5HVXOWV ���
����� 5DQGRP�:DON�0RGHO ���

��� 6XPPDU\�DQG�&RQFOXVLRQV ���

&KDSWHU���&RQFOXVLRQV ���
��� 4XDVLSDUWLFOH�/LIHWLPHV�LQ�1LRELXP ���
��� 6XSHUFRQGXFWRU�,QVXODWRU�1RUPDO�0HWDO�'HWHFWRUV ���
��� 6WDWH�RI�WKH�$UW�&U\RJHQLF�'HWHFWRUV ���

%LEOLRJUDSK\ ���
$SSHQGL[�$ ���
$SSHQGL[�% ���
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&KDSWHU���

,QWURGXFWLRQ

,Q�WKH�EHJLQQLQJ�WKH�8QLYHUVH�ZDV�FUHDWHG�

7KLV�PDGH�D�ORW�RI�SHRSOH�YHU\�XQKDSS\�DQG�KDV�EHHQ�ZLGHO\�UHJDUGHG

DV�D�EDG�PRYH�

�'RXJODV�$GDPV���7KH�5HVWDXUDQW�DW�WKH�(QG�RI�WKH�8QLYHUVH��



&KDSWHU�����,QWURGXFWLRQ

�

���� &U\RJHQLF�3DUWLFOH�'HWHFWRUV

)RU�DSSUR[LPDWHO\�WKH�ODVW�GHFDGH�� WKH� ILHOG�RI� ORZ�WHPSHUDWXUH�GHWHFWRUV�KDV

EORVVRPHG�IURP�LWV�RULJLQV�LQ�WKH�VHDUFK�IRU�VRODU�QHXWULQRV�DQG�GDUN�PDWWHU�LQWR�D�IDVW

JURZLQJ�ILHOG�FRYHULQJ�PDQ\�DUHDV�RI�VFLHQFH�DQG�LQGXVWU\�3UHW]O��������7KH�GULYLQJ

IRUFHV� KDYH� EHHQ� WKH� VHDUFKHV� IRU� WKH� HYHU� EHWWHU� HQHUJ\� UHVROXWLRQ� DQG� ORZHU

WKUHVKROGV�WKDW�DUH�UHTXLUHG�WR�SHUIRUP�
VWDWH�RI�WKH�DUW
�H[SHULPHQWV�

7KH�ILUVW�SDUWLFOH�DQG�KLJK�HQHUJ\�HOHFWUR�PDJQHWLF�UDGLDWLRQ�GHWHFWRUV��VXFK�DV

*HLJHU� FRXQWHUV�� SURSRUWLRQDO� FRXQWHUV� DQG� VFLQWLOODWRUV�� XWLOLVHG� LRQLVDWLRQ� DQG

H[FLWDWLRQ� SURFHVVHV� ZLWK� HQHUJ\� TXDQWD� RI� DURXQG� ���H9�� 6XFK� FRDUVH� UHVROXWLRQ

SHUPLWWHG� OLWWOH� VSHFWURVFRSLF� LQYHVWLJDWLRQ�� WKH� REWDLQDEOH� HQHUJ\� UHVROXWLRQ� EHLQJ

DERXW� HTXDO� WR� WKH� HQHUJ\� EHLQJ� PHDVXUHG�� $� PDMRU� DGYDQFH� FDPH� ZLWK� WKH

LQWURGXFWLRQ�RI�VHPL�FRQGXFWRU�GHWHFWRUV�WKDW�ZHUH�DEOH�WR�VHQVH�HQHUJ\�LQ�TXDQWD�RI

RUGHU���H9�� DOORZLQJ� WUXH� VSHFWURVFRSLF� VWXGLHV��+RZHYHU��PDQ\� RI� WKH� DSSOLFDWLRQV

UHTXLUH�DQ�HQHUJ\�UHVROXWLRQ�WKDW�LV�WZR�RUGHUV�RI�PDJQLWXGH�EHWWHU�WKDQ�WKDW�RIIHUHG�E\

VHPLFRQGXFWRU�GHWHFWRUV��,W�LV�WR�IXOILO�WKDW�QHHG�WKDW�PDQ\�FU\RJHQLF�GHWHFWRU�FRQFHSWV

KDYH�EHHQ�VXJJHVWHG�DQG�GHYHORSHG��6XFK�GHWHFWRUV�RIIHU�WKH�DELOLW\�WR�VHQVH�HQHUJ\�LQ

PXFK� VPDOOHU� TXDQWD� WKDQ� SUHYLRXV� W\SHV� RI� GHWHFWRUV�� IRU� H[DPSOH�� WKH� ELQGLQJ

HQHUJLHV� RI� &RRSHU� SDLUV� LQ� D� VXSHUFRQGXFWRU� �aPH9�� RU� SKRQRQ� HQHUJLHV� DW� ORZ

WHPSHUDWXUH� �a�H9�IRU�P.� WHPSHUDWXUHV���7KXV�� WKHVH�QHZ�GHWHFWRUV�SRWHQWLDOO\� FDQ

GHOLYHU�EHWWHU�WKDQ�RQH�SDUW�LQ�D�WKRXVDQG�HQHUJ\�UHVROXWLRQ�

7R� GDWH�� KRZHYHU�� WKH� SURPLVHG� WZR� RUGHUV� RI� PDJQLWXGH� LPSURYHPHQW� LQ

UHVROXWLRQ� KDV� QRW� EHHQ� UHDOLVHG�� 7KH� SUREOHPV� WKDW� KDYH� DULVHQ� DUH�PDQ\�IROG� DQG

FRPSOH[��7KHUH�DUH� LVVXHV�RI�PDWHULDOV� VFLHQFH� �� WKH� VHOHFWLRQ�RI�RSWLPXP�PDWHULDOV

WKDW� DUH� FRPSDWLEOH� ZLWK� WKH� IDEULFDWLRQ� URXWHV� FKRVHQ� DQG� GHYHORSPHQW� RI� WKRVH

IDEULFDWLRQ�WHFKQLTXHV��7KHQ�WKHUH�DUH�LVVXHV�RI�HOHFWULFDO�HQJLQHHULQJ���GHYHORSPHQW

RI�ORZ�QRLVH�UHDG�RXW�HOHFWURQLFV�DQG�VLJQDO�SURFHVVLQJ��6WLOO�WKHUH�UHPDLQ�SUREOHPV�LQ

WKH�IXQGDPHQWDO�SK\VLFV�RI�WKHVH�GHWHFWRU�FRQFHSWV��XQH[SODLQHG�RU�SRRUO\�XQGHUVWRRG

SKHQRPHQD�WKDW�OLPLW�WKH�SRVVLEOH�UHVROXWLRQ�
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7KLV� ZRUN� LV� DLPHG� DW� DGGUHVVLQJ� VRPH� RI� WKHVH� SUREOHPV� IRU� WKH� W\SHV� RI

FU\RJHQLF�GHWHFWRU�WKDW�ZH�KDYH�EHHQ�GHYHORSLQJ�IRU�WKH�ODVW�WHQ�\HDUV�LQ�WKH�'HYLFH

0DWHULDOV�*URXS�DW�WKH�'HSDUWPHQW�RI�0DWHULDOV�6FLHQFH��&DPEULGJH�8QLYHUVLW\��2XU

GHWHFWRUV�DUH�EDVHG�RQ�WKLQ�ILOP��PHWDO�LQVXODWRU�PHWDO�V\VWHPV��LQ�ZKLFK�DW�OHDVW�RQH

RI�WKH�PHWDO�ILOPV�LV�D�ORZ�FULWLFDO�WHPSHUDWXUH�VXSHUFRQGXFWRU��,Q�VXFK�GHWHFWRUV��WKH

UROH� RI� WKH� HOHFWURQLF� H[FLWDWLRQV� IURP� WKH� VXSHUFRQGXFWLQJ� JURXQGVWDWH�� WKH

TXDVLSDUWLFOHV��DQG�WKHUPDO�DQG�DWKHUPDO�SKRQRQV�LQ�VHQVLQJ�WKH�HQHUJ\�RI�DQ�LQFLGHQW

SDUWLFOH�DUH�SDUDPRXQW��7KH�SDUWLFXODU�FRQFHUQ�KDV�EHHQ�WR�LPSURYH�RXU�XQGHUVWDQGLQJ

RI�KRZ�HQHUJ\�GHSRVLWHG�LQ�D�GHWHFWRU�LV�WUDQVSRUWHG�IURP�WKH�ORFDWLRQ�RI�WKH�GHWHFWLRQ

HYHQW��WR�DQG�ZLWKLQ�WKH�VHQVLQJ�UHJLRQ��DQG�WKHQ�KRZ�WKDW�HQHUJ\�LV�GLVVLSDWHG�LQ�VXFK

D�ZD\�DV�WR�DOORZ�WKH�GHWHFWRU�WR�VHQVH�DQRWKHU�HYHQW��7KH�ZRUN�ZKLFK�,�UHSRUW�LQ�WKLV

WKHVLV�KDV�EHHQ�LQ�VXSSRUW�RI�D�FRQWLQXLQJ�SURJUDPPH�RI�;�UD\�GHWHFWRU�GHYHORSPHQW

DQG�WHVWLQJ�ZRUN��FDUULHG�RXW�LQ�FROODERUDWLRQ�ZLWK�WKH�86�1DYDO�5HVHDUFK�/DERUDWRU\�

:DVKLQJWRQ�'�&���DQG�ODWWHUO\�WKH�$VWURSK\VLFV�*URXS�DW�WKH�'HSDUWPHQW�RI�3K\VLFV�

,PSHULDO�&ROOHJH��/RQGRQ�

2XU�RZQ� IDFLOLWLHV�GR� QRW� DOORZ� WKH� XVH� RI�;�UD\V� GLUHFWO\� IRU� WHVWLQJ� LQ� RXU

GHYLFHV��7KH�H[SHULPHQWV� WKDW�KDYH�EHHQ�FDUULHG�RXW�DQG� UHSRUWHG�KHUH�KDYH�XWLOLVHG

FXUUHQW�LQMHFWLRQ�IURP�D�PHWDO�LQVXODWRU�PHWDO�WXQQHO�MXQFWLRQ�WR�FUHDWH�D�SRSXODWLRQ�RI

TXDVLSDUWLFOHV�DQG�RU�SKRQRQV�DW�RQH�VSHFLILF�ORFDWLRQ�LQ�D�GHYLFH��:H�KDYH�PHDVXUHG

WKH�UHVXOW�RI�WKLV�LQMHFWLRQ�XVLQJ�RWKHU�PHWDO�LQVXODWRU�PHWDO�MXQFWLRQV�LQ�RXU�GHYLFHV�

7KLV� VWHDG\�VWDWH� DSSURDFK� DOORZV� XV� WR� FRQWURO� ERWK� WKH� ORFDWLRQ� RI� WKH� HQHUJ\

GHSRVLWLRQ��E\� IDEULFDWLQJ�GHYLFHV�ZLWK� D�QXPEHU�RI� FXUUHQW�LQMHFWLRQ� MXQFWLRQV�� DQG

LQGLUHFWO\�RI�WKH�HQHUJ\�GLVWULEXWLRQV�RI�WKH�SRSXODWLRQV�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV

SURGXFHG��E\�YDU\LQJ�WKH�FXUUHQW�DQG�ELDV�DSSOLHG�WR�WKH�LQMHFWLQJ�MXQFWLRQ��,Q�WHUPV�RI

GHYHORSLQJ�D�YLDEOH�SDUWLFOH�GHWHFWRU��ZH�KDYH�WR�UHPHPEHU�WKDW�VWHDG\�VWDWH�LQMHFWLRQ

LV�GLIIHUHQW�IURP�SDUWLFOH�DEVRUSWLRQ�DQG�WKDW�WUDQVLHQW��WLPH�GHSHQGHQW��HIIHFWV�DUH�QRW

UHSURGXFHG��1HYHUWKHOHVV��WKH�WHFKQLTXH�GRHV�DOORZ�XV�WR�SUREH�DVSHFWV�RI�WKH�HQHUJ\

WUDQVSRUW�LQ�VXFK�GHYLFHV�
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���� )RUP�RI�WKLV�7KHVLV

,Q� FKDSWHU� �� ZH� LQWURGXFH� WKH� EDVLF� WKHRU\� RI� VXSHUFRQGXFWRUV�� DQG� WXQQHO

MXQFWLRQV��:H� LQFOXGH� GLVFXVVLRQV� RI� ERWK� WKH� SUR[LPLW\� HIIHFW� �� L�H�� KHWHURJHQHRXV

VXSHUFRQGXFWRUV��DQG�QRQ�WKHUPDO�HTXLOLEULXP�VXSHUFRQGXFWLYLW\��L�H��FDVHV�ZKHUH�WKH

SRSXODWLRQ�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV�LQ�D�VXSHUFRQGXFWRU�LV�VLJQLILFDQWO\�GLIIHUHQW

IURP� WKDW� RI� D� VXSHUFRQGXFWRU� LQ� WKHUPDO� HTXLOLEULXP� ZLWK� LWV� VXUURXQGLQJV�� $

GLVFXVVLRQ� RI� WKH� DSSOLFDWLRQV� DQG� GHVLJQV� RI� FU\RJHQLF� GHWHFWRUV� EDVHG� RQ

VXSHUFRQGXFWRUV� VWDUWV� LQ� &KDSWHU� ��� 7KLV� LV� IROORZHG� E\� D� GHWDLOHG� H[DPLQDWLRQ� RI

VRPH� RI� WKH� SURFHVVHV� WKDW� FDQ� EH� H[SHFWHG� WR� RFFXU� LQ� D� VXSHUFRQGXFWLQJ� SDUWLFOH

GHWHFWRU�� DQG� KRZ� WKHVH� PD\� LQIOXHQFH� SHUIRUPDQFH�� &KDSWHU� �� GHVFULEHV� WKH

H[SHULPHQWDO�PHWKRGV�WKDW�KDYH�EHHQ�XVHG�WR�FDUU\�RXW�WKH�H[SHULPHQWDO�ZRUN�WKDW�LV

SUHVHQWHG�LQ�FKDSWHUV���WR���

&KDSWHU���GLVFXVVHV�PHDVXUHPHQWV�RI�WKH�TXDVLSDUWLFOH�OLIHWLPH�DQG�G\QDPLFV

LQ�HSLWD[LDO�1E�ILOPV��:H�KDYH�H[DPLQHG�WKH�HIIHFW�RI�QLRELXP�R[LGHV��D�UHVXOW�RI�WKH

IDEULFDWLRQ� URXWH� XVHG�� RQ� ERWK� WKH� TXDVLSDUWLFOH� OLIHWLPH� DQG� WKH� UHOD[DWLRQ� RI� WKH

TXDVLSDUWLFOHV� IURP� WKHLU� LQMHFWHG�QRQ�HTXLOLEULXP�GLVWULEXWLRQ��2I� SDUWLFXODU� LQWHUHVW

ZDV�WR�GHWHUPLQH�ZKHWKHU�WKH�QLRELXP�R[LGH�UHVXOWHG�LQ�D�IDVWHU�ORVV�RI�TXDVLSDUWLFOHV

DQG� KHQFH� D� GHJUDGDWLRQ� LQ� WKH� VLJQDO� WKDW� ZRXOG� UHVXOW� IURP� D� GHWHFWLRQ

HYHQW�*LMVEHUWVHQ� ����E��� ,Q� DGGLWLRQ�� ZH� IRXQG� WKDW� LQ� RXU� GHYLFHV� WKH� H[LVWLQJ

WKHRULHV� IRU� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� GLG� QRW� GHVFULEH� RXU� UHVXOWV�� :H� KDYH

H[DPLQHG�WKLV� LQ�WKH�FRQWH[W�RI� WKH�PLFURVWUXFWXUH�RI�RXU�GHYLFHV��DQG� LQWHUSUHW� LW� LQ

WHUPV� RI� WKH� VFDWWHULQJ� RI� TXDVLSDUWLFOHV� LQ� WKH� SUHVHQFH� RI� VLJQLILFDQW� DPRXQWV� RI

QLRELXP�R[LGH�

&KDSWHU���GHVFULEHV�RXU�ZRUN�RQ�WKH�GHYHORSPHQW�RI�ERORPHWHUV�ZLWK�UHDGRXWV

XVLQJ�D�VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO�PHWDO�WXQQHO�MXQFWLRQ��,Q�SDUWLFXODU�ZH�KDYH

H[DPLQHG�KRZ�RXU�GHYLFHV�UHVSRQG�WR�HQHUJ\�GHSRVLWLRQ�LQ�D�QRUPDO�PHWDO�DEVRUEHU�

DQG�WKH�LPSRUWDQFH�RI�SKRQRQ�WUDQVSRUW�WKURXJK�WKH�VXEVWUDWH�UHODWLYH�WR�KHDW�WUDQVSRUW

WKURXJK�WKH�HOHFWURQV�LQ�WKH�PHWDO��7KLV�ZRUN�KDV�LPSOLFDWLRQV�QRW�RQO\�IRU�WKH�GHVLJQ

RI�ERORPHWHUV��ZKHUH�WKH�HQHUJ\�LV�GHSRVLWHG�LQ�D�QRUPDO�PHWDO�ILOP��EXW�DOVR�IRU�WKRVH

LQ�ZKLFK�WKH�HQHUJ\�LV�GHSRVLWHG�LQ�D�GLHOHFWULF�FU\VWDO�
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:H� FRQWLQXH� RXU� VWXG\� RI� WKH� SK\VLFV� RI� VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO

PHWDO� MXQFWLRQV� LQ� FKDSWHU� ��� :H� H[SORUH� WKH� XVH� RI� D� FRQWUROOHG� VXSHUFRQGXFWLQJ

KHWHURVWUXFWXUH� WR�PLQLPLVH� VHOI�KHDWLQJ� HIIHFWV� UHVXOWLQJ� IURP� DEVRUSWLRQ� RI� H[FHVV

TXDVLSDUWLFOHV�DQG�SKRQRQV�IURP�WKH�VXSHUFRQGXFWRU�EDFN�LQWR�WKH�QRUPDO�PHWDO��6XFK

SURFHVVHV� KDYH� EHHQ� VXJJHVWHG� WR� EH� D� PDMRU� OLPLWLQJ� IDFWRU� LQ� WKH� XVH� RI

VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO�PHWDO�WXQQHO�MXQFWLRQV�DV�WHPSHUDWXUH�VHQVRUV�'UXU\

������-RFKXP��������:H�ILQG�WKDW�ZH�FDQ�LQIOXHQFH�WKH�VHOI�KHDWLQJ�E\�WKH�XVH�RI�WKH

KHWHURVWUXFWXUH�� DOWKRXJK� DQ\� JDLQ� WR� EH� KDG� LQ� FRQWUROOLQJ� WKH� OLIHWLPH� RI� WKH

TXDVLSDUWLFOHV� WR� UHGXFH� WKH� ORFDOLVHG� KHDWLQJ� LV� HDVLO\� VZDPSHG� E\� SKRQRQ

WUDQVPLVVLRQ�WKURXJK�WKH�VXEVWUDWH�

)LQDOO\�� FKDSWHU� �� SUHVHQWV� WKH� FRQFOXVLRQV� UHVXOWLQJ� IURP� WKLV� ZRUN�� 7ZR

DSSHQGLFHV�DUH�DOVR�LQFOXGHG��7KH�ILUVW�LV�D�SDSHU�ZULWWHQ�E\�WKH�DXWKRU�IRU�$6&������

FRQWDLQLQJ�FDOFXODWLRQV�RI� WKH�FRROLQJ�HIIHFW� WKDW�FDQ�EH�DFKLHYHG�E\� WKH�DSSURSULDWH

XVH�RI�VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO�PHWDO�MXQFWLRQV�WR�UHPRYH�HQHUJHWLF�HOHFWURQV

IURP� D� QRUPDO� PHWDO�� 7KLV� FRROLQJ� HIIHFW� LV� SDUW� RI� WKH� DWWUDFWLRQ� RI� XVLQJ

VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO�PHWDO�WXQQHO�MXQFWLRQV�DV�WHPSHUDWXUH�VHQVRUV��DQG�LV

GLVFXVVHG�LQ�GHWDLO� LQ�FKDSWHU����7KH�VHFRQG�DSSHQGL[�FRQWDLQV�D�SDSHU�SUHVHQWHG�E\

WKH� DXWKRU� DW� WKH�/RZ�7HPSHUDWXUH�'HWHFWRUV�:RUNVKRS���� KHOG� LQ�0XQLFK�� LQ� -XO\

������DQG�GHVFULEHV�ZRUN�ZKLFK�LV�DOVR�SUHVHQWHG�LQ�FKDSWHU���



&KDSWHU���

7KHRU\�RI�6XSHUFRQGXFWLYLW\
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,Q�WKLV�FKDSWHU��WKH�DVSHFWV�RI�WKH�WKHRU\�RI�VXSHUFRQGXFWRUV� WKDW�DUH�UHTXLUHG

WR�XQGHUVWDQG�WKH�H[SHULPHQWDO�ZRUN�SUHVHQWHG�LQ�WKH�IROORZLQJ�FKDSWHUV�DUH�RXWOLQHG�

:H� EHJLQ�� DIWHU� D� EULHI� KLVWRULFDO� LQWURGXFWLRQ�� ZLWK� WKH� PLFURVFRSLF� WKHRU\� RI

%DUGHHQ�� &RRSHU� DQG� 6FKULHIIHU�%DUGHHQ� ������� XSRQ� ZKLFK� PRVW� RI� WKLV� ZRUN

GHSHQGV�� 7KLV� LV� IROORZHG�ZLWK� D� GLVFXVVLRQ� RI� WKH� SURSHUWLHV� RI� YDULRXV� FODVVHV� RI

WXQQHO� MXQFWLRQV��1H[W�� WKH� OLIHWLPHV� RI� TXDVLSDUWLFOHV�� SKRQRQV� DQG� HOHFWURQV� LQ� WKH

VXSHUFRQGXFWRUV�� QRUPDO� PHWDOV� DQG� VXEVWUDWHV� XVHG� DUH� H[DPLQHG�� ,Q� WKLV� ZRUN�

UHVXOWV� EDVHG� RQ� KHWHURJHQHRXV� VXSHUFRQGXFWLQJ� WKLQ� ILOPV� DUH� SUHVHQWHG�� VR� QH[W

VRPH�WKHRULHV�RI�WKH�SUR[LPLW\�HIIHFW�PXVW�EH�LQWURGXFHG��)LQDOO\��VRPH�ZLGHO\�XVHG

DSSURDFKHV� WR�VWXG\LQJ�VXSHUFRQGXFWRUV�GULYHQ�IDU� IURP�WKHUPDO�HTXLOLEULXP�ZLOO�EH

PHQWLRQHG��,W�LV�QRW�SRVVLEOH�LQ�WKH�VSDFH�DYDLODEOH�WR�SUHVHQW�DV�IXOO�D�GHVFULSWLRQ�RI

WKH�EDVLF� WKHRU\� DQG� LWV� KLVWRULFDO� GHYHORSPHQW� DV� RQH�PLJKW�ZLVK�� LQGHHG� WKHUH� DUH

PDQ\�WH[W�ERRNV�ZKLFK�GR�D�PRUH�WKDQ�DGHTXDWH�MRE�RI�WKLV�DQG�WKH�UHDGHU�LV�GLUHFWHG

WRZDUGV� WKHVH�� ,Q� SDUWLFXODU�� WKH� DXWKRU� KDV� IRXQG� WKH� ZRUN� RI� 7LQNKDP�7LQNKDP

������WR�EH�YHU\�FOHDU�DQG�KHOSIXO�

���� +LVWRULFDO�,QWURGXFWLRQ

7KH� GLVFRYHU\� RI� VXSHUFRQGXFWRUV� ZDV� KHUDOGHG� LQ� ����� E\� WKH� ILUVW

PHDVXUHPHQW� RI� WKHLU� EHVW�NQRZQ� SURSHUW\�� WKDW� RI� YDQLVKLQJ� HOHFWULFDO� UHVLVWDQFH

EHORZ� D� FULWLFDO� WHPSHUDWXUH�� E\� .DPHUOLQJK� 2QQHV� LQ� /HLGHQ�2QQHV� ������� 7KUHH

\HDUV� SUHYLRXVO\�� KH� KDG� VXFFHVVIXOO\� OLTXHILHG� +HOLXP�� WKXV� PDNLQJ� WKH� QHFHVVDU\

ORZ� WHPSHUDWXUHV� RI� D� IHZ� GHJUHHV� .HOYLQ� DYDLODEOH� IRU� WKH� ILUVW� WLPH�� ,Q� ����

0HLVVQHU� DQG� 2FKVHQIHOG� GLVFRYHUHG� WKDW� D� VXSHUFRQGXFWRU� H[KLELWHG� SHUIHFW

GLDPDJQHWLVP�� VR� WKDW� LW�ZRXOG� H[SHO� DQ\�PDJQHWLF� ILHOG� OHVV� WKDQ� D� FHUWDLQ� FULWLFDO

PDJQHWLF� ILHOG�ZKHQ� FRROHG� EHORZ� LWV� FULWLFDO� WHPSHUDWXUH�7F�0HLVVQHU� ������� 7KLV�

WKH� VR�FDOOHG�0HLVVQHU�HIIHFW�� LV�ZKDW�GLVWLQJXLVKHV�D� VXSHUFRQGXFWRU� IURP�PHUHO\� D

SHUIHFW�FRQGXFWRU�ZKLFK�ZLOO�DOVR�VKRZ�]HUR�UHVLVWDQFH��$�SKHQRPHQRORJLFDO�PRGHO�RI

WKH�HOHFWURG\QDPLFDO�SURSHUWLHV�RI�VXSHUFRQGXFWRUV�ZDV�LQWURGXFHG�E\�WKH�EURWKHUV�)�

DQG�+��/RQGRQ�/RQGRQ�������LQ������

7KH�LPSRUWDQFH�RI�WKH�LQWHUDFWLRQ�RI�SKRQRQV�ZLWK�WKH�VXSHUFRQGXFWLQJ�FKDUJH

FDUULHUV�ZDV�LQGLFDWHG�E\�WKH�GLVFRYHU\�LQ������RI�WKH�LVRWRSH�HIIHFW��LQ�ZKLFK�7F�ZDV



&KDSWHU���±�7KHRU\�RI�6XSHUFRQGXFWLYLW\

�

IRXQG�WR�VFDOH�ZLWK�WKH�LQYHUVH�VTXDUH�URRW�RI�WKH�DWRPLF�PDVV��$OVR�LQ������*LQ]EXUJ

DQG� /DQGDX� DSSOLHG� /DQGDX¶V� JHQHUDO� WKHRU\� RI� VHFRQG� RUGHU� SKDVH� WUDQVLWLRQV� WR

VXSHUFRQGXFWRUV��,Q������D�VXFFHVVIXO�PLFURVFRSLF�PRGHO�IRU�VXSHUFRQGXFWLYLW\��%&6

7KHRU\��ZDV�LQWURGXFHG�E\�%DUGHHQ��&RRSHU�DQG�6FKULHIIHU�%DUGHHQ�������

���� 3KHQRPHQRORJLFDO�0RGHOV�RI�6XSHUFRQGXFWLYLW\

%HIRUH�LQWURGXFLQJ�WKH�%&6�PLFURVFRSLF�WKHRU\�RI�VXSHUFRQGXFWLYLW\��ZH

PHQWLRQ�WKUHH�SKHQRPHQRORJLFDO�DSSURDFKHV�WR�XQGHUVWDQGLQJ�VXSHUFRQGXFWLYLW\�

WKRVH�RI�WKH�/RQGRQ�EURWKHUV��3LSSDUG��DQG�*LQ]EXUJ�DQG�/DQGDX�

������ /RQGRQ�7KHRU\

7KH� WKHRU\� RI� )�� DQG�+�� /RQGRQ� LV� EDVHG� RQ� D� WZR� IOXLG� FRQFHSW�� LQ�ZKLFK

WKHUH� DUH� VXSHUFRQGXFWLQJ� HOHFWURQV� DQG� FRQYHQWLRQDO� FRQGXFWLRQ� HOHFWURQV�/RQGRQ

�������7KH�QXPEHU�GHQVLW\�RI�WKH�VXSHUFRQGXFWLQJ�HOHFWURQV�ZDV�H[SHFWHG�WR�EH���IRU

7 ���ULVLQJ�UDSLGO\�WR�D�GHQVLW\�RI�WKH�VDPH�RUGHU�DV�WKH�FRQGXFWLRQ�HOHFWURQ�QXPEHU

GHQVLW\� IRU� 7��7F�� 7KH� /RQGRQ� EURWKHUV� SURSRVHG� WZR� HTXDWLRQV� WR� GHVFULEH� WKH

PLFURVFRSLF�HOHFWULF�DQG�PDJQHWLF�ILHOGV�
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+HUH� QV� LV� WKH� QXPEHU� GHQVLW\� RI� VXSHUFRQGXFWLQJ� HOHFWURQV�� (� DQG� K� DUH� WKH

PLFURVFRSLF�HOHFWULF�DQG�PDJQHWLF�ILHOGV�UHVSHFWLYHO\��P�DQG�H�WKH�PDVV�DQG�FKDUJH�RI

DQ�HOHFWURQ�DQG�F�WKH�VSHHG�RI�OLJKW��-V�LV�WKH�FXUUHQW�IOX[�RI�VXSHUFRQGXFWLQJ�HOHFWURQV�

7KH� ILUVW� HTXDWLRQ� ������ H[SUHVVHV� SHUIHFW� FRQGXFWLYLW\�� VLQFH� WKH� HOHFWULF� ILHOG

FRQWLQXRXVO\�DFFHOHUDWHV�WKH�VXSHUFRQGXFWLQJ�HOHFWURQV��7KH�VHFRQG�HTXDWLRQ�OHDGV�WR

DQ�XQGHUVWDQGLQJ�RI�l�ZKHQ�WDNHQ�ZLWK�WKH�0D[ZHOO�HTXDWLRQ� FXUO FK -= �� � �WR�JLYH�
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7KLV� LPSOLHV� WKDW� WKH� PDJQHWLF� ILHOG� LQVLGH� D� VXSHUFRQGXFWRU� GHFD\V� H[SRQHQWLDOO\

ZLWK�D�FKDUDFWHULVWLF�OHQJWK�l���WKH�0HLVVQHU�(IIHFW��+HQFH��l�LV�WKH�SHQHWUDWLRQ�GHSWK

RI�WKH�PDJQHWLF�ILHOG�LQWR�WKH�VXSHUFRQGXFWRU��7KH�/RQGRQ�SHQHWUDWLRQ�GHSWK�LV�JLYHQ
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������ 3LSSDUG�1RQ�/RFDO�(OHFWURG\QDPLFV

([SHULPHQWDOO\�LW�ZDV�IRXQG�WKDW�WKH�PHDVXUHG�SHQHWUDWLRQ�GHSWK�DOZD\V�H[FHHGV�WKH

/RQGRQ� SHQHWUDWLRQ� GHSWK�� 3LSSDUG� ZDV� DEOH� WR� DFFRXQW� IRU� WKLV� GLVFUHSDQF\� E\

FRQVLGHULQJ� D� QRQ�ORFDO� JHQHUDOLVDWLRQ� RI� WKH� /RQGRQ� (TXDWLRQ�3LSSDUG� ������� 7KH

EDVLF�FRQFHSW�UHVWV�RQ�WKH�VXSSRVLWLRQ�WKDW� WKH�FXUUHQW�DW�DQ\�SRLQW�U�GHSHQGV�RQ�WKH

HOHFWULF� ILHOG� (�U¶�� ZLWKLQ� D� UHJLRQ� RI� FKDUDFWHULVWLF� UDGLXV� x��� x�� LV� WKH� 3LSSDUG

FRKHUHQFH�OHQJWK�ZKLFK�FDQ�EH�IRXQG�IURP�WKH�XQFHUWDLQW\�SULQFLSOH�� ,I�RQH�DVVXPHV

WKDW�RQO\�HOHFWURQV�ZLWKLQ�N%7F�RI�WKH�)HUPL�VXUIDFH�SOD\�D�SDUW�LQ�WKH�VXSHUFRQGXFWLQJ

VWDWH��WKHQ�WKH�XQFHUWDLQW\�LQ�WKH�PRPHQWXP�LV�&S N%7F�Y)��+HQFH�&[! Y)�N%7F��DQG�D

FRKHUHQFH�OHQJWK�FDQ�EH�GHILQHG�DV�
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ZKHUH�D�LV�QXPHULFDO�SDUDPHWHU�WKDW�ZDV�IRXQG�H[SHULPHQWDOO\�WR�EH������DQG

�����LQ�%&6�WKHRU\��8VLQJ�WKLV�FRKHUHQFH�OHQJWK��3LSSDUG�ZDV�DEOH�WR�ILW�H[SHULPHQWDO

GDWD�IRU�ERWK�DOXPLQLXP�DQG�WLQ�

������ *LQ]EXUJ�/DQGDX�7KHRU\

*LQ]EXUJ�/DQGDX�WKHRU\�*LQ]EHUJ�������SRVWXODWHV�WKDW�D�VXSHUFRQGXFWRU�FDQ

EH� GHVFULEHG� ZLWK� D� VSDWLDOO\� YDU\LQJ� FRPSOH[� RUGHU� SDUDPHWHU� Y�U��� Y��U�� LV

LGHQWLILHG� ZLWK� WKH� VXSHUIOXLG� GHQVLW\� RI� WKH� /RQGRQ� PRGHO� RI� VXSHUFRQGXFWLYLW\

�HVVHQWLDOO\� WKH�GHQVLW\�RI� VXSHUFRQGXFWLQJ� FKDUJH� FDUULHUV���*RU¶NRY�*RU
NRY� �����

H[WHQGHG�WKLV�WR�LGHQWLI\�Y�U��ZLWK�WKH�SDLU�SRWHQWLDO�&�U���7KH�EDVLF�SRVWXODWH�LV�WKDW

WKH�IUHH�HQHUJ\�RI�WKH�VXSHUFRQGXFWRU�FDQ�EH�H[SDQGHG�LQ�D�VHULHV�RI�WKH�IRUP�
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ZKHUH�$�LV�WKH�YHFWRU�SRWHQWLDO��*1�LV�WKH�IUHH�HQHUJ\�RI�WKH�QRUPDO�VWDWH�DW�WKH�VDPH

WHPSHUDWXUH��%�DQG�%(�DUH�WKH�QHW�DQG�H[WHUQDO�PDJQHWLF�ILHOGV��7KH�ILUVW�WKUHH�WHUPV

JLYH� WKH� IUHH�HQHUJ\�IRU�D�KRPRJHQRXV�VXSHUFRQGXFWRU� LQ� WKH� DEVHQFH�RI� DQ�DSSOLHG

ILHOG�� WKH� IRXUWK� WHUP� LV� WKH�NLQHWLF� HQHUJ\� DVVRFLDWHG�ZLWK� FKDQJHV� LQ�SDLU� SRWHQWLDO

DQG�PDJQHWLF�ILHOG�DQG�WKH�ILQDO�WHUP�LV�WKH�PDJQHWLF�VHOI�HQHUJ\�RI�WKH�VXSHUFXUUHQWV�

$IWHU�PLQLPLVLQJ�WKH�IUHH�HQHUJ\��DQG�VHOHFWLQJ�VXLWDEOH�VLJQV�IRU�a�b�DQG�IL[LQJ�g�WR

QRUPDOLVH�Y���ZH�ILQG�
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IRU�D�RQH�GLPHQVLRQDO�QRUPDO�PHWDO�VXSHUFRQGXFWRU�LQWHUIDFH�ZLWK�QR�DSSOLHG�ILHOG��,I

a!!b_Y_��WKLV�FDQ�EH�VROYHG�WR�JLYH�DQ�H[SRQHQWLDO�GHFD\�RI�WKH�RUGHU�SDUDPHWHU�RQ�D

OHQJWK�VFDOH�RI�x*/�»��ZLWKLQ�WKH�VXSHUFRQGXFWRU�DQG�ZLWK�D�OHQJWK�VFDOH�RI�x*/�ZLWKLQ

WKH�QRUPDO�PHWDO�ZKHUH�x*/�LV�JLYHQ�E\�
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x*/� LV� WKH�*LQ]EXUJ�/DQGDX�FRKHUHQFH� OHQJWK��)RU�7��7F� DQG�SXUH� VXSHUFRQGXFWRUV

WKLV�LV�TXLWH�FORVH�WR�WKH�3LSSDUG�FRKHUHQFH�OHQJWK��,Q�WKH�GLUW\�OLPLW��ZKHUH�WKH�PHDQ

IUHH�SDWK�O��x*/�3LSSDUG��x*/�YDULHV�DV� �
*/
O �DQG�x3LSSDUG�DV�WKH�UHFLSURFDO�VXP�RI�x3LSSDUG

DQG�O�

���� $VSHFWV�RI�%&6�7KHRU\

������ %&6�7KHRU\�IRU���.

�������� ,QWURGXFWLRQ

7KH�EDVLV� IRU�XQGHUVWDQGLQJ� WKH�EHKDYLRXU�RI� WKH� VXSHUFRQGXFWLQJ� WKLQ� ILOPV

DQG� WXQQHO� MXQFWLRQV� WKDW� ZH� GLVFXVV� LQ� WKLV� ZRUN� LV� WKH� PLFURVFRSLF� WKHRU\� RI

VXSHUFRQGXFWLYLW\�RI�%DUGHHQ��&RRSHU�DQG�6FKULHIIHU�%DUGHHQ�������
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,Q������&RRSHU�VKRZHG�&RRSHU������� WKDW� LI� WZR�HOHFWURQV�ZKLFK� LQWHUDFWHG

E\� D� ZHDN� DWWUDFWLYH� SRWHQWLDO� ZHUH� SODFHG� LQ� WKH� SUHVHQFH� RI� D� )HUPL� VSKHUH� RI

HOHFWURQV��WKHQ�WKH\�ZRXOG�H[LVW�LQ�D�ERXQG�VWDWH��HYHQ�LI�WKH�SRWHQWLDO�ZDV�WRR�ZHDN�WR

KROG� WKHP�KDG� WKH\� EHHQ� LVRODWHG��7KH�)HUPL� VHD� RI� XQERXQG� HOHFWURQV� LQ� WKLV� FDVH

VHUYHV�WR�SURKLELW�WKH�WZR�ERXQG�HOHFWURQV�IURP�RFFXS\LQJ�VWDWHV�ZLWK�ZDYHQXPEHU�N

OHVV� WKDQ� WKH�)HUPL�ZDYHQXPEHU�� NI�� WKXV� VWDELOLVLQJ� WKH� ERXQG� VWDWH� LUUHVSHFWLYH� RI

KRZ�ZHDNO\�DWWUDFWLYH�WKH�LQWHUDFWLRQ�LV�

7KH� OLQNDJH� EHWZHHQ� WKH� SKRQRQV� DQG� WKH� VXSHUFRQGXFWLQJ� VWDWH� KDG� EHHQ

HVWDEOLVKHG�E\�WKH�PHDVXUHPHQW�RI�WKH�LVRWRSH�HIIHFW�LQ�������7KH�LPSOLFDWLRQ�RI�WKLV

LV� WKDW� WKH� DWWUDFWLYH� IRUFH� UHVSRQVLEOH� IRU� WKH� ERXQG� HOHFWURQ� SDLU� VWDWH� LV� SKRQRQ

PHGLDWHG��6LQFH�WKH�SKRQRQ�VSHFWUXP�KDV�D�FXW�RII�DW�WKH�'HE\H�HQHUJ\�� #'���WKH�FXW

RII� IRU� WKH� LQWHUDFWLRQ� � #F�� VKRXOG� EH� RI� WKH� VDPH� RUGHU� RI� PDJQLWXGH�� $Q

DSSUR[LPDWLRQ�IRU�WKH�LQWHUDFWLRQ�SRWHQWLDO��9
NN¶
��FDQ�EH�PDGH�VR�WKDW�
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ZKHUH�eN�eN¶�DUH�WKH�HQHUJLHV�RI�WKH�WZR�HOHFWURQ�VWDWHV�ZLWK�ZDYH�YHFWRUV�N�DQG�N¶�DQG

eI� WKH� )HUPL� HQHUJ\�� ,I� WKH� LQWHUDFWLRQ� SRWHQWLDO� 9� LV� H[WUHPHO\� ZHDN�� VR� WKDW

1���9�����ZKHUH�1����LV� WKH�VLQJOH�VSLQ�GHQVLW\�RI�VWDWHV�DW� WKH�)HUPL�VXUIDFH�� WKHQ

WKH�HQHUJ\�RI� WKH�ERXQG�VWDWH�FDQ�EH�IRXQG�E\�VROYLQJ�WKH�6FKU|GLQJHU�(TXDWLRQ�IRU

WKH�V\VWHP�WR�ILQG�
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7KHUHIRUH��WKHUH�LV�D�ERXQG�VWDWH�ZLWK�DQ�HQHUJ\�WKDW�LV�OHVV�WKDQ�WKH�)HUPL�HQHUJ\��WKH

IDFWRU�WZR�LQ��������DULVHV�IURP�WKDW�IDFW�WKDW�ERXQG�VWDWH�FRQWDLQV�WZR�HOHFWURQV���EXW

IRU�ZKLFK�WKH�NLQHWLF�HQHUJ\�LV�JUHDWHU��7KH�DWWUDFWLYH�SRWHQWLDO�HQHUJ\�RI�IRUPLQJ�WKH

ERXQG�VWDWH�RXWZHLJKV�WKH�H[FHVV�NLQHWLF�HQHUJ\�

������ %&6�*URXQG�6WDWH

*LYHQ�WKDW�WKH�)HUPL�VHD�LV�XQVWDEOH�DJDLQVW�WKH�IRUPDWLRQ�RI�D�ERXQG�SDLU�VWDWH

LI� WKHUH� LV� DQ� DWWUDFWLYH� SRWHQWLDO� EHWZHHQ� HOHFWURQV�� ZH� PLJKW� H[SHFW� WKDW� IXUWKHU

HOHFWURQV�ZRXOG� IRUP� ERXQG� SDLU� VWDWHV� XQWLO� VRPH� HTXLOLEULXP� LV� HVWDEOLVKHG�� %&6
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WKHRU\�H[WHQGV�WKH�ZRUN�RI�&RRSHU�WR�FRQVLGHU�WKLV�SURFHVV��DOORZLQJ�DOO�WKH�HOHFWURQV

ZLWKLQ� #F�RI�WKH�)HUPL�VXUIDFH�WR�IRUP�ERXQG�SDLUV�

7R�GHVFULEH�WKH�JURXQG�VWDWH�IRU�WKH�%&6�PRGHO�ZH�XVH�WKH�ODQJXDJH�RI�VHFRQG

TXDQWL]DWLRQ� LQ� ZKLFK� WKH� RFFXSLHG� VWDWHV� DUH� VSHFLILHG� E\� WKH� XVH� RI� ³FUHDWLRQ

RSHUDWRUV´�VXFK�DV�F�N �DQG�FN �ZKLFK�UHVSHFWLYHO\�FUHDWH�DQG�DQQLKLODWH�DQ�HOHFWURQ�RI

PRPHQWXP� N� DQG� VSLQ� XS�� ,Q� WKLV� QRWDWLRQ� WKH� ZDYHIXQFWLRQ� IRU� RQH� SDLU� VWDWH� LV

ZULWWHQ�
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:KHUH� _)Ö� UHSUHVHQWV� WKH� )HUPL� VHD� ZLWK� DOO� VWDWHV� ILOOHG� RXW� WR� N)�� $� JHQHUDO� 1�

HOHFWURQ�ZDYHIXQFWLRQ�FDQ�EH�ZULWWHQ�DV�
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ZLWK� _f�Ö�WKH�YDFXXP�VWDWH�ZLWK�QR�SDUWLFOHV�LQ�LW��NL«NO�WKH�VHW�RI�0�N�YDOXHV�LQ�WKH

EDQG�ZKLFK�DUH�RFFXSLHG�IRU�DQ\�VLQJOH�WHUP�LQ�WKH�VXP�DQG�J�D�ZHLJKWLQJ�WHUP�ZLWK

ZKLFK�HDFK�VHW�RI�1���SDLUV�RI� FUHDWLRQ�RSHUDWRUV� DSSHDUV��7KLV�ZDYHIXQFWLRQ�QHHGV

FRQVLGHUDEOH�VLPSOLILFDWLRQ�WR�EH�XVHDEOH��VLQFH�WKHUH�ZLOO�EH�
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FRPELQDWLRQV� LQ�ZKLFK�1���SDLU� VWDWHV� FDQ�EH� FKRVHQ��%&6� WKHRU\� DVVXPHV� WKDW� WKH

RFFXSDQF\�RI� HDFK� VWDWH�N�� GHSHQGV� RQO\� RQ� WKH� DYHUDJH� RFFXSDQF\� RI� DOO� WKH� RWKHU

VWDWHV��,QWHUHVWLQJO\��WKLV�DSSUR[LPDWLRQ�UHOD[HV�WKH�FRQVWUDLQW�RI�SDUWLFOH�FRQVHUYDWLRQ

VR� WKDW� RQO\� WKH�PHDQ� QXPEHU� RI� SDUWLFOHV� 1 LV� FRQVHUYHG��:H� WKHQ� KDYH� WKH� %&6

JURXQG�VWDWH�
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ZKHUH�XN
�� LV�WKH�SUREDELOLW\�WKDW�D�SDLU�VWDWH��N���N���LV�HPSW\�DQG�YN

�� WKH�SUREDELOLW\

WKDW� LW� LV� RFFXSLHG�� 7KH� SUREOHP� WKHQ� EHFRPHV� RQH� RI�PLQLPLVLQJ� WKH� JURXQG� VWDWH

HQHUJ\�WR�IL[�WKH�FRHIILFLHQWV�XN�DQG�YN��7KLV�LV�HTXLYDOHQW�WR�VROYLQJ�
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ZLWK� WKH� +� WKH� +DPLOWRQLDQ� IRU� WKH� V\VWHP�� �� WKH� FKHPLFDO� SRWHQWLDO� DQG�
)
1 � WKH

SDUWLFOH� QXPEHU� RSHUDWRU� �VR� WKDW�
)
1 1= ��� %&6� WKHRU\� IXUWKHU� QHJOHFWV� DOO

LQWHUDFWLRQV�EHWZHHQ�WKH�HOHFWURQV�RWKHU�WKDQ�WKH�ZHDN�SDLULQJ�LQWHUDFWLRQ�9NN¶��VR�WKDW

ZH�PD\�ZULWH�
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7KH� ILUVW� WHUP� LV� WKH� NLQHWLF� HQHUJ\� RI� WKH� HOHFWURQV�� DQG� WKH� VHFRQG� WKH� SDLULQJ

LQWHUDFWLRQ��7KLV�SUREOHP�FDQ�EH�VROYHG�HLWKHU�E\�D�YDULDWLRQDO�PHWKRG�RU�E\�FDQRQLFDO

WUDQVIRUPDWLRQ��DQG�ZLWK�WKH�LQWURGXFWLRQ�RI�WZR�SDUDPHWHUV�
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ZKHUH� xN� LV� WKH� HQHUJ\� RI� D� VWDWH�N� UHODWLYH� WR� WKH� )HUPL� HQHUJ\� e)�� )ROORZLQJ� WKLV

SURFHVV�UHVXOWV�LQ�H[SUHVVLRQV�IRU�WKH�SDLU�RFFXSDWLRQ�SUREDELOLW\��YN
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DQG�VLQFH�D�SDLU�VWDWH�LV�HLWKHU�RFFXSLHG�RU�QRW��VR�WKDW
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7KH�DSSUR[LPDWLRQ�IRU�WKH�LQWHUDFWLRQ�SRWHQWLDO�9NN¶�LQ��������LPSOLHV�WKDW�&N�LV�LQ�IDFW

LQGHSHQGHQW� RI�N�� VR� WKDW� ZH� KDYH� RQH� YDOXH� RI�&� ZKLFK�ZH� LGHQWLI\� DV� WKH� RUGHU

SDUDPHWHU��7KLV�RUGHU�SDUDPHWHU�&� FDQ�EH� UHODWHG� WR� WKH�FULWLFDO� WHPSHUDWXUH� IRU� WKH

ZHDN�FRXSOLQJ�OLPLW��L�H��ZKHUH�1���9�����E\�
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ZKHUH� N%� LV� %ROW]PDQQ¶V� FRQVWDQW�� )LJXUH� ���� VKRZV� D� SORW� RI� YN
�� DQG� WKH� )HUPL

IXQFWLRQ� DW� 7F�� IRU� D� ZHDNO\� FRXSOHG� VXSHUFRQGXFWRU�� :H� VHH� WKDW� WKH� DFWXDO

RFFXSDWLRQ� IUDFWLRQV� RI� WKH� HOHFWURQV� LV� OLWWOH� FKDQJHG� EHWZHHQ� WKH� QRUPDO� DQG

VXSHUFRQGXFWLQJ� VWDWHV�� UDWKHU� WKH� HOHFWURQV� FRQGHQVH� LQWR� &RRSHU� SDLUV� RUGHUHG� LQ

PRPHQWXP�VSDFH�DQG�UHGXFH�WKHLU�RYHUDOO�HQHUJ\�

�������� ([FLWDWLRQV�IURP�WKH�*URXQG�6WDWH

+DYLQJ�FRQVLGHUHG�WKH�JURXQG�VWDWH�RI�D�VXSHUFRQGXFWRU�XQGHU�%&6�WKHRU\��ZH

DUH�QRZ�UHDG\�WR�H[DPLQH�WKH�H[FLWDWLRQV�IURP�WKH�JURXQG�VWDWH��$V�ZH�VKDOO�VHH�LQ�WKH

IROORZLQJ�FKDSWHUV��LW�LV�WKH�H[FLWDWLRQV�IURP�WKH�JURXQG�VWDWH�ZKLFK�DUH�WKH�NH\�WR�WKH

DSSOLFDWLRQV�RI�WKH�ZRUN�SUHVHQWHG�KHUH�

*LYHQ�WKDW�WKH�JURXQG�VWDWH�LQYROYHV�WKH�FRQGHQVDWLRQ�RI�VLQJOH�HOHFWURQV�LQWR

SDLU� VWDWHV�� LW� IROORZV� WKDW� WKH� H[FLWDWLRQV� LQYROYH� WKH� UHYHUVH� RI� WKLV� SURFHVV�

%RJROLXERY� DQG� 9DODWLQ�%RJROLXERY� ������ 9DODWLQ� ������ LQGHSHQGHQWO\� LQWURGXFHG

WKH�IROORZLQJ�RSHUDWRUV�WR�FUHDWH�VXFK�H[FLWDWLRQV�
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N � �� IURP� D� SDLU� VWDWH� N N� - �� �� WKH� ILUVW� WHUP� GHILQLWHO\� RFFXSLHV� N � � LI
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)LJXUH�����3DLU�VWDWH�RFFXSDWLRQ�SUREDELOLW\�DQG�IHUPL�IXQFWLRQ�DW�7F�
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N N� - �� �ZDV�HPSW\��ZKLOVW�WKH�VHFRQG�GHILQLWHO\�HPSWLHV� - �N � LI� N N� - �� �ZDV

RFFXSLHG��7KH�VHFRQG�RSHUDWRU�� �
N�

+ �SHUIRUPV�WKH�H[DFWO\�DQDORJRXV�RSHUDWLRQ��FUHDWLQJ

DQ�HOHFWURQ�LQ�WKH�VWDWH� - �N ��ZKLOVW�HQVXULQJ�WKDW� N � �LV�HPSW\�

:H�FDQ�FRQVLGHU�KRZ�WKHVH�RSHUDWRUV�HIIHFW� WKH�RFFXSDWLRQ�SUREDELOLWLHV�DV�D

IXQFWLRQ�RI�N��)LJXUH�����VKRZV�WKH�SUREDELOLW\�RI�RFFXSDWLRQ�LQ�WKH�JURXQG�VWDWH��ZH

VHH� WKDW� IRU� VWDWHV� ZLWK� _N_��N)� �N)� EHLQJ� WKH� )HUPL� ZDYH� QXPEHU��� WKH� RFFXSDWLRQ

SUREDELOLW\� YN
� ��� )RU� VWDWHV� ZLWK� _N_!!N)�� YN� �� DQG� IRU� VWDWHV� ZLWK� _N_ N)�� YN�� LV

FRQWLQXRXV�DQG�YDULHV�DV�LQ�ILJXUH�����

7KH�GLIIHUHQFH�EHWZHHQ�WKH�HIIHFW�RI�WKH�WZR�RSHUDWRUV�LQ��������ZKHQ�SORWWHG

RQ�GLDJUDPV�VXFK�DV�ILJXUH�����LV�RQO\�ZKHWKHU�WKH�VWDWH�DW��N�RU�±N�LV�ILOOHG�VLQFH�ZH

GR�QRW�FRQVLGHU�WKH�VSLQ�RI�WKH�HOHFWURQV��7KHUH�LV��KRZHYHU��DQ�LPSRUWDQW�GLIIHUHQFH�LQ

WKH�QDWXUH�RI�WKH�H[FLWDWLRQV�GHSHQGLQJ�RQ�ZKHWKHU�N�LV�JUHDWHU�WKDQ��OHVV�WKDQ�RU�FORVH

WR�WKH�)HUPL�ZDYHQXPEHU�N)�

,I�DQ�H[FLWDWLRQ�ILOOV�D�VWDWH�ZLWK�_NK_���N)��DQG�FRQVHTXHQWO\�HPSWLHV�WKH�VWDWH

)LJXUH�����*URXQG�VWDWH�RFFXSDWLRQ�SUREDELOLW\�YV��ZDYH�QXPEHU�

)LJXUH�����2FFXSDWLRQ�SUREDELOLW\�IRU�D�TXDVLKROH�
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DW�±NK��ILJXUH�������WKHQ�WKH�SUREDELOLW\�RI�RFFXSDWLRQ�RI�WKH�VWDWH�DW�NK�FKDQJHV�IURP

YHU\�VOLJKWO\�OHVV�WKDQ���WR�H[DFWO\����ZKLFK�LV�D�QHJOLJLEOH�HIIHFW��2Q�WKH�RWKHU�KDQG�

WKH�VWDWH�DW�±NK�QRZ�KDV�DQ�RFFXSDWLRQ�SUREDELOLW\�RI�]HUR��D�VLJQLILFDQW�FKDQJH�IURP

LWV�SUHYLRXV�YDOXH�RI�DSSUR[LPDWHO\�RQH��7KH�H[FLWDWLRQ�FDQ�WKHUHIRUH�EH�VDLG�WR�KDYH�D

KROH�OLNH�EHKDYLRXU�

,I��KRZHYHU��WKH�H[FLWDWLRQ�RSHUDWHV�RQ�VWDWHV�ZLWK�_NH_!!N)��ILJXUH�������WKHQ�LW

LV� WKH� VWDWH� DW� NH�� LQ� FKDQJLQJ� RFFXSDQF\� IURP� DSSUR[LPDWHO\� ]HUR� WR� ��� ZKLFK

XQGHUJRHV� WKH� PRVW� VLJQLILFDQW� FKDQJH�� 7KH� VWDWH� DW� ±NH� FKDQJHV� RFFXSDQF\� IURP

VOLJKWO\�JUHDWHU�WKDQ�]HUR�WR�H[DFWO\�]HUR�� ,Q�WKLV�FDVH�WKH�H[FLWDWLRQ�KDV�DQ�HOHFWURQ�

OLNH�EHKDYLRXU�

:H�KDYH�EHHQ�FDUHIXO�LQ�WKH�DERYH�GHVFULSWLRQ�WR�XVH�WKH�WHUPV�KROH�OLNH�DQG

HOHFWURQ�OLNH� VLQFH� DV� WKH� ZDYHQXPEHU� N� DSSURDFKHV� N)�� WKH� VLWXDWLRQ� LQ� ILJXUH� ���

RFFXUV�� :H� KDYH� VKRZQ� WKH� RFFXSDWLRQ� SUREDELOLW\� RI� SDLU� VWDWHV� DW� WKH� )HUPL

ZDYHQXPEHU�LV�FRQWLQXRXV��WKXV�IRU�DQ�DSSUHFLDEOH�UDQJH�RI�ZDYHQXPEHUV�DURXQG�N)

WKH�FKDQJHV�LQ�WKH�RFFXSDWLRQ�SUREDELOLWLHV�DW�ERWK�N�DQG�±N�GXH�WR�DQ�H[FLWDWLRQ�DUH

)LJXUH�����2FFXSDWLRQ�SUREDELOLW\�IRU�D�TXDVLHOHFWURQ�

)LJXUH�����2FFXSDWLRQ�SUREDELOLW\�IRU�D�TXDVLSDUWLFOH�
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VLJQLILFDQW�� 7KLV� UHVXOWV� LQ� H[FLWDWLRQV� WKDW� DUH� QHLWKHU� �RU� ERWK� ��� HOHFWURQ�OLNH� DQG

KROH�OLNH�� ,W� LV�GXH� WR� WKLV�SRVVLELOLW\�RI� WKLV�PL[HG�FKDUDFWHU� WKDW� WKH� H[FLWDWLRQV�DUH

NQRZQ� DV� TXDLVKROHV� �N��N)��� TXDVLHOHFWURQV� �N!!N)�� DQG� FROOHFWLYHO\� DV

TXDVLSDUWLFOHV�

�������� 'HQVLW\�RI�6WDWHV

,W�FDQ�EH�VKRZQ�LQ�WKH�GHULYDWLRQ�RI��������DQG���������WKDW�WKH�HQHUJ\�WR�FUHDWH

D� TXDVLSDUWLFOH� ZLWK� D� NLQHWLF� HQHUJ\� xN� LV� WKH� SDUDPHWHU� (N� JLYHQ� E\� �������� 7KH

HTXLYDOHQW�IRU�DQ�HOHFWURQ�LQ�WKH�QRUPDO�VWDWH�LV�WKHUHIRUH�MXVW�xN��)LJXUH�����VKRZV�WKH

H[FLWDWLRQ� HQHUJ\� DV� D� IXQFWLRQ� RI� WKH� NLQHWLF� HQHUJ\�� IURP�ZKLFK� LW� LV� LPPHGLDWHO\

DSSDUHQW�WKDW�WKHUH�LV�D�PLQLPXP�H[FLWDWLRQ�HQHUJ\��&�

:H�DUH�QRZ�DEOH�WR�ILQG�WKH�GHQVLW\�RI�VWDWHV� IRU� WKH�TXDVLSDUWLFOHV��:H�QRWH

WKDW�TXDVLSDUWLFOHV�DUH�IHUPLRQV�DQG�WKHUH�LV�D�RQH�WR�RQH�FRUUHVSRQGHQFH�EHWZHHQ�WKH

HOHFWURQ�VWDWHV�LQ�D�QRUPDO�PHWDO�DQG�WKH�TXDVLSDUWLFOH�VWDWHV�LQ�WKH�VXSHUFRQGXFWRU�VR

WKDW�
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ZKHUH�1V�DQG�1Q�DUH�WKH�QXPEHU�RI�TXDVLSDUWLFOHV�LQ�WKH�VXSHUFRQGXFWRU�DQG�QXPEHU

RI�HOHFWURQV�LQ�WKH�QRUPDO�PHWDO�UHVSHFWLYHO\��)RU�HQHUJLHV�FORVH�WR�WKH�)HUPL�VXUIDFH

�RI�RUGHU�PH9���ZH�FDQ�DVVXPH�WKDW�1Q�xN��LV�D�FRQVWDQW�1������������LV�HDVLO\�VROYHG

E\�XVLQJ��������WR�JLYH�WKH�%&6�GHQVLW\�RI�VWDWHV�
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7KLV�LV�SORWWHG�LQ�ILJXUH�����

�������� 6HPLFRQGXFWRU�0RGHO

$� FRQYHQLHQW� PRGHO� ZKHQ� FRQVLGHULQJ� WKH� EHKDYLRXU� RI� TXDVLSDUWLFOHV� LQ� D

VXSHUFRQGXFWRU�LV�WKH�VR�FDOOHG�VHPLFRQGXFWRU�UHSUHVHQWDWLRQ��7KLV�XVHV�WKH�UHODWLYHO\

REYLRXV�DQDORJLHV�EHWZHHQ�TXDLVKROHV�DQG�TXDVLHOHFWURQV�DQG�WKH�KROHV�DQG�HOHFWURQV

LQ� D� VHPLFRQGXFWRU�� 7KH� VXSHUFRQGXFWRU� LV� UHSUHVHQWHG� DV� DQ� RUGLQDU\� LQWULQVLF

VHPLFRQGXFWRU�ZLWK�D�EDQG�JDS�HTXDO�WR�WZLFH�WKH�HQHUJ\�JDS�&��7KH�GHQVLW\�RI�VWDWHV

IRU�ERWK�WKH�KROHV�DQG�HOHFWURQV�LV�JLYHQ�E\���������WKH�GHQVLW\�RI�VWDWHV�IRU�WKH�KROHV�LV

WKDW�VDPH�DV�WKDW�IRU�WKH�HOHFWURQV�DIWHU�EHLQJ�UHIOHFWHG�WKURXJK�WKH�)HUPL�HQHUJ\���7KH

UHVXOW� LV� LOOXVWUDWHG� LQ� ILJXUH� ����� &RQYHQWLRQDOO\� WKH� TXDVLKROHV� DUH� VKRZQ� LQ� WKH

ERWWRP� KDOI� RI� WKH� GLDJUDP�� WKRXJK� WKH\� KDYH� SRVLWLYH� H[FLWDWLRQ� HQHUJ\� OLNH� WKH

TXDVLHOHFWURQV�DQG�LQFUHDVLQJ�H[FLWDWLRQ�HQHUJ\�VFDOHV�DV�WKH�GLVWDQFH�IURP�WKH�)HUPL
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HQHUJ\�LQ�WKH�GLDJUDP��6WULFWO\�VSHDNLQJ��WKH�VHPLFRQGXFWRU�UHSUHVHQWDWLRQ�LV�D�PRGHO

RI�WKH�WXQQHOOLQJ�RI�TXDVLSDUWLFOHV��DQG�LV�RQO\�YDOLG�ZKHQ�WKH�HOHFWURQ�GLVWULEXWLRQV�LQ

WKH� VXSHUFRQGXFWRU� DUH� QRW� VLJQLILFDQWO\� SHUWXUEHG�� 7KXV�� D� ODUJH� GHJUHH� RI� FDXWLRQ

PXVW� EH� DSSOLHG� EHIRUH� XVLQJ� WKH� VHPLFRQGXFWRU� PRGHO� LQ� VLWXDWLRQV� IDU� IURP

HTXLOLEULXP�

������ )LQLWH�7HPSHUDWXUHV

7KXV� IDU�� RXU� GLVFXVVLRQ� KDV� RQO\� EHHQ� IRU� WKH� ]HUR� WHPSHUDWXUH� FDVH�

2EYLRXVO\�� LQ� SUDFWLFH� RXU� GHYLFHV� GR� QRW� RSHUDWH� DW� ]HUR� WHPSHUDWXUH�� EXW� DW� VRPH

ILQLWH�WHPSHUDWXUH��DOEHLW�QRUPDOO\�ORZ�UHODWLYH�WR�WKH�FULWLFDO�WHPSHUDWXUH��

$V�ZH�KDYH� VWDWHG� DERYH�� TXDVLSDUWLFOHV� DUH� IHUPLRQV�� DQG� WKXV� REH\�)HUPL�

'LUDF�VWDWLVWLFV��VR�WKDW�WKH�SUREDELOLW\�WKDW�D�SDUWLFOH�LQ�WKHUPDO�HTXLOLEULXP�LV�H[FLWHG

LV�JLYHQ�E\�WKH�)HUPL�IXQFWLRQ�
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ZKHUH�(�LV�WKH�H[FLWDWLRQ�HQHUJ\�DQG�7�WKH�WHPSHUDWXUH��7KLV�PRGLILHV�RXU�GHILQLWLRQ

RI�&�LQ��������WR�JLYH�
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)LJXUH�����6HPLFRQGXFWRU�UHSUHVHQWDWLRQ�
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8VLQJ�WKH�%&6�DSSUR[LPDWLRQ�WKDW�9NN¶ 9��DQG�WKDW�&N¶ &�ZH�KDYH�
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�������� &ULWLFDO�7HPSHUDWXUH

7KH�FULWLFDO� WHPSHUDWXUH��7F�� LV�GHILQHG�DV�WKH�WHPSHUDWXUH�DW�ZKLFK� WKH�RUGHU

SDUDPHWHU��&��WHQGV�WR�]HUR��$W�WKLV�SRLQW�WKH�H[FLWDWLRQ�HQHUJLHV�RI�TXDVLSDUWLFOHV��(N�

WHQG�WR�WKH�NLQHWLF�HQHUJ\��xN��DQG�WKH�H[FLWDWLRQ�VSHFWUXP�EHFRPHV�WKDW�RI�D�QRUPDO

PHWDO��:H�FDQ� WKHQ�XVH� �������� UHSODFLQJ� WKH�H[FLWDWLRQ�HQHUJ\�(N�ZLWK�xN�� UHSODFLQJ

WKH�VXPPDWLRQ�ZLWK�DQ�LQWHJUDO�DQG�VROYLQJ�WR�ILQG���������,Q�SUDFWLFH�LW�LV�IRXQG�WKDW

WKH�H[SHULPHQWDO�YDOXHV�RI�&� IRU�GLIIHUHQW�PDWHULDOV�DQG�GLUHFWLRQV� LQ�N�VSDFH�IDOO� LQ

WKH�UHJLRQ�RI����N%7F�WR�����N%7F�7LQNKDP�������

�������� 7HPSHUDWXUH�'HSHQGHQFH�RI�WKH�(QHUJ\�*DS

)URP� ������� LW� LV� SRVVLEOH� WR� QXPHULFDOO\� FDOFXODWH�&�7��� )RU�ZHDN� FRXSOLQJ

VXSHUFRQGXFWRUV� WKLV� JLYHV� D�XQLYHUVDO� FXUYH�&�7��&���� DV� D� IXQFWLRQ� RI�7�7F�ZKLFK

GHFUHDVHV�PRQRWRQLFDOO\�IURP���DW�7 ��WR�]HUR�DW�7 7F��)LJXUH�����VKRZV�D�SORW�RI�WKH

%&6�HQHUJ\�JDS��IURP�GDWD�WDEXODWHG�LQ��0�KOVFKOHJHO���������&ORVH�WR�7F�WKH�HQHUJ\

JDS�IDOOV�WR�]HUR�ZLWK�D�YHUWLFDO�WDQJHQW��ZKLFK�FDQ�EH�DSSUR[LPDWHG�E\�
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KRZHYHU��LQ�WKLV�ZRUN�ZH�JHQHUDOO\�FRQVLGHU�7��7F��LQ�ZKLFK�FDVH��DV�VKRZQ�LQ�ILJXUH

�����&�7� &��� ����N%7F�� 3K\VLFDOO\�� WKLV� DSSUR[LPDWLRQ� IROORZV� IURP� WKH� IDFW� WKDW

WKH�HQHUJ\�JDS�LV�QRW�VLJQLILFDQWO\�UHGXFHG�XQWLO�WKHUH�LV�DQ�DSSUHFLDEOH�SRSXODWLRQ�RI

WKHUPDOO\� H[FLWHG� TXDVLSDUWLFOHV��$V�ZH� VKDOO� VHH� EHORZ�� D� VLJQLILFDQW� SRSXODWLRQ� RI

QRQ�HTXLOLEULXP�TXDVLSDUWLFOHV�FDQ�KDYH�WKH�VDPH�HIIHFW�

���� 7XQQHO�-XQFWLRQV

7KH�FRPPRQ�IHDWXUH� LQ�DOO� WKH�GHYLFHV�GLVFXVVHG� LQ� WKLV�ZRUN� LV� WKHLU�XVH�RI

WXQQHO� MXQFWLRQV�� ,W� LV� WKHUHIRUH� DSSURSULDWH� WR�FRQVLGHU� WKH�SURSHUWLHV�RI� WKH�YDULRXV

FODVVHV� RI� WXQQHO� MXQFWLRQV�� LQ� SDUWLFXODU� WR� H[DPLQH� WKHLU� FXUUHQW�YROWDJH

FKDUDFWHULVWLFV�

4XDQWXP�PHFKDQLFV�SUHGLFWV� WKDW� LW� LV�SRVVLEOH�IRU�D�SDUWLFOH� WR�H[LVW�RQ�ERWK

VLGHV�RI�D�EDUULHU�ZLWK�D�SRWHQWLDO�HQHUJ\�JUHDWHU�WKDQ�WKH�NLQHWLF�HQHUJ\�RI�WKH�SDUWLFOH�

$�JHQHULF� WXQQHO� MXQFWLRQ� LV� D� VDQGZLFK� VWUXFWXUH�RI� WZR� FRQGXFWRUV� VHSDUDWHG� E\� D

WKLQ�LQVXODWLQJ�UHJLRQ��WKDW�IRUPV�VXFK�D�EDUULHU�

7KH�SUREDELOLW\�RI�D�SDUWLFOH�WXQQHOOLQJ�WKURXJK�WKH�EDUULHU�LQ�WKLV�ZD\�FDQ�EH

IRXQG�IURP�WKH�VROXWLRQ�RI�WKH�6FKU|GLQJHU�HTXDWLRQ�DQG�FDQ�HDVLO\�EH�VKRZQ��VHH�DQ\

JRRG�VROLG�VWDWH�SK\VLFV�WH[W�ERRN�VXFK�DV��$VKFURIW�������� WR�GHSHQG�H[SRQHQWLDOO\

RQ� WKH� SRWHQWLDO� HQHUJ\� KHLJKW� RI� WKH� EDUULHU� DQG� LWV� WKLFNQHVV� DQG� LQYHUVHO\� RQ� WKH

YROXPH� IURP�ZKLFK� WXQQHOOLQJ� RFFXUV�� 7KH� WXQQHOOLQJ� FXUUHQW� IURP� RQH� VLGH� RI� WKH

EDUULHU�WR�WKH�RWKHU�LV�JLYHQ�E\�
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ZKHUH�7�(��LV�WKH�WXQQHOOLQJ�PDWUL[�HOHPHQW�±�L�H��WKH�SUREDELOLW\�WKDW�DQ�HOHFWURQ�DW�DQ

HQHUJ\�(�ZLOO� WXQQHO��1���� DUH� WKH� GHQVLW\� RI� VWDWHV� LQ� UHJLRQ� ����� I�(�� LV� WKH� )HUPL

IXQFWLRQ��VR�WKDW�1�I�DQG�1����I��DUH�WKH�QXPEHU�RI�RFFXSLHG�LQLWLDO�VWDWHV�DQG�HPSW\

ILQDO�VWDWHV�UHVSHFWLYHO\��,I�ZH�DVVXPH�WKDW�WKH�EDUULHU�HQHUJ\�LV�PXFK�KLJKHU�WKDQ�DQ\

VWDWH�ZH� FRQVLGHU�� WKHQ�7�(�� LV� D� FRQVWDQW�� DQG� VR� WKH� QHW� FXUUHQW� IORZ� LV� IRXQG� E\

VXEWUDFWLQJ�WKH�UHYHUVH�FXUUHQW�IURP���������7KH�QHW�FXUUHQW�LV�WKHQ�JLYHQ�E\�
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������ 1RUPDO�0HWDO�,QVXODWRU�1RUPDO�-XQFWLRQV

7KH� VLPSOHVW� RI� WKH� WXQQHO� MXQFWLRQ� VWUXFWXUHV� WKDW� ZH� H[DPLQH� KHUH� LV� WKH

1RUPDO�,QVXODWRU�1RUPDO��1,1��MXQFWLRQ��,Q�WKLV�FDVH��ZH�FDQ�UHSUHVHQW�WKH�GHQVLW\�RI

VWDWHV�RQ�HLWKHU�VLGH�RI�WKH�MXQFWLRQ�DV�EHLQJ�D�FRQVWDQW��7KLV�DVVXPSWLRQ�LV�VLPLODU�WR

WKDW�PDGH�LQ�WKH�%&6�GHQVLW\�RI�VWDWHV���������ZKHUH�WKH�GHQVLW\�RI�VWDWHV�LV�FRQVWDQW

IRU�VWDWHV�IDU�IURP�WKH�)HUPL�HQHUJ\���������JLYHV�XV�
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VR�WKDW�WKH�MXQFWLRQ�KDV�D�ZHOO�GHILQHG�UHVLVWDQFH�WKDW�LV�LQGHSHQGHQW�RI�ELDV�9��DQG�LV

WKXV�RKPLF��DQG�LV�LQ�DGGLWLRQ�LQGHSHQGHQW�RI�WHPSHUDWXUH�

������ 6XSHUFRQGXFWRU�,QVXODWRU�1RUPDO�0HWDO�-XQFWLRQV

7KH� VXSHUFRQGXFWRU� LQVXODWRU� QRUPDO�PHWDO� �6,1�� MXQFWLRQ� LV� WKH� ILUVW� RI� WKH

WZR� FODVVHV� RI� WXQQHO� MXQFWLRQV� XVHG� LQ� WKLV� ZRUN�� ,WV� VFKHPDWLF� FURVV� VHFWLRQ�� DQG

GHQVLW\�RI�VWDWHV��LQ�WKH�VHPLFRQGXFWRU�UHSUHVHQWDWLRQ��LV�VKRZQ�LQ�ILJXUH������

)LJXUH������6HPLFRQGXFWRU�UHSUHVHQWDWLRQ�RI�D�6,1�7XQQHO�-XQFWLRQ
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2QO\� WKH� TXDVLSDUWLFOHV� ZLOO� WXQQHO� WKURXJK� WKH� EDUULHU� WR� WKH� QRUPDO� PHWDO

VLQFH�WKH\�DUH�HIIHFWLYHO\�VLQJOH�HOHFWURQ�SDUWLFOHV��7KH�SDLU�VWDWHV�FDQQRW�WXQQHO�VLQFH

E\�GHILQLWLRQ�WKHUH�DUH�QR�SDLU�VWDWHV� WR� WXQQHO� WR�� ,W� LV�SRVVLEOH� IRU� WKH�SDLU�VWDWHV� WR

XQGHUJR�$QGUHHY�UHIOHFWLRQ�DW�WKH�LQWHUIDFH�ZLWK�WKH�EDUULHU��VHH���������+RZHYHU�WKLV

LV�RI�YHU\�ORZ�SUREDELOLW\�IRU�UHDOLVWLF�WKLFNQHVVHV�RI�WXQQHO�EDUULHUV�-XJ�������

8VLQJ� WKH� %&6� GHQVLW\� RI� VWDWHV�� �������� LQ� ������� ZH� ILQG� WKH� JHQHUDO

H[SUHVVLRQ�IRU�WKH�FXUUHQW�LQ�DQ�6,1�MXQFWLRQ�
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ZKHUH� 51� LV� WKH� VDPH� MXQFWLRQ� UHVLVWDQFH� DV� IRXQG� DERYH� IRU� WKH� 1,1� MXQFWLRQ�

7ULYLDOO\�WKLV�IROORZV�VLQFH�IRU�7!7F��& ���VR��������EHFRPHV�HTXDO�WR��������

�������� /RZ�%LDV��H9�3�

,Q� JHQHUDO�� ������� QHHGV� WR� EH� FDOFXODWHG� QXPHULFDOO\� LQ� RUGHU� WR� FRPSDUH

H[SHULPHQWDO� GDWD�ZLWK� WKHRU\� GXH� WR� WKH� VLQJXODULWLHV� LQ� WKH� %&6� GHQVLW\� RI� VWDWHV�

)LJXUH� ����� VKRZV� WKH� UHVXOW� RI� VXFK� DQ� HYDOXDWLRQ� IRU� ELDVHV� LQ� WKH� UDQJH���&� DW

7 ��.��$V�FDQ�EH� VHHQ�� LQ� WKLV� LGHDOLVHG�FDVH�� WKHUH� LV� QR� FXUUHQW� IORZ�XQWLO� H_9_.&�

ZKHUHXSRQ�WKHUH�LV�D�UDSLG�LQFUHDVH�LQ�WKH�FXUUHQW�DV�WKH�FKHPLFDO�SRWHQWLDO�GLIIHUHQFH

SURYLGHV�HQRXJK�HQHUJ\�WR�FUHDWH�D�TXDVLSDUWLFOH�LQ�WKH�VXSHUFRQGXFWRU��,Q�WHUPV�RI�WKH

VHPLFRQGXFWRU�WKLV�FDQ�EH�YLVXDOLVHG�DV�WKH�QRUPDO�PHWDO�VWDWHV�EHLQJ�UDLVHG�E\�H9��VR

WKDW�HOHFWURQV�DW� WKH�)HUPL�VXUIDFH�LQ� WKH�PHWDO�FDQ� WXQQHO� WKURXJK� WKH�EDUULHU� WR� WKH

HPSW\�VWDWHV�DERYH�WKH�HQHUJ\�JDS�LQ�WKH�VHPLFRQGXFWRU��ILJXUH�������



&KDSWHU���±�7KHRU\�RI�6XSHUFRQGXFWLYLW\

��

,I� ZH� H[DPLQH� WKH� GLIIHUHQWLDO� FRQGXFWDQFH� RI� WKH� 6,1� MXQFWLRQ� WKHQ� IURP
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,Q� WKH� OLPLW� RI� ORZ� WHPSHUDWXUHV�� WKHUHIRUH�� WKH� GLIIHUHQWLDO� FRQGXFWDQFH� GLUHFWO\

PHDVXUHV�WKH�GHQVLW\�RI�VWDWHV�LQ�WKH�VXSHUFRQGXFWRU�
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)RU�VXIILFLHQWO\�KLJK�ELDV��WKH�%&6�GHQVLW\�RI�VWDWHV��������WHQGV�WRZDUGV�WKDW

RI�WKH�QRUPDO�VWDWH��VR�WKDW�ZH�DSSURDFK�WKH�VLWXDWLRQ�RI�1,1�WXQQHOOLQJ�� ,Q�WKLV�FDVH

1��V��(��1��1���� 1��1��(��1��1������VR�WKDW�

, H9
9
56,1

1

� �>> =& ������

WKXV�ZH�FDQ�UHIHU�WR�WKH�QRUPDO�VWDWH�UHVLVWDQFH�WR�PHDQ�WKH�UHVLVWDQFH�RI�WKH�MXQFWLRQ

DW�KLJK�ELDV�� 51��

�������� 7HPSHUDWXUH�'HSHQGHQFH

8VLQJ� ������� LW� LV� SRVVLEOH� WR� H[DPLQH� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH

FXUUHQW�YROWDJH�FKDUDFWHULVWLF��$V�ZH�KDYH�QRWHG�DERYH�� IRU�KLJK�ELDV�FRQGLWLRQV� WKH

FXUUHQW�YROWDJH�FKDUDFWHULVWLF� WHQGV�WRZDUGV�WKDW�RI� WKH�HTXLYDOHQW�1,1�MXQFWLRQ��DQG

VR�GRHV�QRW�VKRZ�DQ\�WHPSHUDWXUH�GHSHQGHQFH��+RZHYHU��IRU�ORZ�ELDVHV�ZKHUH�H9�&

LW� LV� QHFHVVDU\� WR� HYDOXDWH� ������� ZLWK� WKH� DSSURSULDWH� WHPSHUDWXUH��:H� FDQ� JR� RQH

VWDJH�IXUWKHU��DQG�XVH�VHSDUDWH�WHPSHUDWXUHV�LQ�WKH�6�DQG�1�HOHFWURGHV��WR�VLPXODWH�DQ

DUWLILFLDOO\�LQFUHDVHG�HOHFWURQ�WHPSHUDWXUH�LQ�RQH�RU�RWKHU�RI�WKH�HOHFWURGHV��,Q�WKH�QH[W

FKDSWHU�ZH� VKDOO� VHH� WKDW� WKLV� LV� LQGHHG� WKH� FDVH� IRU� VRPH� DSSOLFDWLRQV�� )LJXUH� ����

VKRZV� WKH� VXE�JDS� FXUUHQW� �L�H�� H9�&�� IRU� WKH� FDVH� RI� LQFUHDVHG� 6� DQG�1� HOHFWURGH

HOHFWURQ� WHPSHUDWXUH�� DV� FDQ� FOHDUO\� EH� VHHQ�� WKH� VXE�JDS� FXUUHQW� �DW� H9 &���� LV

VWURQJO\� GHSHQGHQW� RQ� WKH� 1� HOHFWURGH� WHPSHUDWXUH�� EXW� QRW� RQ� WKH� 6� HOHFWURGH

WHPSHUDWXUH��7KLV�ZDV� VKRZQ�DQDO\WLFDOO\� WR�EH� WKH� FDVH�E\�'RQDOGVRQ� �'RQDOGVRQ�

������� )RU� D� ELDV� 9�&�� WKH� QXPEHU� RI� HOHFWURQV� DEOH� WR� WXQQHO� IURP� WKH� QRUPDO

HOHFWURGH�VFDOHV�DV� H H9 N 7%- -� � �& ��ZKLOVW� WKH�TXDVLSDUWLFOH�SRSXODWLRQ� LQ� WKH�6�HOHFWURGH

VFDOHV�DV� H N 7%-&� �
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)URP��������ZH�FDQ�ILQG� WKH�FRQGXFWDQFH�DW�DQ\�JLYHQ� WHPSHUDWXUH�DQG�ELDV�

KRZHYHU�IRU�9 ��DQG�ORZ�WHPSHUDWXUHV��ZH�FDQ�ILQG�WKDW�WKH�FRQGXFWDQFH�LV�UHODWHG�WR

WKH�HQHUJ\�JDS�&�YLD�
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ZKHUH�*1�LV�WKH�QRUPDO�VWDWH�FRQGXFWDQFH��L�H����51��

������ 6XSHUFRQGXFWRU�,QVXODWRU�6XSHUFRQGXFWRU�-XQFWLRQV

7KH� VFKHPDWLF� VHPLFRQGXFWRU� PRGHO� UHSUHVHQWDWLRQ� RI� D� VXSHUFRQGXFWRU�

LQVXODWRU�VXSHUFRQGXFWRU� WXQQHO� MXQFWLRQ� �6,6� MXQFWLRQ� DOVR� NQRZQ� DV� DQ� 67-�� LV

VKRZQ�LQ�ILJXUH�������%RWK�HOHFWURGHV�DUH�QRZ�VXSHUFRQGXFWRUV�ZLWK�D�%&6�GHQVLW\�RI

VWDWHV��DQG�VR�IURP��������DQG�LQVHUWLQJ�WKH�%&6�GHQVLW\�RI�VWDWHV�H[SUHVVLRQ��������ZH

ILQG�

��� ��� ��� ��� � ��� ���
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)LJXUH������7HPSHUDWXUH�GHSHQGHQFH�RI�FXUUHQW�LQ�D�6,1�WXQQHO�MXQFWLRQ
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ZKHUH�&��DQG�&��DUH�WKH�HQHUJ\�JDSV�IRU�WKH�WZR�VXSHUFRQGXFWLQJ�HOHFWURGHV��7DNLQJ

WKH� UHDO� SDUW� RI� WKH� %&6� GHQVLW\� RI� VWDWHV� IXQFWLRQV� HQVXUHV� WKDW� WKH� GHQVLW\� RI

TXDVLSDUWLFOHV� VWDWHV� LV� WUHDWHG� DV� EHLQJ� ]HUR� ZLWKLQ� WKH� HQHUJ\� JDS� UHJLRQ�� ������

UHSUHVHQWV�RQO\�WKH�WXQQHOOLQJ�RI�TXDVLSDUWLFOHV��DQG�QRW�WKH�SDLU�VWDWHV��7KH�WXQQHOOLQJ

RI�WKH�SDLUV�QHHGV�WR�EH�FRQVLGHUHG�VHSDUDWHO\�

�������� =HUR�%LDV

,Q� WKH� JURXQG� VWDWH� DW� 7 ��� WKH� RQO\� SRVVLELOLW\� RI� WXQQHOOLQJ� DFURVV� WKH

MXQFWLRQ� ZLOO� EH� WKDW� RI� WKH� SDLUV�� ZKLFK� ZH� ZLOO� UHWXUQ� WR� LQ� ��������� $W� QRQ�]HUR

WHPSHUDWXUHV�WKHUH�ZLOO�EH�WKHUPDOO\�H[FLWHG�TXDVLSDUWLFOHV��KRZHYHU��HYHQ�LI�WKH�WZR

HQHUJ\�JDSV�DUH�QRW�HTXDO�WKHUH�ZLOO�EH�QR�QHW�FXUUHQW�IORZ�VLQFH�WKHUH�ZLOO�EH�HTXDO

QXPEHUV�RI�TXDVLHOHFWURQV�DQG�TXDVLKROHV�WXQQHOOLQJ�

)LJXUH������6HPLFRQGXFWRU�UHSUHVHQWDWLRQ�RI�D�6,6�WXQQHO�MXQFWLRQ�DW
ORZ�ELDV�
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)RU� ELDVHV� EHORZ� WKH� VXP� RI� WKH� HQHUJ\�JDS� YROWDJHV�� WKH� VHPLFRQGXFWRU

UHSUHVHQWDWLRQ� JLYHV� WKH� VLWXDWLRQ� LOOXVWUDWHG� LQ� ILJXUH� ������ )RU� 7 ��� ������� ZRXOG

SUHGLFW� ]HUR� TXDVLSDUWLFOH� FXUUHQW�� KRZHYHU� IRU� ILQLWH� WHPSHUDWXUHV� WKH� WKHUPDOO\

H[FLWHG�TXDVLSDUWLFOHV�PD\�WXQQHO��7KHUH�DUH�WZR�SURFHVV�WKURXJK�ZKLFK�DQ�HOHFWURQ�LV

WUDQVIHUUHG�IURP�RQH�HOHFWURGH��6���WR�WKH�RWKHU��6���

��� $QQLKLODWLRQ� RI� D� TXDVLHOHFWURQ� LQ� 6�� DQG� FUHDWLRQ� RI� RQH� LQ� 6��� ,I� WKH

HQHUJ\� LV� FRQVHUYHG� �L�H�� WKH� WZR� TXDVLSDUWLFOH� VWDWHV� DUH� DW� WKH� VDPH

YHUWLFDO� SRVLWLRQ� LQ� WKH� VHPLFRQGXFWRU� UHSUHVHQWDWLRQ��� WKHQ� WKLV� SURFHVV

ZLOO�UHDFK�D�PD[LPXP�UDWH�ZKHQ�WKH�SHDNV�LQ�WKH�GHQVLW\�RI�VWDWHV�RQ�HLWKHU

VLGH�RI�WKH�MXQFWLRQ�DUH�DOLJQHG��L�H��H9 &��&��

��� $QQLKLODWLRQ�RI�D�TXDVLKROH� LQ�6��DQG�FUHDWLRQ�RI�RQH�LQ�6���/LNH�WKH�ILUVW

SURFHVV�� WKLV�ZLOO� SHDN�ZKHQ� WKH� SHDNV� LQ� WKH� GHQVLW\� RI� VWDWHV� RQ� HLWKHU

VLGH� RI� WKH� MXQFWLRQ� DUH� DOLJQHG�� 6LQFH� ZH� DUH� FRQVLGHULQJ� D� SURFHVV

LQYROYLQJ�TXDVLKROHV��WKH�ELDV�FRQGLWLRQ�LV�H9 &��&��

7RJHWKHU�� WKHVH�WZR�SURFHVVHV�SURGXFH�DQ�LQFUHDVH� LQ�FXUUHQW� IRU�ELDVHV� LQ� WKH� UDQJH

��9��&��&���H�� DQG� WKHQ� D� UHGXFWLRQ� LQ� WKH� FXUUHQW� IRU� ELDVHV� EHWZHHQ� �&��

&���H�9���&��&���H��$FWLQJ�LQ�FRPSHWLWLRQ�ZLWK�WKHVH�SURFHVVHV�DUH�WKH�UHYHUVH�RQHV�

WUDQVIHUULQJ�HOHFWURQV�IRU�6��WR�6��ZKLFK�ZLOO�DOVR�SHDN�DW�9 ��&��&���H��7KLV�LV�WKH�VR�

FDOOHG�JDS�GLIIHUHQFH�SHDN� LQ�WKH�VXE�JDS�FXUUHQW��VHH�ILJXUH��������2EYLRXVO\�� LI�ZH

KDYH� D� V\PPHWULF� 6,6� MXQFWLRQ� WKHQ� WKH� JDS�GLIIHUHQFH� SHDN� GRHV� QRW� H[LVW� DV

SURFHVVHV���DQG���FDQFHO�IRU�DOO�ELDVHV�

)RU�ELDVHV�ZLWKLQ�WKLV�UHJLPH��WKH�FXUUHQW�PD\EH�IRXQG�IURP�WKH�HYDOXDWLRQ�RI

��������EXW�IRU�D�V\PPHWULF� MXQFWLRQ��L�H��ZKHUH�&� &���FDQ�EH�DSSUR[LPDWHG�E\�YDQ

'X]HU�������
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ZKHUH�.��LV�WKH�]HUR�RUGHU�PRGLILHG�%HVVHO�IXQFWLRQ�
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:KHQ� WKH� ELDV� DFURVV� WKH� MXQFWLRQ� LV� LQFUHDVHG� WR�&��&�� WKHQ� WKHUH� DUH� WZR

IXUWKHU�SURFHVVHV�ZKLFK�UHVXOW�LQ�WKH�WUDQVIHU�RI�HOHFWURQV�IURP�6��WR�6��

�� 7KH�DQQLKLODWLRQ�RI�D�TXDVLHOHFWURQ�LQ�6��DQG�RI�D�TXDVLKROH� LQ�6���$JDLQ�

WKH� UHTXLUHPHQW� IRU� WKH� FRQVHUYDWLRQ� RI� HQHUJ\� JLYHV� XV� D� OLPLW� RQ� WKH

ELDVHV� DW�ZKLFK� WKLV� SURFHVV� FDQ� RSHUDWH�� 6SHFLILFDOO\�� ZH� DUH� OLPLWHG� WR

ELDV�9!�&��&���H�

�� 7KH� IRXUWK� DQG� ILQDO� SURFHVV� LV� WKH� FUHDWLRQ� RI� D� TXDVLKROH� LQ�6�� DQG� WKH

FUHDWLRQ�RI�D�TXDVLHOHFWURQ�LQ�6���7KH�ELDV�FRQGLWLRQ�IRU�WKLV�SURFHVV�LV�WKDW

9���&��&���H�

/LNH�WKH�ILUVW�WZR�SURFHVVHV�WKHUH�DUH�WKH�UHYHUVH�SURFHVVHV�WKDW�WUDQVIHU�HOHFWURQV�IURP

6�� WR� 6��� $OWKRXJK� DOO� WKH� SURFHVVHV� RSHUDWH� LQ� SDUDOOHO�� DQG� ZLWKLQ� WKH� PRGHO� RI
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)LJXUH������&XUUHQW�YROWDJH�FKDUDFWHULVWLF�RI�D�6,6�WXQQHO�MXQFWLRQ�
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LQGHSHQGHQW�HOHFWURQV��VHSDUDWHO\�RI�HDFK�RWKHU��LQ�SUDFWLFH�WKHUH�ZLOO�EH�RQH�GRPLQDQW

SURFHVV�GHSHQGLQJ�RQ�WKH�ELDV�FRQGLWLRQV�

:KHQ�WKH�ELDV�DSSURDFKHV�WKH�VXP�RI�WKH�HQHUJ\�JDSV�WKHQ�HLWKHU�SURFHVV���RU

SURFHVV���EHFRPHV�GRPLQDQW�� DQG� D� YHU\� UDSLG� LQFUHDVH� LQ� FXUUHQW� LV� REVHUYHG��7KH

FXUUHQW� DV� D� IXQFWLRQ� RI� ELDV� LV� LOOXVWUDWHG� LQ� ILJXUH� ������ ZKLFK� ZDV� IRXQG� E\

QXPHULFDOO\�HYDOXDWLQJ���������%RWK�WKH�JDS�GLIIHUHQFH�SHDN�DQG�WKH�VXP�JDS�VWHS�DUH

FOHDUO\�YLVLEOH��7KH�SUHVHQFH�RI�WKHVH�WZR�IHDWXUHV�DOORZV�WKH�DFFXUDWH�PHDVXUHPHQW�RI

'��DQG�'��

$V� WKH� WHPSHUDWXUH� LV� LQFUHDVHG�� WKH� QXPEHU� RI� WKHUPDO� H[FLWDWLRQV� LV

LQFUHDVHG��VR�WKH�WXQQHO�FXUUHQW�GXH�WR�SURFHVVHV���DQG���LQFUHDVH��VFDOLQJ�DV�I�(�7���

ZKLFK�LV�PHDVXUHG�E\�DQ�LQFUHDVH�LQ�WKH�VXE�JDS�FXUUHQW��3URFHVVHV���DQG���DUH�ZHDNO\

GHSHQGHQW� RQ� WKH� WHPSHUDWXUH�� VLQFH� WKH\� VFDOH� DV� ��I�(�7��� VR� WKH� FXUUHQW�YROWDJH

FKDUDFWHULVWLF�IRU�ELDVHV�H9�'��'��LV�QRW�PDUNHGO\�DIIHFWHG��EH\RQG�WKH�IDFW�WKH�IDFW

WKDW�'�ZLOO�EH�UHGXFHG�LI�WKH�WHPSHUDWXUH�EHFRPHV�D�VLJQLILFDQW�IUDFWLRQ�RI�7F��

)LQDOO\�� ZH� VKRXOG� QRWH� WKDW� IRU� YHU\� KLJK� ELDVHV� �H9!!�&��&���H��� WKH

WXQQHOOLQJ�LV�PDLQO\�GRPLQDWHG�E\�WKH�WUDQVIHU�RI�HOHFWURQV�IURP�VWDWHV�ZHOO�EHORZ�WKH

)HUPL� VXUIDFH� WR� VWDWHV� ZHOO� DERYH� WKH� )HUPL� VXUIDFH�� DQG� WKH� FXUUHQW�YROWDJH

FKDUDFWHULVWLF� LV� OLQHDU�ZLWK�D�UHVLVWDQFH�51�ZKLFK�LV� WKH�VDPH�DV� LQ� WKH�FDVH�RI�1,1

WXQQHOOLQJ��VHFWLRQ��������

�������� '&�DQG�$&�-RVHSKVRQ�(IIHFWV

:H�VWDWHG�LQ�RXU�GLVFXVVLRQ�DERYH�WKDW�ZH�ZHUH�QHJOHFWLQJ�WKH�HIIHFWV�RI�SDLU

WXQQHOOLQJ��ZKLFK�ZH�QRZ�FRQVLGHU�KHUH��,Q�D�VLWXDWLRQ�RI�]HUR�ELDV�ZH�H[SHULPHQWDOO\

PHDVXUH� D� FXUUHQW�� NQRZQ� DV� WKH� -RVHSKVRQ� &XUUHQW� DIWHU� WKH� 1REHO� 3UL]H� ZLQQLQJ

ZRUN� RI� -RVHSKVRQ�-RVHSKVRQ� ������� $V� ZH� VKDOO� VHH� LQ� WKH� QH[W� FKDSWHU�� LQ� WKH

DSSOLFDWLRQV� WKDW� ZH� DUH� FRQFHUQHG� ZLWK� KHUH� ZH� QRUPDOO\� VXSSUHVV� WKLV� ]HUR� ELDV

FXUUHQW��+RZHYHU��QR�GHVFULSWLRQ�RI�6,6�MXQFWLRQV�ZRXOG�EH�FRPSOHWH�ZLWKRXW�DW�OHDVW

PHQWLRQLQJ� WKLV� SKHQRPHQRQ�DQG� WKHUH� DUH� HIIHFWV� DULVLQJ� IURP� WKLV� WKDW� GR� GLUHFWO\

LPSLQJH�XSRQ�RXU�DSSOLFDWLRQV��:KHQ�WZR�VXSHUFRQGXFWRUV�DUH�SODFHG�RQ�HLWKHU�VLGH

RI� D� WXQQHO� EDUULHU�� WKH� SDLU� VWDWH�ZDYH� IXQFWLRQV� SHQHWUDWH� WKH� EDUULHU�� $VVXPLQJ� D

VXIILFLHQWO\�WKLQ�EDUULHU��WKH�WZR�ZDYHIXQFWLRQV�ZLOO�UHGXFH�WKH�RYHUDOO�HQHUJ\�LI�WKH\
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FRXSOH�DQG�WKHLU�SKDVHV�EHFRPH�ORFNHG�ZLWK�UHVSHFW�WR�RQH�DQRWKHU��,Q�WKLV�VLWXDWLRQ�

SDLUV� PD\� SDVV� IUHHO\� IURP� RQH� VXSHUFRQGXFWRU� WR� WKH� RWKHU� DQG� WUDQVSRUW� D

VXSHUFRQGXFWLQJ�FXUUHQW��7KH�SDLU� WXQQHOOLQJ�FXUUHQW�GHQVLW\� LV�UHODWHG�WR� WKH�YROWDJH

DFURVV� WKH� MXQFWLRQ�� 9�� DQG� WKH� SKDVH� GLIIHUHQFH� j� E\� WKH� -RVHSKVRQ

HTXDWLRQV�-RVHSKVRQ�������
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� LV� WKH� PD[LPXP� FXUUHQW� GHQVLW\� �ZKLFK� JLYHV� WKH� PD[LPXP� RU� FULWLFDO

FXUUHQW� ,
F
��� $�PDJQHWLF� ILHOG� LQ� WKH� MXQFWLRQ�%� FDXVHV� D�PRGXODWLRQ� LQ� WKH� MXQFWLRQ
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� LV�D�XQLW�YHFWRU�SHUSHQGLFXODU� WR�WKH�EDUULHU��G� LV� WKH�PDJQHWLF� WKLFNQHVV�� 

�l
/
�W���ZLWK�l

/
�WKH�/RQGRQ�SHQHWUDWLRQ�GLVWDQFH�DQG�W�WKH�EDUULHU�WKLFNQHVV�

)RU�MXQFWLRQV�WKDW�DUH�VPDOO�FRPSDUHG�WR�WKH�-RVHSKVRQ�SHQHWUDWLRQ�GHSWK�
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ZLWK�F
�
� WKH�HOHPHQWDU\� IOX[�TXDQWXP KF��H��VHOI� ILHOG�HIIHFWV�FDQ�EH�QHJOHFWHG��)RU

ODUJHU�MXQFWLRQV�WKHVH�QHHG�WR�EH�LQFOXGHG��VHH�IRU�H[DPSOH��,VDDF��������,Q�WKH�FDVH�RI
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ZKHUH� I�[�� LV� D� SRVLWLYH� DQG� HYHQ� IXQFWLRQ� WKDW� GHVFULEHV� WKH� MXQFWLRQ� VKDSH� LQ� WKH

UHJLRQ��/����,Q�JHQHUDO��WKLV�JLYHV�DQ�RVFLOODWRU\�IXQFWLRQ�LQ�ZKLFK�WKH�PD[LPD�IDOO�RII

DV�UHFLSURFDO�SRZHU�RI�WKH�ILHOG�%��)RU�D�UHFWDQJXODU� MXQFWLRQ�WKH�UHVXOWLQJ�SDWWHUQ�LV

WKH�ZHOO�NQRZQ�)UDXHQKRIHU�SDWWHUQ�

,I� D� MXQFWLRQ� LV� KHOG� D� FRQVWDQW� ELDV�9�� LW� IROORZV� IURP� ������� WKDW� WKHUH� LV� D

FRQVWDQW�UDWH�RI�SKDVH�VOLSSDJH�EHWZHHQ�WKH�SDLU�VWDWH�ZDYHIXQFWLRQV�RQ�HLWKHU�VLGH�RI

WKH�MXQFWLRQ��7KLV�WKHQ�JLYHV�DQ�RVFLOODWRU\�FXUUHQW�IURP��������ZLWK�D�IUHTXHQF\��WKH

-RVHSKVRQ�IUHTXHQF\��



&KDSWHU���±�7KHRU\�RI�6XSHUFRQGXFWLYLW\

��

! =
�H9
h

������

WKH� FRQVWDQW� EHWZHHQ� IUHTXHQF\� DQG� ELDV� EHLQJ� ������0+]��9�� :KLOVW� WKLV� LV� QRW

GLUHFWO\�PHDVXUDEOH��LW�FDQ�LQGXFH�DQ�HOHFWURPDJQHWLF�ILHOG�ZKLFK�IRU�FHUWDLQ�YROWDJHV

ZLOO� KDYH� D� ZDYHOHQJWK� WKDW� ZLOO� H[FLWH� VWDQGLQJ� ZDYH� UHVRQDQFHV� RI� WKH� MXQFWLRQ

FDYLW\�� )RU� FXUUHQW� ELDVHG� MXQFWLRQV� WKH\� DUH� REVHUYHG� DV� VWHSV� LQ� WKH� MXQFWLRQ¶V

FXUUHQW�YROWDJH�FKDUDFWHULVWLF��NQRZQ�DV�WKH�)LVNH�UHVRQDQFHV��,Q�WKH�JHQHUDO�FDVH��WKH

)LVNH�UHVRQDQFHV�FDQ�EH�FDOFXODWHG�E\�ILQGLQJ�WKH�ORFDO�SKDVH�GLIIHUHQFH�j�[�\�W��DQG

LQWHJUDWLQJ���������7KH�SURFHGXUH�WR�ILQG�j�[�\�W��LQYROYHV�VROYLQJ�D�WZR�GLPHQVLRQDO

SHUWXUEHG� 6LQH�*RUGRQ� (TXDWLRQ� ZKLFK� LV� WKH� UHVXOW� RI� FRPELQLQJ� WKH� 0D[ZHOO

(TXDWLRQV� DQG� WKH� -RVHSKVRQ� (TXDWLRQV�� $� FRPSUHKHQVLYH� VWXG\� RI� WKLV� KDV� EHHQ

SHUIRUPHG�E\�*LMVEHUWVHQ�*LMVEHUWVHQ�������

���� 4XDVLSDUWLFOH�DQG�3KRQRQ�/LIHWLPHV

:H�VKDOO�EH�FRQFHUQHG�ZLWK�WKH�OLIHWLPHV�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV�LQ�RXU

GHYLFHV��$�WKRURXJK�WKHRUHWLFDO�DQDO\VLV�RI�WKH�OLIHWLPHV�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV

LQ�QHDU�WKHUPDO�HTXLOLEULXP�KDV�EHHQ�XQGHUWDNHQ�E\�.DSODQ�HW�DO���.DSODQ��������)RU

ODUJHU� GHSDUWXUHV� IURP� WKHUPDO� HTXLOLEULXP� WKH� FRXSOHG� NLQHWLF� HTXDWLRQV� RI� &KDQJ

DQG�6FDODSLQR�&KDQJ�������DV�GLVFXVVHG�LQ�VHFWLRQ�������DUH�UHTXLUHG�

������ 4XDVLSDUWLFOH�/LIHWLPHV

$�TXDVLSDUWLFOH�DW�VRPH�HQHUJ\�(�WKDW�LV�DERYH�WKH�HQHUJ\�JDS��L�H��(!&���PD\

XQGHUJR�D�QXPEHU�RI�GLIIHUHQW�SURFHVVHV��,W�PD\�UHFRPELQH�ZLWK�DQRWKHU�TXDVLSDUWLFOH

WR�IRUP�D�ERXQG�SDLU��LW�PD\�VFDWWHU�LQHODVWLFDOO\�HLWKHU�IURP�DQRWKHU�TXDVLSDUWLFOH�RU

IURP�D�SKRQRQ��RU�LW�PD\�XQGHUJR�HODVWLF�VFDWWHULQJ�

�������� (ODVWLF�6FDWWHULQJ

7KH� UDWH� RI� HODVWLF� VFDWWHULQJ� RI� TXDVLSDUWLFOHV� LV� KLJKO\� GHSHQGHQW� RQ� WKH

PLFURVWUXFWXUH� RI� WKH� VXSHUFRQGXFWRU�� ,Q� WKH� FDVH� RI� WKLQ� VSXWWHUHG� ILOPV� DV� VWXGLHG

KHUH��WKH�JUHDWHVW�IDFWRU�LQ�WKH�PLFURVWUXFWXUH�LV�WKH�GHJUHH�RI�HSLWD[\�RI�WKH�ILOP�ZLWK

UHVSHFW�WR�WKH�VXEVWUDWH��)RU�IXOO\�HSLWD[LDO�ILOPV�WKH�PHDQ�IUHH�SDWK�RI�HOHFWURQV��DQG
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KHQFH�RI�TXDVLSDUWLFOHV��LV�OLPLWHG�E\�VXUIDFH�VFDWWHULQJ��,Q�WKLV�FDVH�WKH�PHDQ�IUHH�SDWK

ZLOO�EH�RI�WKH�RUGHU�RI�WKH�ILOP�WKLFNQHVV��$W�WKH�RWKHU�H[WUHPH�WKH�PHDQ�IUHH�SDWK�LV

OLPLWHG� E\� WKH� JUDLQ� VL]H� RI� SRO\FU\VWDOOLQH� ILOPV��ZKLFK� W\SLFDOO\� FDQ� EH� DV� ORZ� DV

���QP�� 7KH� PHDQ� IUHH� SDWK� FDQ� EH� TXDQWLILHG� E\� PHDQV� RI� WKH� UHVLGXDO� UHVLVWDQFH

UDWLR�555��RI�WKH�ILOP�WR�FDOFXODWH�WKH�PHDQ�IUHH�SDWK�RI�HOHFWURQV��LW�LV�DVVXPHG�WKDW

TXDVLSDUWLFOHV�ZLOO�KDYH�WKH�VDPH�HODVWLF�PHDQ�IUHH�SDWK��

7KH�UHVLGXDO�UHVLVWDQFH�UDWLR�LV�GHILQHG�DV�

555
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WKHUPDO UHVLGXDO

UHVLGXDO
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ZKHUH�r
WKHUPDO

� LV� WKH� UHVLVWLYLW\�GXH� WR�SKRQRQ�VFDWWHULQJ� DQG�r
UHVLGXDO

� LV� WKH� UHVLVWLYLW\

GXH� WR� LPSXULW\�� GHIHFW� DQG� LQWHUIDFH� VFDWWHULQJ�� ,Q� SUDFWLFH� LW� LV� QRW� QHFHVVDU\� WR

PHDVXUH�WKH� UHVLVWDQFH�DW�YDQLVKLQJ� WHPSHUDWXUHV�� IRU�D�QRUPDO�PHWDO�� OLTXLG�+HOLXP

WHPSHUDWXUH� �����.�� LV� VXIILFLHQW� IRU� WKH� QRQ�WKHUPDO� UHVLVWDQFH� PHFKDQLVPV� WR

GRPLQDWH��)RU�D�VXSHUFRQGXFWRU��REYLRXVO\��ZH�QHHG� WR�XVH�D� WHPSHUDWXUH�DERYH�7
F
�

7KH� UHVLGXDO� UHVLVWLYLW\� FDQ� EH� IRXQG� IURP� FDWDORJXHG� YDOXHV� RI� EXON� UHVLVWLYLW\� r
E

IURP�
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WKH�UHVLGXDO�UHVLVWLYLW\�±�PHDQ�IUHH�SDWK�SURGXFW�LV�D�PDWHULDO�FRQVWDQW�ZKLFK�LV�JLYHQ

E\�

�
� �
/

P Y
QH

)=



������

ZLWK�PHDQ�IUHH�SDWK�/��)HUPL�YHORFLW\�Y
)
��QXPEHU�GHQVLW\�RI�HOHFWURQV�Q��)RU�HOHFWURQV

WKH� OLIHWLPH� DJDLQVW� VFDWWHULQJ� t
HOV
 /�Y

)
�� )RU� TXDVLSDUWLFOHV�� VWULFWO\� RQH� VKRXOG� WDNH

DFFRXQW� RI� WKH� GLVSHUVLRQ� UHODWLRQ� LPSOLHG� E\� ������� WR� FDOFXODWH� WKH� YHORFLW\� RI� D

TXDVLSDUWLFOH�DW�HQHUJ\�(�

Y Y
(TS )

= -���
�
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LQ�ZKLFK�FDVH�WKH�HODVWLF�VFDWWHULQJ�WLPH�EHFRPHV�t
HOV
 /�Y

TS
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�������� ,QHODVWLF�6FDWWHULQJ

$OWKRXJK� TXDVLSDUWLFOHV� PD\� VFDWWHU� IURP� ERWK� SKRQRQV� DQG� RWKHU

TXDVLSDUWLFOHV�� WKH� ODWWHU�SURFHVV� FDQ�EH�QHJOHFWHG��7KH� UDWH�RI� VFDWWHULQJ�E\�SKRQRQ

HPLVVLRQ� YDULHV� DV� (��#
'

��� ZKHUH� #
'
� LV� WKH� 'HE\H� IUHTXHQF\� DQG� (� WKH� HOHFWURQ

HQHUJ\��7KH�HOHFWURQ�VFDWWHULQJ�UDWH�YDULHV�DV�(�����ZKHUH���LV�WKH�FKHPLFDO�SRWHQWLDO�

.DSODQ�HW�DO��KDYH�WDEXODWHG� h! �
' % &

N 7� � �DQG�VKRZ�WKDW�LW�LV�PXFK�OHVV�WKDQ���IRU�PRVW

VXSHUFRQGXFWRUV�� 7KHUHIRUH�� IRU� TXDVLSDUWLFOHV� LQ� WKH� UDQJH� N
%
7
F
�(� #

'
�� HOHFWURQ�

SKRQRQ�VFDWWHULQJ�GRPLQDWHV�

.DSODQ� HW� DO�� VKRZHG� WKDW� D� TXDVLSDUWLFOH� DW� HQHUJ\� (�� DQG� ZLWK� D� WKHUPDO

GLVWULEXWLRQ�RI�SKRQRQV�DQG�TXDVLSDUWLFOHV��PD\�VFDWWHU�LQHODVWLFDOO\�E\�WKH�HPLVVLRQ�RU

DEVRUSWLRQ�RI�D�SKRQRQ�ZLWK�OLIHWLPHV�JLYHQ�E\�

�
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ZKHUH� I�(�� LV� WKH�)HUPL� IXQFWLRQ��Q�(�� WKH�%RVH� IXQFWLRQ��a�� LV� WKH� HOHFWURQ�SKRQRQ

FRXSOLQJ�FRQVWDQW��)�WKH�SKRQRQ�GHQVLW\�RI�VWDWHV��r�(��WKH�%&6�GHQVLW\�RI�VWDWHV��DQG

=
�
���� D� PDWHULDO� GHSHQGHQW� UHQRUPDOLVDWLRQ� FRQVWDQW� �DFWXDOO\� JLYHQ� E\� ��1���9��

ZKLFK� W\SLFDOO\� LV� EHWZHHQ� �� DQG� ��� $OO� WKH� WHUPV� LQ� WKHVH� HTXDWLRQV� DUH� ZHOO

FDWDORJXHG� DSDUW� IURP� WKH� (OLDVKEHUJ� IXQFWLRQ� a��W�)�W��� ZKLFK� PD\� EH

DSSUR[LPDWHG� IURP� WXQQHOOLQJ� PHDVXUHPHQWV�� )RU� (�� #
'
� FRQYHQWLRQDOO\�a��W�� LV

WDNHQ�WR�EH�LQGHSHQGHQW�RI�W��DQG�)�W��LV�WDNHQ�DV�TXDGUDWLF�LQ�W���VR�WKDW�a��W�)�W�

LV�DSSUR[LPDWHG�E\�EW���9DOXHV�RI�E�IRU�YDULRXV�VXSHUFRQGXFWRUV�DUH�JLYHQ�E\�.DSODQ

HW� DO�� ,Q� WKHLU� ZRUN�.DSODQ� ������� WKH\� VKRZHG� WKDW� ZKHQ� QRUPDOLVHG� E\� D

FKDUDFWHULVWLF�WLPH�t
�
�JLYHQ�E\�
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WKH� WLPHV� IRU� LQHODVWLF� VFDWWHULQJ� DQG� UHFRPELQDWLRQ� FRXOG� EH� ILWWHG� E\� XQLYHUVDO

FXUYHV�

9DOXHV� RI� t
�
� IRU� YDULRXV� VXSHUFRQGXFWRUV�� DV� WDEXODWHG� E\�.DSODQ� HW� DO��� DUH

OLVWHG�LQ�WDEOH�����DQG�SORWV�RI�WKH�TXDVLSDUWLFOH�OLIHWLPH�DJDLQVW�SKRQRQ�HPLVVLRQ�DQG

DEVRUSWLRQ�IRU�D�UDQJH�RI�HQHUJLHV�DQG�WHPSHUDWXUHV�DUH�VKRZQ�LQ�ILJXUH������
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(QHUJ\�D

/LIHWLPH�DJDLQVW
SKRQRQ�DEVRUSWLRQ

/LIHWLPH�DJDLQVW
SKRQRQ�HPLVVLRQ

)LJXUH������4XDVLSDUWLFOH�OLIHWLPH�DJDLQVW�SKRQRQ�HPLVVLRQ�DQG�DEVRUSWLRQ�

6XSHUFRQGXFWRU t
�
�QV� t

�

SK�SV�

1E ����� ����

$O ���D ���

7DEOH�����&DOFXODWHG� YDOXHV� RI� WKH� TXDVLSDUWLFOH� �t��� DQG� SKRQRQ� �t�
SK�� FKDUDFWHULVWLF� WLPHV� �IURP

�.DSODQ��������D�([SHULPHQWDO�PHDVXUHPHQWV��H�J���&KL�������VXJJHVW�WKLV�ILJXUH�LV�UDWKHU�WRR�KLJK��LQGLFDWLQJ�D
YDOXH�RI�DURXQG����QV��PRUH�UHFHQWO\��)ULHGULFK�������KDV�UHSRUWHG�D�JRRG�ILW�WR�GDWD�IRU����QV�
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�������� 4XDVLSDUWLFOH�5HFRPELQDWLRQ

$�TXDVLSDUWLFOH�DW�DQ�HQHUJ\�(�PD\�UHFRPELQH�ZLWK�DQRWKHU�TXDVLSDUWLFOH�DW�DQ

HQHUJ\�(¶�WR�UHOHDVH�D�SKRQRQ�RI�HQHUJ\�W (�(¶��7KHVH�UHFRPELQDWLRQ�SKRQRQV�WKXV

KDYH�HQHUJLHV�JUHDWHU�WKDQ��&��7KH�UDWH�RI�WKLV�SURFHVV�LV�JLYHQ�E\�
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)LJXUH������VKRZV�WKH�UHFRPELQDWLRQ�UDWH�IRU�WKH�VDPH�UDQJH�RI�TXDVLSDUWLFOH�HQHUJLHV

DQG� WHPSHUDWXUHV� DV� LQ� ILJXUH� ������ ,Q� RUGHU� PRUH� FOHDUO\� WR� VKRZ� WKH� UHODWLYH

LPSRUWDQFH� RI� WKHVH� TXDVLSDUWLFOH� SURFHVVHV�� LQ� ILJXUH� ����� ZH� SORW� WKH� LQHODVWLF

VFDWWHULQJ� UDWH� t��
LQHODVWLF

� � � � �
LQHODVWLF HPLVVLRQ DERVUSWLRQ

- - -= +� � � ��� UHFRPELQDWLRQ� UDWH� DQG� HODVWLF

VFDWWHULQJ� UDWH� IRU� TXDVLSDUWLFOH� HQHUJLHV� EHWZHHQ� &� DQG� �&� IRU� D� UDQJH� RI

WHPSHUDWXUHV�
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(QHUJ\�D

/LIHWLPH�DJDLQVW
VFDWWHULQJ

/LIHWLPH�DJDLQVW
UHFRPELQDWLRQ

)LJXUH������4XDVLSDUWLFOH�OLIHWLPHV�DJDLQVW�VFDWWHULQJ�DQG�UHFRPELQDWLRQ�
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+HUH� ZH� VKRXOG� SRLQW� RXW� WKDW� WKH� OLIHWLPH� DJDLQVW� UHFRPELQDWLRQ� FDOFXODWHG

DERYH�LV�RQO\�WKH�WLPH�IRU�WKH�UHFRPELQDWLRQ�RI�D�VSHFLILF�SDLU�RI�TXDVLSDUWLFOHV��$V�ZH

VKDOO�VHH�LQ�WKH�IROORZLQJ�VHFWLRQV��LW�LV�OLNHO\�WKDW�WKH�UHFRPELQDWLRQ�SKRQRQ�HPLWWHG

LQ�WKH�SURFHVV�ZLOO�FDXVH�D�SDLU�EUHDNLQJ�HYHQW�DQG�UHJHQHUDWH�D�SDLU�RI�TXDVLSDUWLFOHV�

7KXV� WKH� TXDVLSDUWLFOH� SRSXODWLRQ� GRHV� QRW� GHFD\� DW� WKH� UDWH� LPSOLHG� E\� WKH

UHFRPELQDWLRQ�UDWH�

������ 3KRQRQ�/LIHWLPHV

�������� 3KRQRQ�/LIHWLPHV�LQ�6XSHUFRQGXFWRUV

:H�FRQVLGHU�IRXU�FRPSHWLQJ�SURFHVVHV�WKDW�SKRQRQV�LQ�D�VXSHUFRQGXFWRU�PD\

XQGHUJR�� 3DLU� EUHDNLQJ�� WR� FUHDWH� WZR� TXDVLSDUWLFOHV�� 4XDVLSDUWLFOH� VFDWWHULQJ�

DEVRUSWLRQ�E\�DQ�H[LVWLQJ�TXDVLSDUWLFOH�WR�VFDWWHU�LW�WR�D�KLJK�HQHUJ\�VWDWH��$QKDUPRQLF

GHFD\�� VFDWWHULQJ� RI� SKRQRQV� WR� ORZHU� HQHUJ\� SKRQRQV�� )LQDOO\�� ORVV� IURP� WKH� ILOP�

W\SLFDOO\�WR�WKH�VXEVWUDWH�RU�DQRWKHU�ILOP�ZLWKLQ�WKH�GHYLFH�

7KH�UDWH�RI�SDLU�EUHDNLQJ�E\�SKRQRQV�ZDV�IRXQG�E\�.DSODQ�HW�DO��WR�EH�
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ZKHUH�1
LRQ

�LV�WKH�QXPEHU�GHQVLW\�RI�LRQ�FRUHV��7KH�SKRQRQ�HOHFWURQ�FRXSOLQJ�FRQVWDQW�

a��� LV�IRXQG�IURP�a�)�ZKLFK�LV�GHWHUPLQHG�IURP�WXQQHOOLQJ�H[SHULPHQWV�*UD\������

DQG�GLYLGLQJ�E\�WKH�SKRQRQ�GHQVLW\�RI�VWDWHV��)�IURP�QHXWURQ�VFDWWHULQJ�H[SHULPHQWV�

7KH�SKRQRQ�TXDVLSDUWLFOH�VFDWWHULQJ�UDWH�LV�JLYHQ�E\�.DSODQ�HW�DO��DV�
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7KH� SKRQRQ� OLIHWLPH� DJDLQVW� SDLU� EUHDNLQJ� DQG� TXDVLSDUWLFOH� VFDWWHULQJ� FDQ� EH

H[SUHVVHG�LQ�WHUPV�RI�D�PDWHULDO�GHSHQGHQW�FKDUDFWHULVWLF�OLIHWLPH�t
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ZKHUH��a�!��WKH�DYHUDJH�YDOXH�RI�a��LV�JLYHQ�E\�
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SK�LV�WDEXODWHG�IRU�1E�DQG�$O�LQ�WDEOH�����

,Q�ILJXUH������ZH�SORW�t��
SDLU�EUHDNLQJ

�DQG�t��
SK�TS�VFDWWHU

�QRUPDOLVHG�DJDLQVW�t
�

SK�IRU�D

UDQJH�RI� WHPSHUDWXUHV�EHWZHHQ������.�DQG���.�DQG�HQHUJLHV�EHWZHHQ���DQG���&� IRU

1E�� )RU� VXIILFLHQWO\� ORZ� WHPSHUDWXUHV� �7�7
F

������ DQG� HQHUJLHV� W!�&� ZH� FDQ

DSSUR[LPDWH�WKH�SDLU�EUHDNLQJ�UDWH�DV�t
�

SK��7KH�SKRQRQ�TXDVLSDUWLFOH�VFDWWHULQJ�UDWH�LV

RUGHUV� RI�PDJQLWXGH� VORZHU� WKDQ� SDLU� EUHDNLQJ� DQG� QRUPDOO\� FDQ� EH� QHJOHFWHG�� )RU

SKRQRQV�RI�HQHUJ\�W��&��KRZHYHU��WKH�SKRQRQ�TXDVLSDUWLFOH�VFDWWHULQJ�LV�VLJQLILFDQW

DV�WKHVH�SKRQRQV�GR�QRW�KDYH�VXIILFLHQW�HQHUJ\�WR�EUHDN�SDLUV�

,Q� WKHLU� VWXGLHV� RI� WKH� DQKDUPRQLF� GHFD\� RI� SKRQRQV� 2UEDFK� DQG

9UHGHYRH�2UEDFK� ������ VKRZHG� WKDW� WKH� GRPLQDQW� GHFD\� SURFHVVHV� ZHUH� WKH� WKUHH

SKRQRQ�SURFHVVHV��WUDQVYHUVH�SKRQRQ���WUDQVYHUVH�SKRQRQ���ORQJLWXGLQDO�SKRQRQ�DQG
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TXDVLSDUWLFOH�VFDWWHULQJ

/LIHWLPH�DJDLQVW
SDLU�EUHDNLQJ

)LJXUH������3KRQRQ�OLIHWLPHV�DJDLQVW�TXDVLSDUWLFOH�VFDWWHULQJ�DQG�SDLU�EUHDNLQJ
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WUDQVYHUVH� SKRQRQ� �� ORQJLWXGLQDO� SKRQRQ��� ORQJLWXGLQDO� SKRQRQ�� ,Q� DGGLWLRQ� WKH

WUDQVYHUVH� SKRQRQ� OLIHWLPHV� ZHUH� RUGHUV� RI� PDJQLWXGH� ORQJHU� WKDQ� WKRVH� RI� WKH

ORQJLWXGLQDO�SKRQRQV��6LQFH�WKH�GHQVLW\�RI�SKRQRQ�VWDWHV�VFDOHV�ZLWK���F��ZKHUH�F� LV

WKH�VSHHG�RI�VRXQG�DQG�JHQHUDOO\�WKH�YHORFLW\�RI�ORQJLWXGLQDO�SKRQRQV�LV�WZLFH�WKDW�RI

WKH�WUDQVYHUVH�SKRQRQV�.DSODQ��������ZH�H[SHFW�WKH�WUDQVYHUVH�SKRQRQV�WR�GRPLQDWH�

7KH�OLIHWLPH�RI�ORQJLWXGLQDO�SKRQRQV�FDQ�EH�FDOFXODWHG�IURP���.OHPHQV�������
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g� LV� WKH� *U�QHLVHQ� FRQVWDQW�� F
/�7

� DUH� WKH� VSHHG� RI� WKH� ORQJLWXGLQDO� DQG� WUDQVYHUVH

SKRQRQV��W
'

� WKH� 'HE\H� (QHUJ\� DQG�0� WKH� DWRPLF� PDVV�� )RU� WKH� PDWHULDOV� ZH� DUH

LQWHUHVWHG� LQ� WKLV� JLYHV� DQKDUPRQLF� GHFD\� WLPHV� IRU� WUDQVYHUVH� SKRQRQV� ZKLFK� DUH

PDQ\�RUGHUV�RI�PDJQLWXGH�ORQJHU�WKDQ�WKH�RWKHU�SKRQRQ�SURFHVVHV�

7KH�ILQDO�SURFHVV�WKDW�PD\�RFFXU�IRU�D�SKRQRQ�LQ�D�VXSHUFRQGXFWRU�LV�ORVV�IURP

WKH�ILOP�E\�HVFDSH�WR�HLWKHU�WKH�VXEVWUDWH�RU�DQRWKHU�OD\HU�LQ�WKH�GHYLFH��7KH�ORVV�WLPH

IRU�SKRQRQV�IURP�D�ILOP�RI�WKLFNQHVV�LV�G�LV�JLYHQ�E\�

�
8

SKRQRQ HVFDSH

ILOP

LQWHUIDFH UHIOHFWLRQ
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ZKHUH� F� LV� WKH� VSHHG� RI� VRXQG�� DQG� V� WKH� WUDQVPLVVLRQ� FR�HIILFLHQW�� 7KLV� H[SUHVVLRQ

KROGV�LQ�WKH�OLPLW�WKDW�WKH�ILOP�WKLFNQHVV�G.L��ZKHUH�L�LV�WKH�SDLU�EUHDNLQJ�OHQJWK��)RU

WKLFNHU�ILOPV��WKH�EXON�SKRQRQ�ORVVHV�EHFRPH�GRPLQDQW�DQG�WKH�SKRQRQ�HVFDSH�WLPH�LV

LQGHSHQGHQW�RI�ILOP�WKLFNQHVV�DQG�WUDQVPLVVLRQ�FR�HIILFLHQW�

�������� 3KRQRQ�(OHFWURQ�3URFHVVHV�LQ�1RUPDO�0HWDOV

(OHFWURQ�SKRQRQ� VFDWWHULQJ� LQ�PHWDOV� LV� D� VXEVWDQWLDO� ILHOG� RI� VWXG\� LQ� LWVHOI�

7KH� UHDGHU� LV� GLUHFWHG� WRZDUGV� WKH� DYDLODEOH� UHYLHZV� LQ� WKH� OLWHUDWXUH�� VXFK� DV

�*DQWPDNKHU�������IRU�D�PRUH�FRPSOHWH�RYHUYLHZ�RI�WKH�ILHOG��2I�SDUWLFXODU� LQWHUHVW

LQ�WKLV�ZRUN�ZLOO�EH�WKH�SURFHVVHV�DQG�DVVRFLDWHG�OHQJWK�VFDOHV�WKDW�D�DWKHUPDO�SKRQRQ

�L�H��W!!N
%

7�� XQGHUJRHV� LQ� D� QRUPDO� PHWDO�� 7\SLFDOO\� WKLV� VLWXDWLRQ� DULVHV� ZKHQ� D

SKRQRQ� UHVXOWLQJ� IURP� D� TXDVLSDUWLFOH� UHFRPELQDWLRQ� RU� VFDWWHULQJ� SURFHVV� LQ� D

VXSHUFRQGXFWRU�HQWHUV�D�QRUPDO�PHWDO�
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7KH�HQG�SRLQW�IROORZLQJ�WKH�DEVRUSWLRQ�RI�DQ�DWKHUPDO�SKRQRQ�ZLOO�EH�IRU�WKH

HOHFWURQ� DQG� SKRQRQ� V\VWHPV� WR� UH�HVWDEOLVK� DQ� HTXLOLEULXP� ZLWK� D� VOLJKWO\� KLJKHU

WHPSHUDWXUH�7ILQDO�ZLWK� UHVSHFW� WR� WKH�RULJLQDO� WHPSHUDWXUH�7�� ,Q� WKH� ORZ� WHPSHUDWXUH

UHJLPHV�ZKLFK�ZH�FRQVLGHU�LQ�WKLV�ZRUN��WKH�YDVW�PDMRULW\�RI�WKH�VSHFLILF�KHDW�FDSDFLW\

RI�D�QRUPDO�PHWDO� LV�GXH�WR�WKH�VSHFLILF�KHDW�FDSDFLW\�RI� WKH�HOHFWURQ�V\VWHP�1DKXP

������� )XUWKHUPRUH� WKH� SRZHU� WUDQVIHU� EHWZHHQ� WKH� HOHFWURQ� DQG� SKRQRQ� V\VWHP� LV

VXIILFLHQWO\� ORZ� WKDW� WKH� WZR� V\VWHPV� DUH� RQO\� ZHDNO\� FRXSOHG� DQG� FDQ� KDYH

VLJQLILFDQWO\�GLIIHUHQW� WHPSHUDWXUHV�:HOOVWRRG��������7KH�FRXSOLQJ�EHWZHHQ� WKH� WZR

V\VWHPV�LV�JLYHQ�E\�

3 9 7 7
HOHFWURQ SKRQRQ HOHFWURQ SKRQRQ-

= -3� �� � ������

ZKHUH�9�LV�WKH�YROXPH�RI�WKH�VDPSOH��S�LV�D�PDWHULDO�FRQVWDQW��DQG�7
HOHFWURQ�SKRQRQ

�DUH�WKH

HOHFWURQ� DQG� SKRQRQ� WHPSHUDWXUHV�� )RU� $X� �ZKLFK� LV� WKH� QRUPDO� PHWDO� XVHG� KHUH�

S ������:P��.���:HOOVWRRG��������7KH�VWDJHV�EHWZHHQ�WKH�LQLWLDO�SKRQRQ�DEVRUSWLRQ

DQG�WKH�ILQDO�HTXLOLEULXP�DUH�DV�IROORZV�

�� $WKHUPDO� SKRQRQ� XQGHUJRHV� UDSLG� SKRQRQ�HOHFWURQ� VFDWWHULQJ� WR� JLYH� D

VLQJOH�KRW�HOHFWURQ��7KLV�LV�WKH�LQGHSHQGHQW�KRW�HOHFWURQ�UHJLPH�

�� 7KH� HOHFWURQ� V\VWHP� UH�HVWDEOLVKHV� D� WKHUPDO�OLNH� GLVWULEXWLRQ� ZLWK� DQ

HIIHFWLYH�WHPSHUDWXUH�7
!7��7KLV�LV�WKH�LQWHUDFWLQJ�KRW�HOHFWURQ�UHJLPH��LQ

ZKLFK� WKHUH� LV� HOHFWURQ�HOHFWURQ� VFDWWHULQJ�� EXW� QRW� VLJQLILFDQW� HOHFWURQ�

SKRQRQ�VFDWWHULQJ�

�� 7KH�HOHFWURQ�DQG�SKRQRQ�V\VWHPV�UH�HVWDEOLVK�DQ�HTXLOLEULXP��$OWKRXJK�WKH

V\VWHP� UHJDLQV� D� XQLIRUP� WHPSHUDWXUH��PRVW� RI� WKH� HQHUJ\� LV� KHOG� LQ� WKH

HOHFWURQ� V\VWHP� GXH� WR� WKH� UHODWLYH� KHDW� FDSDFLWLHV� RI� HOHFWURQV� DQG

SKRQRQV��7KLV�UHJLPH�LV�LPSRUWDQW�IRU�WKH�SHUIRUPDQFH�RI�FHUWDLQ�FODVVHV�RI

;�UD\�GHWHFWRU�ZKLFK�ZH�ZLOO�GLVFXVV�LQ�WKH�QH[W�FKDSWHU�

7KH� OHQJWK� VFDOHV� DVVRFLDWHG� ZLWK� WKHVH� VWDJHV� KDYH� EHHQ� VWXGLHG� E\� ZRUNHUV

SHUIRUPLQJ� QRLVH� PHDVXUHPHQWV� LQ� PLFUR�� DQG� PHVRVFRSLF� ZLUHV�� IRU

H[DPSOH�6WHLQEDFK� ������� ,Q� JHQHUDO� WKHVH� OHQJWK� VFDOHV� DUH� ELDV� GHSHQGHQW�� EXW

ZLWKLQ�DQ�RUGHU�RI�PDJQLWXGH�� WKH�WKUHH�VWDJHV�DERYH�RFFXU�ZLWKLQ����P������P�DQG

���PP�LI�H9!!N
%

7��9�LV�ELDV�DORQJ�WKH�ZLUH��
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�������� 3KRQRQ�/LIHWLPHV�LQ�6XEVWUDWH�0DWHULDOV

)RU� D� SKRQRQ� LQ� WKH� VXEVWUDWH� ZH� FRQVLGHU� WZR� SRVVLEOH� GHFD\� RU� ORVV

SURFHVVHV�� SKRQRQ� ORVV� WR� WKH� ILOP� RU� FKLS� KROGHU� DQG� DQKDUPRQLF� GHFD\�� 7KHVH

SURFHVVHV� KDYH� EHHQ� GLVFXVVHG� DERYH� IRU� SKRQRQV� LQ� D� VXSHUFRQGXFWLQJ� ILOP�� )URP

�������ZH�FDQ�ILQG�WKH�WLPH�IRU�ORVV�EDFN�WR�D�1E�ILOP��ZKLFK�ZH�ZRXOG�H[SHFW�WR�EH�RI

RUGHU�RI��V�IRU�D�W\SLFDO�VXEVWUDWH�WKLFNQHVV�RI�����PP��WKH�DFWXDO�PDJQLWXGH�ZLOO�EH

GHSHQGHQW�RQ�WKH�FRYHUDJH�RI�WKH�GHYLFH�RQ�WKH�VXEVWUDWH��

3KRQRQV� LQ� WKH� VXEVWUDWH�ZLOO� VFDWWHU� RII� LPSXULWLHV� LQ� WKH� VXEVWUDWH¶V� FU\VWDO

VWUXFWXUH�� WKH� VXUIDFHV� RI� WKH� VXEVWUDWH� DQG� DQKDUPRQLFLWLHV� LQ� WKH� LRQLF� LQWHUDFWLRQ

HQHUJ\��*LYHQ�WKDW�WKH�VXEVWUDWHV�DUH�KLJK�TXDOLW\��XOWUD�SXUH�VLQJOH�FU\VWDOV��LPSXULW\

VFDWWHULQJ� FDQ� EH� QHJOHFWHG�� 6XUIDFH� VFDWWHULQJ� LV� UDWKHU� PRUH� SUREOHPDWLF�� VRPH

ZRUNHUV� KDYH� DVVXPHG� WKDW� WKH� VXUIDFH� VFDWWHULQJ� LV� DQ� HODVWLF� SURFHVV�:DUEXUWRQ

����D���RWKHU�ZRUNHUV� LPSO\� WKDW� WKLV� LV� QRW� WKH� FDVH� �IRU� H[DPSOH� �6FKQDJO��������

7KH�VFDWWHULQJ� WLPH�IURP�DQKDUPRQLFLWLHV� LQ� WKH� LRQLF�HQHUJ\� FDQ�EH� HVWLPDWHG� IURP

�������� ZKLFK� IRU� VDSSKLUH� �XVLQJ� GDWD� IURP�.DSODQ� ������� JLYHV� D� GHFD\� WLPH� RI

�����V�

���� 3UR[LPLW\�(IIHFW

,Q�RXU�GLVFXVVLRQ�WKXV�IDU��LW�KDV�EHHQ�DVVXPHG�WKDW�RXU�VXSHUFRQGXFWLQJ�ILOPV

DUH�KRPRJHQHRXV��$V�ZH�VKDOO�VHH�LQ�WKH�QH[W�FKDSWHU��WKLV�LV�QRW�WKH�FDVH�IRU�UHDVRQV

RI� ERWK� PDWHULDOV� VHOHFWLRQ�� DQG� RSWLPXP� GHYLFH� GHVLJQ�� ,QVWHDG�� ZH� ZLOO� HPSOR\

VXSHUFRQGXFWLQJ� ILOPV� FRQVLVWLQJ� RI� ELOD\HUV� RI� VXSHUFRQGXFWRUV� ZLWK� GLIIHUHQW

SURSHUWLHV��:H� WKHUHIRUH� UHTXLUH� LQIRUPDWLRQ� DERXW� WKH� FKDQJHV� LQ� SURSHUWLHV� RI� WKH

VXSHUFRQGXFWLQJ�ILOP�DFURVV�WKH�YDULRXV�OD\HUV��IRU�ZKLFK�ZH�UHTXLUH�DQ�XQGHUVWDQGLQJ

RI� WKH� SUR[LPLW\� HIIHFW��:KHQ� D� VXSHUFRQGXFWRU� 6
�

� LV� SODFHG� LQ� JRRG� FRQWDFW� ZLWK

DQRWKHU�VXSHUFRQGXFWRU�6
�

�ZKLFK�KDV�D�GLIIHUHQW�SDLU�LQWHUDFWLRQ�HQHUJ\��DQG�KHQFH�D

GLIIHUHQW�YDOXH�RI�HQHUJ\�JDS�&��VXFK�WKDW�&
�

!&
�

��WKHQ�DFURVV�WKH�LQWHUIDFH�WKHUH�ZLOO

EH� VRPH� YDULDWLRQ� LQ� WKH� PDJQLWXGH� RI� &�� /LNHZLVH�� WKHUH� ZLOO� EH� VRPH� IRUP� RI

YDULDWLRQ�LQ�WKH�GHQVLW\�RI�TXDVLSDUWLFOH�VWDWHV��DQG� LQ� WKH�FULWLFDO� WHPSHUDWXUH��7KHVH

IDFWRUV� DUH� LPSRUWDQW� ZKHQ� FRQVLGHULQJ� WKH� TXDVLSDUWLFOH� G\QDPLFV� LQ� VXFK
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VXSHUFRQGXFWLQJ� KHWHURVWUXFWXUHV� VLQFH� WKH� VSDWLDOO\� YDU\LQJ� SDUDPHWHUV� ZLOO

SRWHQWLDOO\�DIIHFW�WKH�OLIHWLPHV�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV�LQ�WKH�V\VWHP�

7KUHH� RXW� RI� WKH� PDQ\� DYDLODEOH� DSSURDFKHV� WR� WKH� SUR[LPLW\� HIIHFW� DUH

FRQVLGHUHG� LQ� DGGLWLRQ� WR� *LQ]EXUJ�/DQGDX� WKHRU\�� ZKLFK� ZDV� GLVFXVVHG� LQ� VHFWLRQ

������

*LQ]EXUJ�/DQGDX� WKHRU\� KDV� EHHQ� YHU\� VXFFHVVIXO� ZKHQ� DSSOLHG� WR� WKH

PDFURVFRSLF� SURSHUWLHV� RI� LQKRPRJHQHRXV� EXON� VXSHUFRQGXFWRUV� QHDU� 7
F

�� EXW� LV� QRW

YHU\�XVHIXO�IRU�RXU�FDVH�RI�WKLQ�ILOP�KHWHURVWUXFWXUHV�DW�YHU\�ORZ�WHPSHUDWXUHV��,W�JLYHV

XV�LQIRUPDWLRQ�RQ�WKH�PDFURVFRSLF�SURSHUWLHV�RI�D�VXSHUFRQGXFWRU�LQ�WKH�YLFLQLW\�RI�DQ

LQWHUIDFH� ZLWK� D� QRUPDO� PHWDO�� DQG� WKXV� DOORZV� XV� WR� SUHGLFW�� IRU� H[DPSOH�� WKH

H[LVWHQFH�RI�WKH�PL[HG�VWDWH�LQ�W\SH�,,�VXSHUFRQGXFWRUV�DQG�WKH�FULWLFDO�FXUUHQW�GHQVLW\

LQ�DQ�616�MXQFWLRQ��:KDW�LW�IDLOV�WR�GR�LV�WR�JLYH�DQ\�LQIRUPDWLRQ�DV�WR�WKH�H[SHFWHG

GHQVLW\�RI�TXDVLSDUWLFOH�VWDWHV�

�7KH�WKHRU\�RI�GH�*HQQHV��LV�PHQWLRQHG�IRU�FRPSOHWHQHVV��ZKLOVW� LW�FRQWLQXHV

WR�EH�XVHG�ZLWK�VXFFHVV�LQ�KLJK�7
F

�VXSHUFRQGXFWLQJ�GHYLFHV�7DUWH�������%RRLM�������

LQ� WKH� ORZ� 7
F

� WKLQ� ILOP� GHYLFHV� FRPPXQLW\� WKH� GRPLQDQW� WKHRULHV� DUH� WKRVH� RI

0F0LOODQ�DQG�*ROXERY�

������ GH�*HQQHV�7KHRU\

7KH�GH�*HQQHV�WKHRU\�RI� WKH�SUR[LPLW\�HIIHFW�XVHV�DQ�DSSURDFK�EDVHG�RQ� WKH

VHOI�FRQVLVWHQW�ILHOG�HTXDWLRQV�RI�%RJROLXERY�%RJROLXERY�������WR�ILQG�WKH�GHQVLW\�RI

VWDWHV� LQ� D� VXSHUFRQGXFWRU�QRUPDO� PHWDO� ELOD\HU�GH� *HQQHV� ������ RU� D

VXSHUFRQGXFWRU�VXSHUFRQGXFWRU�ELOD\HU�6
�

6
��

�&
�

!&
�

���6DLQW�-DPHV�������

7KH� %RJROLXERY�GH� *HQQHVZK� HTXDWLRQV� GHVFULEH� WKH� TXDVLSDUWLFOH

ZDYHIXQFWLRQ�y�X�Y���ZKHUH�X�DQG�Y�DUH� WKH�HOHFWURQ�DQG�KROH�DPSOLWXGHV�ZKLFK�DUH

FRXSOHG�YLD�WKH�SDLU�SRWHQWLDO�&�
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ZKHUH�8�U��LV�WKH�RUGLQDU\�SRWHQWLDO�DQG�(�LV�WKH�H[FLWDWLRQ�HQHUJ\��(TXDWLRQV�������

GHVFULEH� WKH� SDLU� SRWHQWLDO�&�U�� ZKLFK� FDQ� EH� H[SUHVVHG� DV� D� SURGXFW� RI� WKH� %&6

HOHFWURQ�HOHFWURQ� LQWHUDFWLRQ� SRWHQWLDO� 9
NN

�U�� DQG� D� FRQGHQVDWLRQ� DPSOLWXGH

)�U� �y�X����y�X���!�� 7KH� IRUP� RI� WKH� GHQVLW\� RI� VWDWHV� LV� IRXQG� E\�PDWFKLQJ� WKH

YDOXH�DQG�ILUVW�GHULYDWLYH�RI�y�X�Y��DW�WKH�LQWHUIDFH��7KH�UHVXOWV�VXJJHVWV�WKDW�WKHUH�LV

QR�JDS��EXW�WKHUH�LV�DOZD\V�DW�OHDVW�RQH�SHDN�DW�(�&
�

�GXH�WR�D�ERXQG�TXDVLSDUWLFOH�VWDWH

LQ�WKH�1�6
�

�OD\HU��'H�*HQQHV�WKHRU\�LV�DSSOLFDEOH�WR�FDVHV�ZKHUH�WKH�1��RU�6
�

��OD\HU�LV

WKLFN��RU�WKH�VLWXDWLRQ�LV�V\PPHWULFDO��L�H��616�VWUXFWXUHV��DQG�IRU�WHPSHUDWXUHV�FORVH

WR�7
&

��7KLV�LV�XQOLNHO\�WR�EH�WKH�FDVH�IRU�RXU�H[SHULPHQWDO�VLWXDWLRQ�

������ 0F0LOODQ�7KHRU\

7KH� EDVLV� RI� WKH� 0F0LOODQ� PRGHO� RI� WKH� SUR[LPLW\� HIIHFW� LV� WR� FRQVLGHU� D

SRWHQWLDO�EDUULHU�EHWZHHQ�WKH�OD\HUV�RI�D�61�ELOD\HU��7KH�SUR[LPLW\�HIIHFW�FDQ�WKHQ�EH

GHVFULEHG�LQ�WHUPV�RI�WXQQHOOLQJ�RI�HOHFWURQV�WKURXJK�WKH�EDUULHU��7KH�%&6�SRWHQWLDO�LV

WKHQ� VROYHG� XVLQJ� D� VHOI� FRQVLVWHQF\� DSSURDFK�� 7KH� H[FLWDWLRQ� VSHFWUXP�� WUDQVLWLRQ

WHPSHUDWXUH��HQHUJ\�JDS�DQG�HOHFWURQLF�GHQVLW\�RI�VWDWHV�FDQ�WKHQ�EH�IRXQG�

)LJXUH������(QHUJ\�JDS�LQ�WKH�0F0LOODQ�PRGHO�RI�WKH�SUR[LPLW\�HIIHFW�
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7R�HQDEOH�WKH�FDOFXODWLRQ�WR�EH�FDUULHG�RXW�D�QXPEHU�RI�DSSUR[LPDWLRQV�QHHG�WR

EH� PDGH�� 7KH� WKLFNQHVV� RI� WKH� WZR� OD\HUV� LV� DVVXPHG� WR� EH� WKLQ� FRPSDUHG� WR� WKH

VXSHUFRQGXFWLQJ� FRKHUHQFH� OHQJWK�� VR� WKDW� WKH� SURSHUWLHV� DUH� XQLIRUP� DFURVV� WKH

WKLFNQHVV� RI� ERWK� ILOPV�� 3UDFWLFDOO\�� WKLV� LV� XQOLNHO\� WR� EH� WKH� FDVH� IRU� PRVW� RI� WKH

GHYLFHV� GLVFXVVHG� LQ� WKLV� ZRUN� ZKLFK� KDYH� DSSUHFLDEO\� WKLFN� 6� HOHFWURGHV�� ,W� LV

SRVVLEOH� WR� ZRUN� DURXQG� WKLV� OLPLWDWLRQ� E\� IL[LQJ� WKH� SDUDPHWHUV� LQ� WKH� VSDWLDOO\

YDU\LQJ� OD\HU� WR� VXLWDEOH� �DOEHLW� DUELWUDU\�� YDOXHV�� $V� PHQWLRQHG� DERYH�� LW� LV� DOVR

DVVXPHG�WKDW� WKHUH�H[LVWV�D�SRWHQWLDO�EDUULHU�EHWZHHQ�WKH�6�DQG�1�OD\HUV��:KLOVW� WKLV

PD\�KDYH�EHHQ� WKH� FDVH� IRU� OD\HUV�GHSRVLWHG� LQ� ORZ�TXDOLW\�YDFXXP�V\VWHPV�� LQ� WKH

FDVH�RI�1E�$O�GHYLFHV�VSXWWHUHG�LQ�PRGHUQ�V\VWHPV�WKLV�DVVXPSWLRQ�LV�TXHVWLRQDEOH�/H

*UDQG� ����D�7KH� ILQDO� DVVXPSWLRQ� LV� WKDW� WXQQHOOLQJ� LV� D� VSHFXODU� SURFHVV� VR� WKDW

PRPHQWXP� LV� QRW� FRQVHUYHG�� WKXV� HQDEOLQJ� RQH� WR� WDNH� DOO� WKH� HOHPHQWV� RI� WKH

WXQQHOOLQJ�PDWUL[�WR�EH�HTXDO��7KLV�DVVXPSWLRQ�LPSOLHV�WKDW�WKH�PHDQ�IUHH�SDWK�LQ�ERWK

WKH�6�DQG�1� OD\HUV� LV� VKRUW�±� L�H�� WKDW� WKH\� DUH�ERWK� LQ� WKH�GLUW\� OLPLW� ��ZKLFK� LV�QRW

QHFHVVDULO\� WUXH�� )LJXUH� ����� VKRZV� D� VNHWFK� RI� WKH� %&6� SDLU� SRWHQWLDO� WKDW� UHVXOWV

IURP�WKHVH�DVVXPSWLRQV�

8VLQJ�WKHVH�DVVXPSWLRQV�0F0LOODQ�IRXQG�
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� LV�D� IXQFWLRQ�RI� WKH� UDWLR�RI�PHDQ� IUHH�SDWK� WR� WKH� OD\HU

WKLFNQHVV�G
[

� LQ�OD\HU�[��s� LV�WKH�EDUULHU�SHQHWUDWLRQ��&SK

[

� LV� WKH�%&6�SDLU�SRWHQWLDO� LQ

OD\HU� [�� ZKLFK� LV� DVVXPHG� WR� EH� FRQVWDQW� DQG� FDQ� EH� IRXQG� IURP� WKH� %&6� VHOI�

FRQVLVWHQF\�HTXDWLRQ���������ZKLFK�FDQ�EH�UHZULWWHQ�LQ�LQWHJUDO�IRUP�
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(TXDWLRQV� ������� QHHG� WR� EH� VROYHG� QXPHULFDOO\� WR� ILQG� D� VROXWLRQ� IRU� &
[

�(��� 7KH

GHQVLW\�RI�VWDWHV�FDQ�WKHQ�EH�FRPSXWHG�IURP�
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$OWKRXJK� WKH�0F0LOODQ�7KHRU\� VXFFHHGV� LQ�PRGHOOLQJ� D� ORW� RI� H[SHULPHQWDO

GDWD�5RPDJQRQ� ������ *LODEHUW� ������ *ROGLH� ������� LW� VXIIHUV� IURP� WKH� PDMRU

GLVDGYDQWDJH�WKDW� WKH�JDS�SDUDPHWHU� LV�FRQVWDQW� LQ�ERWK� OD\HUV��ZKLFK� LV�XQOLNHO\� IRU

WKLFN�HOHFWURGHV��)XUWKHUPRUH��LW�LV�H[SHFWHG�WKDW�LQ�PRVW�FDVHV�WKDW�ZH�DUH�LQWHUHVWHG

LQ�WKH�LQWHUIDFLDO�EDUULHU�EHWZHHQ�WKH�6�DQG�1�OD\HUV�LV�PLQLPDO�

������ *ROXERY�0LFURVFRSLF�0RGHO

$�PLFURVFRSLF�PRGHO�VSHFLILFDOO\�IRUPXODWHG�WR�FRQVLGHU�WKH�SUR[LPLW\�HIIHFW

LQ� LQKRPRJHQHRXV� WKLQ� ILOP� VXSHUFRQGXFWRUV� KDV� EHHQ� GHYHORSHG� E\� *ROXERY� DQG

.XSUL\DQRY�*ROXERY��������7KLV�PRGHO�RULJLQDOO\� FRQVLGHUHG�6�1�ELOD\HUV�� EXW�KDV

EHHQ�H[WHQGHG�WR�FRYHU�VXSHUFRQGXFWLQJ�KHWHURVWUXFWXUHV�

7KH�PRGHO� DSSOLHV� RQO\� WR� VXSHUFRQGXFWRUV� LQ� WKH� GLUW\� OLPLW� �L�H��PHDQ� IUHH

SDWK��O��FRKHUHQFH�OHQJWK��x��IRU�ZKLFK�WKH�QRUPDO�DQG�DQRPDORXV�*UHHQ¶V�IXQFWLRQV

�*��)��ZLOO�REH\�WKH�8VDGHO�(TXDWLRQV�8VDGHO�������
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�������LV�D�W\SH�RI�GLIIXVLRQ�HTXDWLRQ�ZKLFK�GHVFULEHV�WKH�SUR[LPLW\�HIIHFW���������LV�D

VHOI� FRQVLVWHQF\� UHODWLRQVKLS� WR�GHWHUPLQH� WKH�RUGHU�SDUDPHWHU�&�#
Q
�[���f�#

Q
�[�� GRHV

QRW�KDYH�D� VLPSOH�SK\VLFDO�PHDQLQJ��EXW� UDWKHU� LV� D� FRQYHQLHQW�SDUDPHWHU��#
Q
� LV� WKH

0DWVXEDUD�IUHTXHQF\�
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$V�VWDWHG�DERYH��WKH�PRGHO�UHTXLUHV�WKH�VXSHUFRQGXFWRU�WR�EH�LQ�WKH�GLUW\�OLPLW

DQG�LQ�DGGLWLRQ�LW�LPSRVHV�WKH�IROORZLQJ�DSSUR[LPDWLRQV�
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ZKHUH�6
�
� LV�D� WKLFN�VXSHUFRQGXFWLQJ�HOHFWURGH�DQG�6

�
� LV�D� WKLQ� OD\HU�ZLWK�D� ORZHU�7

F

�DQG�HQHUJ\�JDS�&��G
[
�LV�WKH�WKLFNQHVV�RI�OD\HU�[��x�LV�WKH�FRKHUHQFH�OHQJWK��x
�LV�WKH

HIIHFWLYH� FRKHUHQFH� OHQJWK� LQ� WKH� WKLQ� 6
�
� HOHFWURGH�� DQG� 7


F
� LV� WKH� HIIHFWLYH� FULWLFDO

WHPSHUDWXUH� RI� WKH� FRPELQHG� VWUXFWXUH�� 7KH� LPSOLFDWLRQ� WKDW� 6
�
� LV� WKLQ� LV� WKDW� LWV

SDUDPHWHUV�DUH�FRQVWDQW�DFURVV� LWV� WKLFNQHVV��ZKHUHDV� WKHUH�ZLOO�EH�D�YDULDWLRQ� LQ� WKH

SDUDPHWHUV�LQ�6
�
�

7KH� SUR[LPLW\� HIIHFW� FDQ� EH� FKDUDFWHULVHG� E\� WZR� SDUDPHWHUV� �LQ� DGGLWLRQ� WR

WKH�UDWLR�RI�FULWLFDO�WHPSHUDWXUHV��ZKLFK�DUH�JLYHQ�E\�
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)LJXUH������(QHUJ\�JDS�LQ�WKH�*ROXERY�PRGHO�RI�WKH�SUR[LPLW\�HIIHFW�
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ZKHUH� r
[
� LV� WKH� QRUPDO� VWDWH� UHVLVWLYLW\� RI� OD\HU� [�� 5

E
� LV� WKH� UHVLVWLYLW\� RI� WKH� 6

�
6
�

ERXQGDU\��g
P
�LV�D�PHDVXUH�RI�WKH�GLIIHUHQFH�LQ�TXDVLSDUWLFOH�GHQVLWLHV�EHWZHHQ�WKH�WZR

OD\HUV�±� D� ODUJH� g
P
� LPSOLHV� D�KLJK�GHQVLW\�RI� TXDVLSDUWLFOHV� LQ�6

�
� UHODWLYH� WR�6

�
� RU� D

VWURQJ�SUR[LPLW\�HIIHFW��g
E
�LV�D�PHDVXUH�RI�WKH�WUDQVSDUHQF\�RI�WKH�LQWHUIDFH��VR�WKDW�IRU

g
E
!!�!!g

P
� ZH� ZRXOG� KDYH� WKH� FDVH� DV� GHVFULEHG� E\� WKH� 0F0LOODQ� PRGHO�� 7KH

UHODWLRQVKLS�RI�g
P
�DQG�g

E
�WR�WKH�RUGHU�SDUDPHWHU�LQ�VXFK�D�ELOD\HU�LV�VNHWFKHG�LQ�ILJXUH

�����

7KH�VHW�RI�HTXDWLRQV���������������DQG��������QHHG�WR�EH�VROYHG�VLPXOWDQHRXVO\

IRU� ERWK� OD\HUV�� DQG� LQ� WKH� JHQHUDO� FDVH� QXPHULFDOO\�� WR� REWDLQ� )�#
Q
�[�� DQG�*�#

Q
�[�

IURP�ZKLFK�WKH�GHQVLW\�RI�VWDWHV� �JLYHQ�E\�1�e� 1���5H^*�e �L #
Q
�`�FDQ�EH� IRXQG�

,Q�WKH�OLPLWLQJ�FDVH�RI�g
E
 ��WKH�QRUPDOLVHG�GHQVLW\�RI�VWDWHV�LQ�6

�
�DQG�6

�
�DUH�HTXDO��DQG

WKH�FDOFXODWLRQ�LV�FRQVLGHUDEO\�VLPSOLILHG�

+DYLQJ�FDOFXODWHG�)�DQG�*�LW�LV�WKHQ�SRVVLEOH�WR�ILQG�TXDVLSDUWLFOH�OLIHWLPHV�LQ

WKH� LQKRPRJHQHRXV� VXSHUFRQGXFWRU�E\�XVLQJ� WKHVH� IXQFWLRQV� LQ� WKH� VDPH� IDVKLRQ� DV

.DSODQ�.DSODQ�������KDV�IRU�WKH�KRPRJHQRXV�FDVH�

������ 3UR[LPLW\�(IIHFW�DQG�$QGUHHY�5HIOHFWLRQ

$QGUHHY�$QGUHHY�������VKRZHG�WKDW� LI�DQ�HOHFWURQ�DW�DQ�HQHUJ\�(�DERYH� WKH

)HUPL� VXUIDFH� LQ� D� QRUPDO� PHWDO� LV� LQFLGHQW� XSRQ� D� VXSHUFRQGXFWRU�QRUPDO� PHWDO

LQWHUIDFH�ZLWK�(�&� WKHQ��ZKLOVW�LW�PD\�QRW�HQWHU� WKH�VXSHUFRQGXFWRU�� LW�PD\�XQGHUJR

RQH�RI�WZR�UHIOHFWLRQ�SURFHVVHV�

L�� VSHFXODU� RU� GLIIXVH� VFDWWHULQJ� ZKHUH� WKH� HOHFWURQ� LV� UHIOHFWHG� DV� DQ

HOHFWURQ�

LL�� $QGUHHY�UHIOHFWLRQ��LQ�ZKLFK�FDVH�D�FRRSHU�SDLU�LV�WUDQVPLWWHG�LQ�WR�WKH

VXSHUFRQGXFWRU��DQG�D�KROH�UHIOHFWHG�LQ�WKH�QRUPDO�PHWDO�

,Q�RUGHU�WR�FRQVHUYH�FKDUJH�LW�LV�QHFHVVDU\�WKDW�WKH�UHIOHFWHG�SDUWLFOH�LQ�WKH�1�OD\HU�LV�D

KROH��ZKLOH�LQ�RUGHU�WR�FRQVHUYH�HQHUJ\�LW�ZLOO�EH�RFFXS\�D�VWDWH�DW�(�EHORZ�WKH�)HUPL

VXUIDFH�DQG�ILQDOO\��WR�FRQVHUYH�PRPHQWXP�LW�LV�UHIOHFWHG�EDFN�DORQJ�WKH�WUDFN�RI�WKH

LQFLGHQW�SDUWLFOH�±�L�H��WKH�UHIOHFWLRQ�LV�WLPH�UHYHUVHG�
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$QGUHHY� UHIOHFWLRQ� RI� TXDVLSDUWLFOHV� ZLOO� JLYH� ULVH� WR� UHVRQDQFH� HIIHFWV� LQ

WXQQHOOLQJ�VWUXFWXUHV��IRU�H[DPSOH�WKH�TXDVLSDUWLFOH�ERXQG�VWDWH�WKDW�GH�*HQQHV�DQG�6W�

-DPHV�GH� *HQQHV� ������ GHPRQVWUDWHG� IRU� DQ� 6,16� VWUXFWXUH� FDQ� EH� FRQVLGHUHG� LQ

WHUPV�RI�UHVRQDQW�$QGUHHY�UHIOHFWLRQ�

5HFHQWO\� WKHUH� KDV� EHHQ�PXFK� LQWHUHVW� LQ� H[DPLQLQJ� WKH� SUR[LPLW\� HIIHFW� LQ

FRQWH[W� RI� $QGUHHY� UHIOHFWLRQ� LQ� 6XSHUFRQGXFWRU��'� (OHFWURQ� *DV�1RUPDO

PHWDO�*ROXERY�������&KUHVWLQ�������+DUWRJ��������7KH�$QGUHHY�UHIOHFWHG�HOHFWURQV

DQG� KROHV� DUH� FRUUHODWHG� ZLWK� WKH� VXSHUFRQGXFWLQJ� SDLUV�� DQG� UHWDLQ� WKLV� ZLWKLQ� WKH

FRKHUHQFH�OHQJWK��7KH�UHVXOW�LV�WR�SURGXFH�DQ�HQHUJ\�JDS�LQ�WKH��'(*��ZKLFK�EHJLQV

UHVHPEOH� WKH� SUR[LPLW\� HIIHFW�� ([SHULPHQWDOO\� WKLV� LV� REVHUYHG� E\� PHDVXULQJ� WKH

GLIIHUHQWLDO� UHVLVWDQFH� RI� WKH� V\VWHP� DV� D� IXQFWLRQ� RI� PDJQHWLF� ILHOG�� ELDV� DQG

WHPSHUDWXUH�

���� 1RQ�(TXLOLEULXP�6XSHUFRQGXFWLYLW\

,Q�RXU�GHYLFHV�ZH�VKDOO�IUHTXHQWO\�EH�GULYLQJ�WKH�VXSHUFRQGXFWLQJ�ILOPV�RXW�RI

WKHUPDO� HTXLOLEULXP� �ZKHUH� WKH� SRSXODWLRQ� RI� SKRQRQV� DQG� TXDVLSDUWLFOHV� LV

GHWHUPLQHG�HQWLUHO\�E\�WKH�VDPSOH�WHPSHUDWXUH�7���)RU�H[SHULPHQWDO�UHDVRQV�ZH�ZLOO

DOZD\V� EH� FRQVLGHULQJ� WKH� IRUPDWLRQ� RI� D� G\QDPLF� HTXLOLEULXP� ZKHUH� WKH

SHUWXUEDWLRQV�DUH�EDODQFHG�E\�UHOD[DWLRQ�DQG�GLIIXVLRQ�WR�HVWDEOLVK�D�VWHDG\�VWDWH��:H

ZLOO�QRW��KRZHYHU��FRPSOHWHO\�LJQRUH�WKH�WLPH�GHSHQGHQW�FDVHV��VLQFH�DV�ZH�VKDOO�VHH

LQ� WKH� QH[W� FKDSWHU�� PDQ\� RI� RXU� DSSOLFDWLRQV� ZLOO� UHTXLUH� DQ� XQGHUVWDQGLQJ� RI

SUHFLVHO\�WKHVH�FDVHV�

$V� ZH� KDYH� VHHQ� DERYH�� WKH� SRSXODWLRQV� RI� TXDVLSDUWLFOHV� DUH� OLQNHG� WR� WKH

SRSXODWLRQ�RI��&�SKRQRQV�YLD�UHFRPELQDWLRQ�DQG�SDLU�EUHDNLQJ�HIIHFWV��)XUWKHUPRUH�

LQ� ������� ZH� VDZ� WKDW� WKH� HQHUJ\� JDS� &� ZDV� GHSHQGHQW� RQ� WKH� GLVWULEXWLRQ� RI

TXDVLSDUWLFOHV�� :H� ZLOO� ILUVW� H[DPLQH� WKH� ZD\V� RI� UHSUHVHQWLQJ� QRQ�HTXLOLEULXP

TXDVLSDUWLFOH� SRSXODWLRQV�� DQG� WKHQ� GLVFXVV� WZR� DSSURDFKHV� WR� ILQGLQJ� WKH� QRQ�

HTXLOLEULXP�TXDVLSDUWLFOH�DQG�SKRQRQ�SRSXODWLRQV�LQ�WKH�W\SHV�RI�GHYLFHV�WKDW�ZH�KDYH

XVHG�
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������ (QHUJ\�DQG�&KDUJH�0RGH�'LVHTXLOLEULXP

7R� DYRLG� KDYLQJ� WR� KDQGOH� WKH� SRSXODWLRQ� SUREDELOLWLHV� I
N
� IRU� DOO� RI� N�VSDFH

LQGLYLGXDOO\�� LW� LV� FRQYHQWLRQDO� WR� FRQVLGHU� RQO\� WKH� GHYLDWLRQ� IURP� WKHUPDO

HTXLOLEULXP�

�I I I ( N 7
N N N %
= -

�
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)LJXUH������&KDUJH�DQG�HQHUJ\�PRGHV�RI�QRQ�HTXLOLEULXP�GLVWULEXWLRQV�
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ZKHUH�I��LV�WKH�)HUPL�IXQFWLRQ��:H�FDQ�WKHQ�GHFRPSRVH�dIN�LQWR�WZR�IXQFWLRQV�WKDW�DUH

HYHQ�DQG�RGG�ZLWK�UHVSHFW�WR�LQYHUVLRQ�WKURXJK�WKH�)HUPL�VXUIDFH�N
)
��,Q�ILJXUH������ZH

LOOXVWUDWH�WKH�HIIHFW�RI�WKHVH�WZR�W\SHV�RI�GLVWULEXWLRQ��DIWHU�7LQNKDP�7LQNKDP��������

7KH�HYHQ�PRGH�SURGXFHV�HTXDO�QXPEHUV�RI�TXDVLKROHV�DQG�TXDVLHOHFWURQV��DQG�VR�KDV

D� VLPLODU� GLVWULEXWLRQ� WR� WKDW� UHVXOWLQJ� IURP� LQFUHDVLQJ� WKH� WHPSHUDWXUH��:H� FDQ� WKH

DSSUR[LPDWH� WKLV� E\� GHILQLQJ� DQ� HIIHFWLYH� WHPSHUDWXUH� 7
� WR� FKDUDFWHULVH� WKH

TXDVLSDUWLFOH�GLVWULEXWLRQ�

,W�VKRXOG�QRWHG�WKDW�ZH�DUH�QRW�FRQVWUDLQHG�WR�KDYH�WKH�HIIHFWLYH�WHPSHUDWXUH�

7
!7�� WKH�EDVH� WHPSHUDWXUH�� LW� LV�SRVVLEOH� WR�SURGXFH�D�QRQ�HTXLOLEULXP�VWDWH�ZKHUH

WKH�SRSXODWLRQ�RI�TXDVLSDUWLFOHV�LV�ORZHU�WKDQ�WKH�WKHUPDO�SRSXODWLRQ�±�LQ�ZKLFK�FDVH

ZH� FDQ� HQKDQFH� WKH� VXSHUFRQGXFWLYLW\�� 7KLV� FDQ� EH� DFKLHYHG�� IRU� H[DPSOH�� ZLWK

PLFURZDYH� LUUDGLDWLRQ�.ODSZLMN� ������ .RPPHUV� ������� RU� E\� H[WUDFWLRQ� RI

TXDVLSDUWLFOHV�WKURXJK�D�WXQQHO�MXQFWLRQ�%ODPLUH�������1DKXP�������/HLYR�������

7KH� RGG� PRGH� RI� WKH� TXDVLSDUWLFOH� GLVWULEXWLRQ� IXQFWLRQ� UHVXOWV� LQ� D� FKDUJH

LPEDODQFH�� LQ�ZKLFK� WKHUH� LV�D�QHW�TXDVLSDUWLFOH� FKDUJH�GHQVLW\��4
��GXH� WR� WKH�QRQ�

WKHUPDO�HTXLOLEULXP�VLWXDWLRQ��4
�LV�JLYHQ�E\�
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7R�PDLQWDLQ� WKH� WRWDO� FKDUJH�QHXWUDOLW\� WKHUH�PXVW� EH� D� FRPSHQVDWLQJ� FKDQJH� LQ� WKH

QXPEHU� RI� HOHFWURQV� LQYROYHG� LQ� WKH� SDLU� VWDWH�� 7KLV� LPSOLHV� WKDW� HOHFWURFKHPLFDO

SRWHQWLDOV�RI�WKH�SDLU�DQG�TXDVLSDUWLFOHV�ZLOO�VKLIW�UHODWLYH�WR�WKHLU�FRPPRQ�HTXLOLEULXP

YDOXH��7KLV�UHVXOWV�LQ�D�SRWHQWLDO�GLIIHUHQFH�ZLWKLQ�WKH�VXSHUFRQGXFWRU�

&KDUJH� LPEDODQFH� FDQ� EH� SURGXFHG� E\� LQMHFWLQJ� TXDVLSDUWLFOHV� RI� RQO\� RQH

FKDUDFWHU��IRU�H[DPSOH�IURP�DQ�6,6�WXQQHO�MXQFWLRQ�DW�KLJK�ELDV��RU�D�6,1�MXQFWLRQ�DW

DQ\�ELDV���)RU� WKLV� FDVH�� WKH�ELDV�GXH� WR� FKDUJH� LPEDODQFH� FDQ�EH�PHDVXUHG� XVLQJ� D

QRUPDO�SUREH�FRXSOHG�WR�WKH�VXSHUFRQGXFWRU�IDU�IURP�WKH�LQMHFWRU�DQG�ZDV�IRXQG�WR�EH�

�7LQNKDP������
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ZKHUH� 5
16
� LV� WKH�PHDVXUHG� UHVLVWDQFH� RI� WKH� SUREH� MXQFWLRQ�� 4

LQM

�




LV� WKH� UDWH� FKDUJH

LPEDODQFH� LQMHFWLRQ� DQG� t
4

� LV� WKH� FKDUJH� LPEDODQFH� UHOD[DWLRQ� UDWH��.DSODQ�.DSODQ

�������JLYHV�

� � � � �
�4 I HPLVVLRQ DEVRUSWLRQ UHFRPELQDWLRQN 4
 � 
�

- - - - -= � + +� � � � �� 3 8 ������

ZKHUH�tdIN�4
�� LV�WKH�WLPH�IRU�WKH�TXDVLSDUWLFOH�SRSXODWLRQ�GXH�WR�EUDQFK�LPEDODQFH�WR

UHOD[�

������ 5RWKZDUI�7D\ORU�(TXDWLRQV

7KH�5RWKZDUI�7D\ORU�(TXDWLRQV�DUH�D�VHW�RI�FRXSOHG�HTXDWLRQV�WKDW�GHVFULEH�D

V\VWHP�RI�TXDVLSDUWLFOHV�DW�HQHUJ\�&�FRXSOHG�WR�D�SRSXODWLRQ�RI�SKRQRQV�RI�HQHUJ\��&�

7KH\� KDYH� EHHQ� ZLGHO\� XVHG� WR� DQDO\VH� WKH� SRSXODWLRQV� DQG� OLIHWLPHV� LQ

VXSHUFRQGXFWLQJ�ILOPV�DQG�GHYLFHV�ZKHQ�GULYHQ�LQWR�QRQ�HTXLOLEULXP�5RWKZDUI������

7ZHUHQEROG� ������ /H� *UDQG� ����D�� 2KNXER� ������ &ULVWLDQR� ������ .ULVKQD� �����

5DQGR��������7KH�TXDVLSDUWLFOH�GHQVLW\�1�LV�VSOLW�LQWR�WKH�WKHUPDO�SRSXODWLRQ�1
7
�DQG

H[FHVV�d1�SDUWV�� OLNHZLVH� WKH� SKRQRQ� SRSXODWLRQ�3� LV� FRPSRVHG� RI� 3
7
� DQG�d3�� 7KH

EDVLF�5RWKZDUI�7D\ORU�HTXDWLRQV�DUH�WKHQ�

G1
GW

, 51 3
1 SDLU EUHDNLQJ

= - +
-

-� ��� ������

G3
GW

,
51

3 3
3K SDLU EUHDNLQJ SKRQRQ ORVV

= + - -
-

-

-

-

�

� �

�
� � � ������

ZKHUH�,
[
�LV�WKH�UDWH�RI�TXDVLSDUWLFOH�DQG��&�SKRQRQ�LQMHFWLRQ��5�LV�WKH�FR�HIILFLHQW�RI

TXDVLSDUWLFOH� UHFRPELQDWLRQ�� t
SKRQRQ�ORVV

� LV� WKH� WLPH� DJDLQVW� SKRQRQ� HVFDSH� IURP� WKH

V\VWHP�±�GXH�HLWKHU�WR�SKRQRQ�HVFDSH�WR�WKH�VXEVWUDWH�RU�GHFD\�WR�VXE��&�SKRQRQV��)RU

WKLQ� ILOP� VXSHUFRQGXFWRUV� WKH� IRUPHU� SURFHVV� ZLOO� GRPLQDWH�� ������� QHHGV� WR� EH

PRGLILHG� WR� LQFOXGH� WXQQHOOLQJ� SURFHVVHV� IRU� GHYLFHV� VXFK� DV� ZH� FRQVLGHU� KHUH�� E\

DGGLQJ�D�WHUP� - -1
WXQQHOLQJ
� � �

5RWKZDUI�DQG�7D\ORU�XVHG�WKHVH�HTXDWLRQV�WR�VKRZ�WKDW� WKH�HIIHFWLYH� OLIHWLPH

RI� TXDVLSDUWLFOHV� LV� LQFUHDVHG� IURP� WKH� OLIHWLPH� DJDLQVW� UHFRPELQDWLRQ� GXH� WR� WKH

WUDSSLQJ� RI� �&� SKRQRQV� LQ� WKH� V\VWHP�� 4XDOLWDWLYHO\�� D� �&� SKRQRQ� LV� UHOHDVHG

IROORZLQJ�D� UHFRPELQDWLRQ�HYHQW��7KLV�SKRQRQ�ZLOO� LQ� WXUQ�EUHDN�D�SDLU�VR�ORQJ�DV� LW
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GRHV�QRW�HVFDSH�IURP�WKH�ILOP��UHJHQHUDWLQJ�WKH�TXDVLSDUWLFOH�SRSXODWLRQ��,W�ZDV�VKRZQ

WKDW�WKH�HIIHFWLYH�TXDVLSDUWLFOH�OLIHWLPH�ZDV�JLYHQ�E\�

� �
�

�
UHFRPE

HII

UHFRPE

SKRQRQ ORVV

SDLU EUHDN

= +
�
��

�
��

-

-

� ������

,Q� SUDFWLFH� LW� KDV� EHHQ� IRXQG� WKDW� WKLV� UHVXOWV� LQ� D� VXEVWDQWLDO� RYHU�HVWLPDWH� RI� WKH

TXDVLSDUWLFOH�OLIHWLPH�IRU�PDQ\�GHYLFHV�:DUEXUWRQ�����D��/H�*UDQG�����D��/H�*UDQG

������*LMVEHUWVHQ�����D��� LQGLFDWLQJ� WKDW� WKHUH� LV�DQ�DGGLWLRQDO� ORVV�SURFHVV� WKDW�KDV

QRW�EHHQ�FRQVLGHUHG��6RPH�RI� WKHVH� ORVV�SURFHVV�PD\�EH�GXH� WR�PDWHULDOV�SUREOHPV�

IRU�H[DPSOH�RI�WKH�YDULRXV�1E�R[LGHV��1E
�
2

�
��1E

�
2

�
�DQG�1E2��1E2�LV�PHWDOOLF�DQG

EHORZ� ����.� D� VXSHUFRQGXFWRU��2WKHU� ORVV� SURFHVVHV� WKDW� KDYH� EHHQ� VXJJHVWHG� KDYH

LQYROYHG� $EULNRVRY� YRUWLFHV�� QRQ�HTXLOLEULXP� JDS� VXSSUHVVLRQ�� DQG� TXDVLSDUWLFOH

GLIIXVLRQ�DZD\�IURP�WKH�UHJLRQ�EHLQJ�VWXGLHG��H�J��GRZQ�FRQQHFWLQJ�OHDGV�

������ &RXSOHG�1RQ�(TXLOLEULXP�5DWH�(TXDWLRQV

7KH�ZHDNQHVV�RI�WKH�5RWKZDUI�7D\ORU�HTXDWLRQV�DUH�WKDW�WKH\�DVVXPH�WKDW�WKH

SRSXODWLRQ�RI�TXDVLSDUWLFOHV�KDV�HQWLUHO\� UHOD[HG� WR� WKH�HQHUJ\�JDS� DQG� WKDW� WKH� VXE�

JDS�SKRQRQV�SOD\�QR�SDUW�LQ�WKH�G\QDPLFV�RI�WKH�V\VWHP��)XUWKHUPRUH��WKH�5RWKZDUI�

7D\ORU�HTXDWLRQV�GR�QRW�WDNH�DFFRXQW�RI�DQ\�VSDWLDO�GHSHQGHQFH��ZKLFK�IRU�ODUJH�DUHD

GHYLFHV��GLPHQVLRQV� / '
TS UHFRPE

HII> � ��ZLOO�EHFRPH�LPSRUWDQW�

7KH� ODWWHU� SUREOHP� FDQ� EH� ZRUNHG� DURXQG� E\� DGRSWLQJ� D� GLIIXVLRQ� HTXDWLRQ

EDVHG�DSSURDFK��KRZHYHU�LW�KDV�EHHQ�IRXQG�IRU�D�QXPEHU�RI�V\VWHPV�WKDW�TXDVLSDUWLFOH

GLIIXVLRQ� LV� SRRUO\� SUHGLFWHG� IURP� DYDLODEOH� PRGHOV�=HKQGHU� ������ 0DUWLQ� �����

)ULHGULFK��������DQG�WKDW�WKH�TXDVLSDUWLFOH�OLIHWLPHV�KDYH�WR�EH�HPSLULFDOO\�GHULYHG�

&KDQJ� DQG� 6FDODSQLR�&KDQJ� ������ FRQVLGHUHG� D� V\VWHP� RI� FRXSOHG� LQWHJUDO

HTXDWLRQV� ZKLFK� LQFOXGHG� WKH� TXDVLSDUWLFOH� DQG� SKRQRQ� GLVWULEXWLRQV� EDVHG� RQ

(OLDVKEHUJ¶V�(OLDVKEHUJ�������ZRUN��7KH\�IRXQG�WKDW�
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ZKHUH�Q�W��LV�WKH�GHQVLW\�RI�SKRQRQV��I�(��WKH�GHQVLW\�RI�TXDVLSDUWLFOHV��DQG�WKH�RWKHU

V\PEROV� KDYH� PHDQLQJV� DV� IRU� ��������������� �������� ������� DQG� �������� ,QGHHG� LW� LV

SRVVLEOH�WR�VHH�WKH�VLPLODULW\�EHWZHHQ��������DQG����������������DQG���������VR�WKDW�ZH

PD\�LGHQWLI\�WKH�WKUHH�WHUPV�RI��������ZLWK�TXDVLSDUWLFOH�VFDWWHULQJ�E\�DEVRUSWLRQ�RI�D

SKRQRQ��VFDWWHULQJ�E\�HPLVVLRQ�RI�D�SKRQRQ��DQG�TXDVLSDUWLFOH�ORVV�E\�UHFRPELQDWLRQ�

/LNHZLVH��������LV�VLPLODU�WR��������DQG���������VR�WKDW�ZH�PD\�LGHQWLI\�WKH�WZR�WHUPV

DV�EHLQJ�GXH�WR�SKRQRQ�TXDVLSDUWLFOH�VFDWWHULQJ�DQG�SDLU�EUHDNLQJ��,
TS
�DQG�,

SK
�DUH� WKH

TXDVLSDUWLFOH�DQG�SKRQRQ�LQMHFWLRQ�UDWHV�WKDW�DUH�WKH�QRQ�HTXLOLEULXP�GULYLQJ�WHUPV�

7KHVH� HTXDWLRQV� QHHG� WR� EH� VROYHG� QXPHULFDOO\� LQ� RUGHU� WR� ILQG� WKH

TXDVLSDUWLFOH�DQG�SKRQRQ�GLVWULEXWLRQV��IURP�ZKLFK�LW�LV�SRVVLEOH�WR�DOVR�FDOFXODWH�WKH

HQHUJ\� JDS��&KDQJ� DQG� 6FDODSLQR� GLG� WKLV� IRU� D� QXPEHU� RI� H[SHULPHQWDO� VLWXDWLRQV�

LQFOXGLQJ�WKHUPDO�SKRQRQ�LQMHFWLRQ��H�J��E\�DQ�DGMDFHQW�KHDWHU���DQG�HOHFWURQ�LQMHFWLRQ

IURP� D� 6,1� WXQQHO� MXQFWLRQ�� ,Q� WKH� OLQHDULVDWLRQ� SURFHGXUH� WKDW� WKH\� XVHG�� WKH\

LQWURGXFHG� D� IUHH� SDUDPHWHU� FRUUHVSRQGLQJ� WR� SKRQRQ� HVFDSH� IURP� WKH� V\VWHP�� 7KH

UHVXOWV� ZHUH� YHU\� GHSHQGHQW� RQ� WKLV� HVFDSH� WLPH�� EXW� SDUWLFXODUO\� IRU� VKRUW� SKRQRQ
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WUDSSLQJ�WLPHV��WKH�SKRQRQ�DQG�TXDVLSDUWLFOH�GLVWULEXWLRQV�ZHUH�VLJQLILFDQWO\�GLIIHUHQW

IURP�WKH�DVVXPHG�GLVWULEXWLRQV�IRU�WKH�5RWKZDUI�7D\ORU�HTXDWLRQV�



&KDSWHU���

6XSHUFRQGXFWLQJ�3DUWLFOH�'HWHFWRUV
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,Q� WKLV� FKDSWHU�� WKH� XVH� RI� VXSHUFRQGXFWRUV� LQ� D� YDULHW\� RI� SDUWLFOH� GHWHFWRU

GHVLJQV�LV�GLVFXVVHG��7KH�ILUVW�VHFWLRQ�RXWOLQHV�WKH�DSSOLFDWLRQV�IRU�ZKLFK�WKH�YDULRXV

GHWHFWRU� FRQFHSWV� GLVFXVVHG� LQ� WKH� VHFRQG� VHFWLRQ� DUH� EHLQJ� GHYHORSHG�� 7KH� ILQDO

VHFWLRQ�H[DPLQHV�VRPH�RI� WKH�SURFHVVHV�WKDW�PXVW�EH�XQGHUVWRRG� LQ�RUGHU� WR�DFKLHYH

WKH�PD[LPXP�SHUIRUPDQFH�IURP�WKHVH� W\SHV�RI�GHWHFWRU�� ,W� LV� WRZDUGV�REWDLQLQJ� WKLV

XQGHUVWDQGLQJ�WKDW�WKH�H[SHULPHQWDO�ZRUN�UHSRUWHG�LQ�WKLV� WKHVLV�KDV�EHHQ�DLPHG�DQG

LQ�WKH�GLVFXVVLRQ�RI�WKH�YDULRXV�SURFHVVHV�WKH�UHODWLRQVKLS�ZLWK�WKH�H[SHULPHQWDO�ZRUN

ZLOO�EH�KLJKOLJKWHG�

���� $SSOLFDWLRQV

7KH�FRPPRQ�IHDWXUH�RI� WKH�DSSOLFDWLRQV� WKDW�ZH�FRQVLGHU�KHUH� LV� WKH�QHHG� WR

GHWHFW�WKH�HQHUJ\�RI�D�SDUWLFOH��EH�LW�D�SKRWRQ��QXFOHDU�SDUWLFOH�RU�PROHFXODU�IUDJPHQW�

WR�D�KLJK�DFFXUDF\��,Q�DGGLWLRQ��IRU�VRPH�DSSOLFDWLRQV�D�SRVLWLRQ�RU�DQJXODU�UHVROXWLRQ

LV�GHVLUHG�WR�SURYLGH�D�IXOO�LPDJLQJ�FDSDELOLW\�

7KH�VHOHFWLRQ�RI�DSSOLFDWLRQV�GLVFXVVHG�KHUH�LV�QRW�H[KDXVWLYH��LW�LV��KRZHYHU�

RULHQWDWHG� WRZDUGV� WKRVH� WKDW� KDYH� EHHQ� WKH� GULYLQJ� IRUFH� LQ� WKH� ORZ� WHPSHUDWXUH

GHWHFWRU� ILHOG�� ;�UD\� DVWURQRP\� DQG� GDUN� PDWWHU� VHDUFKHV�� ,Q� DGGLWLRQ�� WZR

DSSOLFDWLRQV� IRU� ZKLFK� RSHUDWLQJ� GHWHFWRUV� KDYH� UHFHQWO\� EHHQ� GHPRQVWUDWHG� DUH

GHVFULEHG�� 7KH� UHDGHU� LV� DOVR� GLUHFWHG� WRZDUGV� WKH� DYDLODEOH� UHYLHZ� DUWLFOHV�� IRU

H[DPSOH��6DGRXOHW�������

������ $VWURQRP\

�������� 7KH�;�UD\�8QLYHUVH

7KH�ILUVW�PHDVXUHPHQW�RI�H[WUDWHUUHVWULDO�;�UD\V�ZDV�PDGH�LQ������E\�D�JURXS

DW� WKH� 1DYDO� 5HVHDUFK� /DERUDWRU\� �15/��� :DVKLQJWRQ� '&�*URXS� ������� 8VLQJ

*HLJHU� FRXQWHUV� DERDUG� D� PRGLILHG� 9�� URFNHW�� VRODU� ;�UD\V� ZHUH� UHFRUGHG�� WKXV

FRQILUPLQJ� WKH�HPLVVLRQV�ZKLFK�KDG�EHHQ�SRVWXODWHG� D�GHFDGH� HDUOLHU� WR� H[SODLQ� WKH

LQWHUIHUHQFH�RI�UDGLR�WUDQVPLVVLRQV�GXULQJ�VRODU�IODUHV��7KH�ILUVW�H[WUD�VRODU�VRXUFH�ZDV

LGHQWLILHG� LQ������ZLWK� WKH�GLVFRYHU\�RI�6FRUSLXV�;���*LDFFRQL�������� WKH�EULJKWHVW

DFFUHWLRQ�SRZHUHG�;�UD\�ELQDU\�LQ�WKH�VN\��,Q�WKH�IROORZLQJ�\HDU�DQRWKHU�VRXUFH�ZDV
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GLVFRYHUHG�E\�D�JURXS�DW�15/�LQ�WKH�UHPQDQWV�RI�WKH�VXSHU�QRYD�RI������±�WKH�&UDE

1HEXOD��%\������DSSUR[LPDWHO\����;�UD\�VRXUFHV�KDG�EHHQ�LGHQWLILHG��D�ILJXUH�ZKLFK

KDG�ULVHQ�E\�WKH�PLG�����V�WR�������7KH�ILUVW�VDWHOOLWH�EDVHG�;�UD\�LPDJLQJ�WHOHVFRSH�

1$6$¶V�+($2����(LQVWHLQ��PLVVLRQ��FRQILUPHG�;�UD\�HPLVVLRQ�IURP�YLUWXDOO\�HYHU\

NQRZQ� FODVV� RI� DVWURQRPLFDO� REMHFW� IURP� WKH� LQWHUVWHOODU� PHGLXP� WR� DFWLYH� JDODFWL

QXFOHL�

:LWKLQ�WKH�DVWURQRP\�FRPPXQLW\��WKHUH�LV�D�ZLVK�IRU�KLJK�HQHUJ\�DQG�VSDWLDO

UHVROXWLRQ� VWXGLHV� RI� HYHU\� VWDJH� RI� VWHOODU� HYROXWLRQ�� WKH� LQWHUVWHOODU� PHGLXP� DQG

JDOD[LHV��2I�SDUWLFXODU�LQWHUHVW�DUH�PHDVXUHPHQWV�RI�'RSSOHU�VKLIWV��LRQLF�HPLVVLRQ�DQG

DEVRUSWLRQ� OLQHV� LQ� PDQ\� VRXUFHV� UDQJLQJ� IURP� \RXQJ� 7�7DXUL� W\SH� VWDUV�� WKURXJK

PDLQ�VHTXHQFH�VWDUV� WR�VWHOODU�UHPQDQWV�VXFK�DV�;�UD\�ELQDU\�V\VWHPV�� ,Q� LQWHUVWHOODU

JDV�VWXGLHV�WKHUH�LV�SRWHQWLDO�IRU�VWXG\LQJ�WKH�;�UD\�DEVRUSWLRQ�VSHFWUD��SDUWLFXODUO\�WKH

.�VKHOO�IHDWXUHV�IURP�2[\JHQ��6XFK�VWXGLHV�UHTXLUH�D�JRRG�ODUJH�DUHD�FRYHUDJH�RI�WKH

VN\�� IRU�H[DPSOH� WKH�'LIIXVH�;�UD\�6SHFWURPHWHU� IORZQ�DERDUG� WKH�6SDFH�6KXWWOH� LQ

����� FRYHUHG� ��� RI� WKH� VN\� IRU� ����������NH9�� ,Q� VWXG\LQJ� DFWLYH� JDODFWLF� QXFOHL

�$*1��WKH�PDLQ�VSHFWUDO�HPLVVLRQ�OLQH�REVHUYHG�LV�WKH�����NH9�LURQ�OLQH��ZKLFK�DFWV�DV

D� WUDFHU� RI� FROG� PDWHULDO� FORVH� WR� WKH� FHQWUDO� VRXUFH�� 7KLV� HPLVVLRQ� OLQH� LV� HDVLO\

VLPXODWHG�LQ�WKH�ODERUDWRU\�XVLQJ�D���)H�VRXUFH�ZKLFK�HPLWV����������NH9�0Q�.a�DQG

���������NH9�0Q�.b� UDGLDWLRQ��)RU� WKLV� UHDVRQ��XQOHVV� RWKHUZLVH� VWDWHG� WKH� HQHUJ\

UHVROXWLRQ�LV�TXRWHG�DV�H9�IRU�D���NH9�SKRWRQ�

�������� 'HVLUHG�6SHFLILFDWLRQV

,Q� RUGHU� WR� SURYLGH� WKH� GHVLUHG� UHVROXWLRQ� WKH� UHTXLUHG� VSHFLILFDWLRQV� DUH

H[FHSWLRQDOO\�GHPDQGLQJ��7KH�FXUUHQW�JHQHUDWLRQ�RI�;�UD\�GHWHFWRUV�LV�EDVHG�RQ�VHPL�

FRQGXFWRU� FKDUJH� FRXSOHG� GHYLFH� �&&'�� WHFKQRORJ\�� $Q� LQFLGHQW� SKRWRQ� FUHDWHV

HOHFWURQ�KROH� SDLUV� DQG� WKH� FKDUJH� LV� WKHQ� UHDG� RXW� WR� JHW� D� GLUHFW� PHDVXUH� RI� WKH

HQHUJ\� RI� WKH� SKRWRQ�� 7KH� &&'� WHFKQRORJ\� DOORZV� WKH� GHYHORSPHQW� RI� WZR

GLPHQVLRQDO�GHWHFWRU�DUUD\V�WKDW�SHUPLW�LPDJLQJ�RI�WKH�VRXUFH��$OWKRXJK�WKH�TXDQWXP

HIILFLHQF\�LV�FORVH�WR������DQG�WKH�VSDWLDO�UHVROXWLRQ�LV�JRRG��WKH�HQHUJ\�UHVROXWLRQ�DW

����H9�LV�LQVXIILFLHQW�
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,Q� RUGHU� WR�PHHW� WKH� GHPDQGV� RI� WKH� DVWURQRP\� FRPPXQLW\�� WKHUH� KDV� EHHQ

VXEVWDQWLDO�GHYHORSPHQW�ZRUN�RQ�D�YDULHW\�RI�FU\RJHQLF�GHWHFWRU�GHVLJQV��+RZHYHU�WR

GDWH� QRQH� RI� WKHVH� KDV� DFKLHYHG� WKH� SUHGLFDWHG� HQHUJ\� DQG� VSDWLDO� UHVROXWLRQV�

1HYHUWKHOHVV�� WKH� GHYHORSPHQW� ZRUN� KDV� DFKLHYHG� SURJUHVV� DQG� FRQWLQXHV� WR� EH� DQ

DUHD� RI� DFWLYH� VWXG\�� IRU� H[DPSOH� WKH� UHFHQWO\� DQQRXQFHG� 8.� ;�UD\� &U\RJHQLF

6SHFWURPHWHU�3URJUDPPH��;&63���%ODPLUH�������KDV�VHW�WKH�IROORZLQJ�WDUJHW�GHWHFWRU

SHUIRUPDQFH�VSHFLILFDWLRQV�

�� (QHUJ\�UHVROXWLRQ�����H9�IRU�D���NH9�SKRWRQ

�� 4XDQWXP�HIILFLHQF\��!���

�� ,PDJLQJ�FDSDELOLW\��!����������GHWHFWRU�HOHPHQWV�LQ�D��'�DUUD\

�� 3RVLWLRQ�UHVROXWLRQ��a��������PP����DUF�VHFRQGV�IRU�D���P�IRFDO�OHQJWK�

�� 7KURXJKSXW��a�����FRXQWV�V����LQFOXGLQJ�a�����FRXQWV�V���SL[HO���

�� 2SHUDWLQJ�WHPSHUDWXUH���������P.

7KH�WDUJHW�GDWH�IRU�ODERUDWRU\�GHYHORSPHQW�RI�VXFK�D�GHWHFWRU�LV�VXPPHU�������ZLWK�LW

VSDFH� TXDOLILHG� DQG� UHDG\� WR� IO\� D� PLVVLRQ� �;(86�� E\� ������ )RUWXQDWHO\�� GHWHFWRU

VSHHG�LV�QRW�RI�SULPDU\�FRQFHUQ�LQ�WKLV�DSSOLFDWLRQ�±�EDFNJURXQG�;�UD\�SKRWRQ�IOX[HV

DUH�RI�WKH�RUGHU�RI���SKRWRQ�FP���V����ZLWK�PD[LPXP�FRXQW�UDWHV�OLNHO\�WR�EH�OHVV�WKDQ

�����FRXQWV�V���

������ 'DUN�0DWWHU�6HDUFKHV

$OWKRXJK� WKH� ZRUN� UHSRUWHG� LQ� WKLV� WKHVLV� KDV� EHHQ� DLPHG� WRZDUGV� WKH

GHYHORSPHQW�RI�;�UD\�GHWHFWRUV��WKH�QXFOHDU�SK\VLFV�FRPPXQLW\�KDV�EHHQ�D�FRQVLVWHQW

VRXUFH�RI�DSSOLFDWLRQV�IRU�FU\RJHQLF�GHWHFWRUV�

7KH� VHDUFK� IRU� SDUWLFOHV� WKDW� PD\� IRUP� WKH� µPLVVLQJ¶� GDUN� PDWWHU� RI� WKH

XQLYHUVH� LV� RQH� RI� WKH�PRVW� SUHVVLQJ� SUREOHPV� LQ�PRGHUQ� FRVPRORJ\��$� QXPEHU� RI

DUJXPHQWV�VXJJHVW�WKDW�LW�PD\�EH�FRPSRVHG�RI�VRPHWKLQJ�RWKHU�WKDQ�RUGLQDU\�EDU\RQV�

,I�WKLV�LV�WKH�FDVH�WKHQ�LW�PLJKW�EH�GXH�WR�VRPH�W\SH�RI�SDUWLFOH�WKDW�IRUPHG�LQ�WKH�KRW

SULPLWLYH�XQLYHUVH�ZKLFK�VXEVHTXHQWO\�RQO\�LQWHUDFWV�ZHDNO\�ZLWK�WKH�EDU\RQLF�PDWWHU�

&RQYHUVHO\��D�QXPEHU�RI�SDUWLFOH�SK\VLFV�WKHRULHV��VXFK�DV�VXSHU�V\PPHWU\��JLYH�ULVH
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WR� QRQ�EDU\RQLF� GDUN� PDWWHU� DW� GHQVLWLHV� FRPSDWLEOH� ZLWK� WKDW� ZKLFK� PLJKW� EH

H[SHFWHG�RI�MXVW�VXFK�D�ZHDNO\�LQWHUDFWLQJ�SDUWLFOH��)RU�WKHVH�UHDVRQV��WKHUH�KDV�EHHQ

FRQVLGHUDEOH� LQWHUQDWLRQDO� HIIRUW� LQ� WKH� VHDUFK� IRU� VXFK� ZHDNO\� LQWHUDFWLQJ� PDVVLYH

SDUWLFOHV��:,03V��

7KH� GLIILFXOWLHV� LQ� WKH� VHDUFK� IRU� :,03V� DUH� IRUPLGDEOH�� SULQFLSDOO\� WKH

QXPEHU� RI� LQWHUDFWLRQV� LV� YHU\� ORZ� RI� RUGHU� ����� FRXQWV� NJ��GD\���� ZKLFK� LV� VPDOOHU

WKDQ�UDGLRDFWLYH�FRXQWV�LQ�HYHQ�WKH�SXUHVW�RI�GHWHFWRUV��7KH�GHWHFWRUV�QHHG�WR�KDYH�ORZ

WKUHVKROGV� WR� GHWHFW� HIILFLHQWO\� ORZ� PDVV� :,03V� �� W\SLFDOO\� ����NH9� LV� UHTXLUHG�

:,03� GHWHFWRUV�� WKHUHIRUH�� UHTXLUH� ERWK� VHQVLWLYLW\� DQG� PDVV�� IRU� H[DPSOH� WKH

&5(667� FROODERUDWLRQ� XWLOLVHV� ����J� 6DSSKLUH� FU\VWDOV� ZLWK� VXSHUFRQGXFWLQJ

GHWHFWRUV� WKDW� DFKLHYH� WKH� WKUHVKROG� RI� ����NH9�� 7KH� UHTXLUHPHQW� RI� EDFNJURXQG

UHMHFWLRQ� DQG� GLVFULPLQDWLRQ� IRU� :,03� GHWHFWRUV� LQ� WXUQ� PDNHV� WKH� VDPH� GHWHFWRU

FRQFHSWV�JRRG�FDQGLGDWHV�DV�GHWHFWRUV�IRU�WKHVH�EDFNJURXQG�HYHQWV�

������ 0DWHULDOV�$QDO\VLV

$Q�LPSRUWDQW�WRRO�LQ�PDWHULDOV�PLFURDQDO\VLV�LV�WKH�XVH�RI�D�VFDQQLQJ�HOHFWURQ

PLFURVFRSH�HTXLSSHG�ZLWK�DQ�;�UD\�VHQVRU�WR�LGHQWLI\�ORFDO�FRPSRVLWLRQ�RI�D�VDPSOH

IURP�WKH�HPLWWHG�;�UD\�VSHFWUD��&RQYHQWLRQDO�;�UD\�DQDO\VLV�KDV�EHHQ�FRQILQHG�HLWKHU

WR� VHPL�FRQGXFWRU� HQHUJ\� GLVSHUVLYH� ;�UD\� GHWHFWRUV�� ZLWK� FRQFRPLWDQW� HQHUJ\

UHVROXWLRQ� OLPLWV� RI� DSSUR[LPDWHO\� ����H9�� RU� WR� ZDYHOHQJWK� GLVSHUVLYH� ;�UD\

GHWHFWRUV� ZLWK� DVVRFLDWHG� SRRU� FROOHFWLRQ� DQG� GHWHFWRU� HIILFLHQFLHV�� &U\RJHQLF

GHWHFWRUV� RIIHU� D� FRPELQDWLRQ� RI� H[FHOOHQW� HQHUJ\� UHVROXWLRQ�� KLJK� VSDWLDO� FROOHFWLRQ

DQJOHV� DQG� JRRG� GHWHFWRU� HIILFLHQF\�� 8QOLNH� WKH� GHWHFWRUV� IRU� ;�UD\� DVWURQRP\�

GHWHFWRUV� XVHG� RQ� HOHFWURQ� PLFURVFRSHV� UHTXLUH� FRXQW� UDWHV� RI� PDQ\� WKRXVDQGV� RI

FRXQWV� SHU� VHFRQG�� ZKLFK� LPSRVH� GLIIHUHQW� FRQVWUDLQWV� RQ� WKH� GHVLJQ� WR� UHGXFH

UHFRYHU\�WLPH�EHWZHHQ�HYHQWV�

:LWKLQ� WKH� ODVW� IHZ� \HDUV� D� JURXS� EDVHG� DW� WKH� 86� 1DWLRQDO� ,QVWLWXWH� RI

6WDQGDUGV� DQG� 7HFKQRORJ\� KDV� GHYHORSHG� D� VXSHUFRQGXFWLQJ� WUDQVLWLRQ� HGJH� VHQVRU

EDVHG� GHWHFWRU� �VHH� VHFWLRQ� ��������� PRXQWHG� LQ� DQ� DGLDEDWLF� GHPDJQHWLVDWLRQ

UHIULJHUDWRU��$'5���:ROOPDQ��������7KH�$'5�LV�LQ�WXUQ�PRXQWHG�DGMDFHQW�WR�DQ�6(0

FROXPQ��ZLWK�WKH�GHWHFWRU�DOLJQHG�WR�D�SRUW�RIIHULQJ�OLQH�RI�VLJKW�DFFHVV�WR�WKH�VDPSOH�
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7KH� GHWHFWRU� KDV� EHHQ� GHPRQVWUDWHG�� KDYLQJ� D� UHVROXWLRQ� RI� ����H9� IRU� �����NH9�

8VLQJ� WKLV� GHWHFWRU�� WKH� 1,67� JURXS� KDV� GHPRQVWUDWHG� LWV� XVH� LQ� UHVROYLQJ� FORVHO\

VSDFHG� SHDNV� LQ� WHFKQRORJLFDOO\� XVHIXO� DSSOLFDWLRQV�� IRU� H[DPSOH�� WKH� 6L�.a� DQG�:

0a�0b�SHDNV���������������������NH9��DQG�WKH�%D�/a����DQG�7L�.a���� ������DQG�����

NH9��SHDNV�

������ 0DVV�6SHFWURPHWU\

2XU�ILQDO�H[DPSOH�RI�WKH�XVH�RI�D�VXSHUFRQGXFWLQJ�GHWHFWRU�LV�WKH�XVH�RI�D�6,1

WXQQHO� MXQFWLRQ� GHWHFWRU� �VHH� VHFWLRQ� ��������� LQ� D� WLPH�RI�IOLJKW�PDVV� VSHFWURPHWHU�

0DWUL[�DVVLVWHG�ODVHU�GHVRUSWLRQ�LRQLVDWLRQ�WLPH�RI�IOLJKW�VSHFWURVFRS\�LV�DQ�LPSRUWDQW

WHFKQLTXH�LQ�WKH�VWXG\�RI�SURWHLQV�DQG�RWKHU�ODUJH�PDVV�ELR�PROHFXOHV�6LX]GDN�������

EXW�KDYH� OLPLWHG�PDVV� UHVROXWLRQ�IRU� ODUJHU�PDVV�PROHFXOHV�GXH� WR� OLPLWDWLRQV� LQ� WKH

PLFURFKDQQHO�SODWH�GHWHFWRUV�

&U\RJHQLF� PLFURFDORULPHWHUV� FDQ� H[WHQG� WKH� XVHIXOQHVV� RI� WLPH�RI�IOLJKW

GHWHFWRUV�E\�SURYLGLQJ� LQIRUPDWLRQ�QRW�RQO\� DERXW� WKH� WLPH�RI� IOLJKW� RI� D�PROHFXODU

IUDFWLRQ�� EXW� DOVR�� WKH� NLQHWLF� HQHUJ\�� KHQFH� FKDUJH� DQG� PDVV� RI� WKH� IUDFWLRQV�� ,Q

DGGLWLRQ�� FU\RJHQLF� GHWHFWRUV� DUH� SRWHQWLDOO\� PDQ\� RUGHUV� RI� PDJQLWXGH� IDVWHU� WKDQ

H[LVWLQJ� VWDWH�RI�WKH�DUW� VHTXHQFHUV�� ,W� KDV� EHHQ� FDOFXODWHG� WKDW� D� FU\RJHQLF� GHWHFWRU

EDVHG�V\VWHP�FRXOG�VHTXHQFH�WKH�HQWLUH�KXPDQ�JHQRPH�LQ�D�PHUH����KRXUV�FRPSDUHG

WR�WKH�����\HDUV�FXUUHQWO\�UHTXLUHG�E\�D�VLQJOH�VHTXHQFHU�7ZHUHQEROG�������

7KH� XVH� RI� FU\RJHQLF� GHWHFWRUV� LQ� WKLV� FDSDFLW\� ZDV� ILUVW� VXJJHVWHG� E\

7ZHUHQEROG�DW� WKH�/RZ�7HPSHUDWXUH�'HWHFWRUV���:RUNVKRS��7ZHUHQEROG�������DQG

KDV� UHFHQWO\� EHHQ� LPSOHPHQWHG� E\� 1,67�+LOWRQ� ������� 7KH\� KDYH� GHPRQVWUDWHG� D

GHWHFWRU�XVLQJ�D�6,1�UHDGRXW�ERORPHWHU�PRXQWHG�RQ�D�6L
�
1

�
�PHPEUDQH�WKDW�ZDV�DEOH

WR�UHDG�D�PDVV�VSHFWUXP�IRU�ERYLQH�VHUXP�DOEXPLQ��LQ�ZKLFK�WKH�GHWHFWRU�UHVSRQGHG�WR

HQHUJ\�GHSRVLWLRQV�LQ�WKH�UDQJH������NH9�
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���� 'HVLJQV

,Q� WKLV� VHFWLRQ� ZH� UHYLHZ� WKH� PRVW� FRPPRQO\� SURSRVHG� GHVLJQV� IRU

VXSHUFRQGXFWRU�EDVHG�HQHUJ\�UHVROYLQJ�GHWHFWRUV��,Q�SDUWLFXODU�ZH�IRFXV�RQ�WKH�FODVVHV

RI�GHWHFWRU�WR�ZKLFK�WKH�ZRUN�UHSRUWHG�KHUH�LV�PRVW�UHOHYDQW�

������ 6XSHUKHDWHG�6XSHUFRQGXFWLQJ�*UDQXOHV

7KH� EDVLV� RI� WKH� VXSHUKHDWHG� VXSHUFRQGXFWLQJ� JUDQXOH� �66*�� GHWHFWRU� LV� WKH

GHWHFWLRQ� RI� WKH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ� LQ� RQH� RU� PRUH� VPDOO� JUDLQV� RI� D

VXSHUFRQGXFWRU�� 7KH� UHDGRXW� LV� E\� GHWHFWLRQ� RI� WKH� FKDQJHV� LQ� DQ� DSSOLHG�PDJQHWLF

ILHOG�DV�LQGLYLGXDO�JUDQXOHV�VZLWFK�EHWZHHQ�QRUPDO�DQG�VXSHUFRQGXFWLQJ�VWDWHV�DQG�VR

YLD�WKH�0HLVVQHU�HIIHFW�WKH�ILHOG�LV�H[FOXGHG��RU�QRW��IURP�WKH�JUDQXOH��&DOFXODWLQJ�WKH

OHQJWK� RI� WLPH� D� JUDLQ� ZDV� LQ� WKH� QRUPDO� VWDWH� JLYHV� WKH� HQHUJ\� GHSRVLWHG�7XUUHOO

������

,Q� SUDFWLFH� WKH� SHUIRUPDQFH� RI� WKLV� W\SH� RI� GHWHFWRU� LV� VHQVLWLYH� WR� WKH

XQLIRUPLW\� RI� WKH� JUDLQV� LQ� ERWK� VL]H� DQG� VKDSH� DQG� WR� WKH� XQLIRUPLW\� LQ� WKH

GLVWULEXWLRQ�RI� WKH�JUDLQV� LQ� WKH�GHWHFWRU��&XUUHQWO\�DQ�66*�GHWHFWRU� LV� LQ�XVH� LQ� WKH

253+(86� GDUN� PDWWHU� VHDUFK� DW� &(51�YDQ� GHQ� %UDQGW� ������ DQG� 66*� QHXWURQ

GHWHFWRUV�KDYH�EHHQ�GHPRQVWUDWHG�0HDJKHU�������

������ 67-�'HWHFWRUV

7KH�FRQFHSW�RI�WKH�67-�DV�D�SDUWLFOH�GHWHFWRU�ZDV�ILUVW�GHPRQVWUDWHG�E\�:RRG

DQG� :KLWH� LQ� �����:RRG� ������ XVLQJ� WLQ�WLQ�R[LGH� GHYLFHV� WR� GHWHFW� a� SDUWLFOHV�

'XULQJ�WKH�µ��V�DQG�µ��¶V�67-V�ZHUH�ZLGHO\�XVHG�IRU�SKRQRQ�GHWHFWLRQ�(LVHQPHQJHU

������� EXW� LW� ZDV� QRW� XQWLO� ����� WKDW� .XUDNDGR� VXJJHVWHG� 67-V� IRU� XVH� DV� ;�UD\

GHWHFWRUV�.XUDNDGR�������

7KH� SULQFLSOH� RI� RSHUDWLRQ� LV� DQDORJRXV� WR� WKH� RSHUDWLRQ� RI� D� VHPLFRQGXFWRU

GHYLFH��$Q�LQFLGHQW�;�UD\�LV�DEVRUEHG�LQ�RQH�HOHFWURGH�RI�D�67-��FUHDWLQJ�D�QXPEHU�RI

HQHUJHWLF� SKRWRHOHFWURQV�� 7KH� SULPDU\� SKRWRHOHFWURQV� XQGHUJR� HOHFWURQ�HOHFWURQ

VFDWWHULQJ�� JHQHUDWLQJ� VHFRQGDU\� SKRWRHOHFWURQV�� :LWKLQ� D� IHZ� QDQRVHFRQGV� WKH

HOHFWURQV�KDYH�VFDWWHUHG�GRZQ�LQ�HQHUJ\�WR�FUHDWH�D�SRSXODWLRQ�RI�TXDVLSDUWLFOHV�FORVH
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WR�WKH�JDS�HGJH�6FKDIURWK��������7KH�TXDVLSDUWLFOHV�WKHQ�GLIIXVH�WKURXJK�WKH�DEVRUEHU

WR�WKH�YLFLQLW\�RI�WKH�WXQQHO�EDUULHU�ZKHUH�WKH\�DUH�FRXQWHG�DV�D�WXQQHOOLQJ�FKDUJH��7KH

UHVROXWLRQ�LV�WKHRUHWLFDOO\�OLPLWHG�RQO\�E\�WKH�VWDWLVWLFV�RI�FRXQWLQJ�WKH�TXDVLSDUWLFOHV�

0RQWH�&DUOR� VLPXODWLRQV�RI� WKH�H[FLWDWLRQ�SURFHVVHV�JLYH�D�PHDQ�HQHUJ\� WR�FUHDWH� D

TXDVLSDUWLFOH�RI�

� = I& �����

ZKHUH� I ����.XUDNDGR� ������ 5DQGR� ������� 7KH� UHVROXWLRQ� LV� WKHQ� JLYHQ� E\� WKH

VWDWLVWLFV�RI�FRXSOHG�SURFHVVHV�±�)DQR�VWDWLVWLFV���WR�JLYH�

�(
(

)
1 (

SK W Q

=  
��� ��� � � �&

�����

ZKHUH� ) �����.XUDNDGR� ������ 5DQGR� ������ LV� WKH� )DQR� IDFWRU�� 1� WKH� QXPEHU� RI

H[FLWDWLRQV� DQG� (
SKRWRQ

� WKH� HQHUJ\� RI� WKH� LQFLGHQW� SKRWRQ�� )RU� 1E� ������ SUHGLFWV� DQ

HQHUJ\�UHVROXWLRQ�RI�RQO\�����H9�IRU�D�����NH9�SKRWRQ��,Q�SUDFWLFH�WKH�EHVW�UHVROXWLRQ

REWDLQHG�KDV�EHHQ�DQ�RUGHU�RI�PDJQLWXGH�ZRUVH�WKDQ�WKLV�DW����H9�0HDUV�������

�������� 0DWHULDOV

,Q�RUGHU�WR�DFKLHYH�KLJK�TXDQWXP�HIILFLHQF\��RQH�UHTXLUHV�D�PDWHULDO�WKDW�ZLOO

DEVRUE� DV� PDQ\� ;�UD\� SKRWRQV� DV� SRVVLEOH�� 7KH� DEVRUSWLRQ� OHQJWK� LV� GHWHUPLQHG

ODUJHO\�E\�WKH�HOHFWURQ�GHQVLW\�LQ�WKH�PDWHULDO��EXW�LQ�JHQHUDO�ZLOO�EH�ORQJHU�WKDQ�D�WKLQ

ILOP� FDQ� EH� UHDVRQDEO\� JURZQ�� ,Q� DGGLWLRQ�� WKH� WXQQHOOLQJ� UDWH� IURP� WKH� DEVRUEHU� LV

LQYHUVHO\� SURSRUWLRQDO� WR� WKH� WKLFNQHVV� RI� WKH� UHJLRQ� IURP�ZKLFK� WKH� TXDVLSDUWLFOHV

WXQQHO��)RU�WKLV�UHDVRQ��RQH�ZRXOG�H[SHFW��IRU�H[DPSOH��$O�WR�EH�D�SRRU�FKRLFH�IRU�WKH

DEVRUEHU�DQG�7D�WR�EH�D�EHWWHU�RQH�

2I� SULPDU\� FRQFHUQ� LQ� WKH� VHOHFWLRQ� RI� PDWHULDOV� LV� WKH� DYDLODELOLW\� RI

FRPSDWLEOH�VXSHUFRQGXFWRUV�DQG�LQVXODWLQJ�EDUULHUV��7KH�ILUVW�PDWHULDOV�WR�EH�XVHG�IRU

67-�GHWHFWRUV�ZHUH�WLQ�DQG�WLQ�R[LGH��ZKLFK�DUH�QRW�VWDEOH�WR�UHSHDWHG�WKHUPDO�F\FOLQJ

DQG�VR�DUH�QRW�VXLWDEOH�IRU�UHSHDWHG�H[SHULPHQWV�DW�ORZ�WHPSHUDWXUH��'XULQJ�WKH�����V

QLRELXP�DOXPLQLXP�R[LGH�GHYLFHV�ZHUH�GHYHORSHG�DQG�KDYH�EHFRPH�WKH�SUHGRPLQDQW

WHFKQRORJ\�*ROGLH�������6WULFNHU�������GH�.RUWH�������.XUDNDGR�������0HDUV�������

$�QXPEHU�RI�JURXSV�KDYH�GHYHORSHG�7D�EDVHG�GHYLFHV�*DLGLV�������/H�*UDQG�����E�

%ODPLUH�������)ULHGULFK�������*XWVFKH�������1XVVEDXPHU�������3RUWHU�������%UXLMQ



&KDSWHU���±�6XSHUFRQGXFWLQJ�3DUWLFOH�'HWHFWRUV

��

������ 3HDFRFN� ������� DOWKRXJK� LQ� JHQHUDO� LW� KDV� EHHQ� IRXQG� WKDW� DOXPLQLXP� R[LGH

EDUULHUV�DUH�PRUH�VXFFHVVIXO�WKDQ�QDWLYH�WDQWDOXP�R[LGH�EDUULHUV�%UXLMQ�������

2QH�RI�WKH�FRQFHUQV�LQ�WKH�GHYHORSPHQW�RI�67-�GHYLFHV�KDV�EHHQ�WR�PD[LPLVH

WKH�TXDVLSDUWLFOH�GLIIXVLRQ�IURP�WKH�DEVRUSWLRQ�VLWH�WR�WKH�WXQQHO�EDUULHUV��7R�DFKLHYH

WKLV��HSLWD[LDO�1E�DQG�7D�OD\HUV�KDYH�EHHQ�WULHG��3RUWHU�������3RUWHU�������9HUKRHYH

������� DOWKRXJK� WKHVH� DUH� PRUH� GLIILFXOW� WR� GHSRVLW� VXFFHVVIXOO\� DQG� PD\� OHDG� WR

LQFUHDVHG�ORVV�RI�HQHUJ\�YLD�SKRQRQV�WR�WKH�VXEVWUDWH��,Q�DQ�H[WUHPH�FDVH��LW�KDV�EHHQ

SURSRVHG� WR� XVH� EXON� VLQJOH� FU\VWDOV� RI� VXSHUFRQGXFWRU� DV� ERWK� DEVRUEHU� DQG

VXEVWUDWH�+DPVWHU�������3DWHO�������%UXLMQ�������1HWHO�������� DOWKRXJK� LW�KDV�EHHQ

IRXQG�GLIILFXOW�WR�JURZ�KLJK�TXDOLW\�67-V�RQ�WKH�FU\VWDO�

�������� 6LQJOH�3L[HO�'HYLFHV

0DQ\�JURXSV�KDYH�SURGXFHG�VLQJOH�SL[HO�67-�EDVHG�GHWHFWRUV��XVLQJ�D�YDULHW\

RI� DSSURDFKHV� WR� GHYHORS� KLJK� UHVROXWLRQ� DQG� ODUJH� DUHD� GHWHFWRUV�� $� SLFWXUH� RI� D

)LJXUH�����3LFWXUH�RI�D�VLQJOH�SL[HO�6,6�;�UD\�GHWHFWRU��7KH�VTXDUH�UHJLRQ�LV�����P�DORQJ�HDFK�VLGH�
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W\SLFDO� VLQJOH� SL[HO� GHWHFWRU� SURGXFHG� E\� WKH� DXWKRU� DV� SDUW� RI� D� FROODERUDWLRQ�ZLWK

15/��:DVKLQJWRQ�'&�LV�VKRZQ�LQ�ILJXUH�����

7KH� GHWHFWRU� FRQVLVWV� RI� D� VTXDUH� HSLWD[LDO�1E�7D� EDVH� OD\HU� RI� HGJH� OHQJWK

����P� DQG� WKLFNQHVV� ����QP�� $Q� $O2
[
� MXQFWLRQ� DQG� 1E� FRXQWHU�HOHFWURGH� RI� HGJH

OHQJWK�����P�LV�SODFHG�RQ�WKH�EDVH�OD\HU��)LQDOO\��D�1E�3G�$X�FRQWDFW�ZLUH�PDNHV�D

FRQQHFWLRQ� WR� WKH� HGJH� RI� WKH� FRXQWHU�HOHFWURGH�� 'XULQJ� RSHUDWLRQ�� WKH� GHYLFH� ZDV

FRROHG� WR� ����P.�� DQG� D� PDJQHWLF� ILHOG� DSSOLHG� WR� VXSSUHVV� WKH� -RVHSKVRQ� WXQQHO

FXUUHQW��$V�RXWOLQHG�LQ�VHFWLRQ����������WKH�VKDSH�RI�WKH�MXQFWLRQ�FDYLW\�ZLOO�DIIHFW�WKH

PDJQHWLF�ILHOG�UHTXLUHG�WR�VXSSUHVV�WKH�'&�DQG�$&�-RVHSKVRQ�HIIHFWV��,Q�WKLV�FDVH�WKH

ILHOG�LV�DSSOLHG�DORQJ�WKH�GLDJRQDOV�RI�WKH�GHWHFWRU��VR�WKDW�WKH�GHWHFWRU�KDV�D�GLDPRQG

VKDSH��2WKHU�JURXSV�KDYH�H[SHULPHQWHG�ZLWK�GLIIHUHQW�VKDSHV�RI�MXQFWLRQ�*LMVEHUWVHQ

������

2XU�GHYLFH�LV�XQXVXDO� LQ�WKDW� WKH�WKLQ�FRXQWHU�HOHFWURGH�DQG�WKH�3G�$X�LQ�WKH

ZLULQJ� OD\HU� VXSSUHVVHV� VLJQDOV� IURP�DEVRUSWLRQ�HYHQWV� LQ� WKH�FRXQWHU�HOHFWURGH��)RU

�

��

���

���

���
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)LJXUH�����;�UD\�VSHFWUD�IRU���)H�VRXUFH�VKRZLQJ�0Q�.a�DQG�.b�OLQHV�IRU�D�GHYLFH�VLPLODU�WR�WKDW�LQ
ILJXUH������5HVXOWV�FRXUWHV\�RI�'U��)��6FRWW�3RUWHU��IRUPHUO\�RI�86�1DYDO�5HVHDUFK�/DERUDWRU\�
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WKH� PDMRULW\� RI� 67-� GHYLFHV�� SXOVH� GLVFULPLQDWLRQ� LV� UHTXLUHG� WR� VHSDUDWH� EDVH� DQG

FRXQWHU�HOHFWURGH�HYHQWV��/LNH�PDQ\�67-�GHWHFWRUV�� WKLV�RQH�XWLOLVHG�SUR[LPLWLVHG�$O

OD\HUV� LPPHGLDWHO\� DGMDFHQW� WR� WKH�EDUULHU� WR� WUDS�TXDVLSDUWLFOHV� FORVH� WR� WKH�EDUULHU�

7KH�SURFHVV�RI�TXDVLSDUWLFOH�WUDSSLQJ�DQG�DVVRFLDWHG�HIIHFWV�DUH�FRQVLGHUHG�LQ�JUHDWHU

GHWDLO� LQ�VHFWLRQ������$�VDPSOH�;�UD\�VSHFWUD�IRU�D�VLPLODU�GHYLFH�LV�VKRZQ�LQ� ILJXUH

����� IRU�ZKLFK� WKH� DXWKRU� WKDQNV�'U�� )��6FRWW�3RUWHU�� IRUPHUO\� RI�15/��:DVKLQJWRQ

'&��7KH� IXOO�ZLGWK�KDOI�PD[LPXP�YDOXH� IRU� WKH� VWURQJ�SHDN� DW� ��NH9�ZDV����H9�� D

IDFWRU�RI�����JUHDWHU�WKDQ�WKH�FXUUHQW�ZRUOG�EHVW�RI����H9�0HDUV�������

6LQJOH�SL[HO�GHYLFHV�KDYH� DOVR�EHHQ�GHPRQVWUDWHG� DV�RSWLFDO� DQG�89�SKRWRQ

FRXQWLQJ� GHWHFWRUV�3HDFRFN� ������� W\SLFDOO\� DFKLHYLQJ� D� UHVROXWLRQ� RI� ����H9� IRU� D

��H9� SKRWRQ�� DQG� FRXQWLQJ� LQFLGHQW� SKRWRQV� ZLWK� D� TXDQWXP� HIILFLHQF\� RI

DSSUR[LPDWHO\�����

�������� 3RVLWLRQ�5HVROYLQJ�'HYLFHV

,Q�DGGLWLRQ�WR�DQ�HQHUJ\�UHVROYLQJ�FDSDELOLW\��DQ�LPSRUWDQW�UHTXLUHPHQW�LV�WKH

DELOLW\� WR� IRUP�DQ� LPDJH��7R�GR� WKLV��RQH� UHTXLUHV�D�SRVLWLRQ� UHVROYLQJ� FDSDELOLW\� DV

ZHOO��7KHUH� DUH� WZR� URXWHV� WKURXJK�ZKLFK� WKLV� FDQ� EH� DFKLHYHG�� HLWKHU� E\�PDNLQJ� D

PXOWLSOH� SL[HO� GHYLFH�� RU� E\� XVLQJ� D� VLJQDO� GLYLVLRQ� VFKHPH�� ,Q� WKH� ODWWHU� FDVH�� WKH

VLJQDO�IURP�RQH�HYHQW�LV�VSOLW�EHWZHHQ�WZR�RU�PRUH�GLVWULEXWHG�GHWHFWRUV�� WKH�VXP�RI

WKH�GHWHFWRU�RXWSXWV�JLYLQJ� WKH�PDJQLWXGH�RI� WKH�VLJQDO�DQG� WKH�UHODWLYH� WLPH� ODJV�RI

WKH�GHWHFWRUV�JLYLQJ�WKH�SRVLWLRQ��7KLV�PHWKRG�ZDV�ILUVW�GHPRQVWUDWHG�E\�.UDXV��.UDXV

�������XVLQJ�D�OLQHDU�DUUD\�RI�WLQ�WLQ�R[LGH�GHYLFHV�ZLWK�ZKLFK�KH�REWDLQHG�D�SRVLWLRQ

UHVROXWLRQ� RI� ���P� RYHU� �����P�� $� VLPLODU� VFKHPH� XVLQJ� D� 7D� DEVRUEHU� DQG� $O

MXQFWLRQV� KDV� VKRZQ� ���P� UHVROXWLRQ� RYHU� ����P� DQG� D� ���H9� UHVROXWLRQ� DW� ��NH9

�)ULHGULFK��������7KLV�PHWKRG�LV�KRZHYHU�KDPSHUHG�E\�WKH��DV�\HW��SRRUO\�XQGHUVWRRG

TXDVLSDUWLFOH� ORVV� SURFHVVHV� FRPELQHG� ZLWK� WKH� VORZHU� WKDQ� H[SHFWHG� TXDVLSDUWLFOH

GLIIXVLRQ��7KHVH�SUREOHPV�DUH�DGGUHVVHG�LQ�SDUW�LQ�FKDSWHU���

7KH� DOWHUQDWLYH� VFKHPH� LQYROYHV� IRUPLQJ� DUUD\V�RI�67-�GHWHFWRUV� WR�REWDLQ� D

PXOWL�SL[HO�LPDJLQJ�DELOLW\��6PDOO�����DUUD\V�KDYH�EHHQ�GHPRQVWUDWHG�+DUWRJ�������

DOWKRXJK� WKHUH�DUH�PDQ\� WHFKQLFDO�TXHVWLRQV� WKDW� UHPDLQ� WR�EH� UHVROYHG�EHIRUH� ODUJH

VFDOH� DUUD\V� FDQ� EH� IDEULFDWHG�� 0RVW� VLJQLILFDQW� DPRQJVW� WKHVH� TXHVWLRQV� DUH� WKH
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SUREOHPV�RI�PDNLQJ�FRQQHFWLRQV� WR�Q��GHYLFHV�DV�Q�� WKH�QXPEHU�RI�SL[HOV�DORQJ�RQH

HGJH�� LQFUHDVHV��&ORVHO\� UHODWHG� WR� WKLV� LV� WKH� SUREOHP� RI� UHDGRXW� HOHFWURQLFV�� LW� KDV

EHHQ�IRXQG�WKDW�EHVW�UHVXOWV�DUH�REWDLQHG�ZLWK�FRROHG�HOHFWURQLFV��RIWHQ�648,'�EDVHG�

+RZHYHU�WKLV�LPSRVHV�SUREOHPV�RI�WKH�KHDW�ORDG�RQ�WKH�FU\RVWDW��VLJQDO�FURVV�WDON�DQG

FRVW�DV�WKH�QXPEHU�RI�GHWHFWRU�FKDQQHOV�LV�LQFUHDVHG�

������ 6,1�%DVHG�'HYLFHV

�������� %RORPHWHUV

,W�ZDV� VKRZQ� LQ� VHFWLRQ� �������� WKDW� WKH� G\QDPLF� UHVLVWDQFH� RI� D� 6,1� WXQQHO

MXQFWLRQ� ZDV� H[SRQHQWLDOO\� GHSHQGHQW� RQ� WKH� WHPSHUDWXUH� RI� WKH� QRUPDO� PHWDO

HOHFWURGH��7KLV�IHDWXUH�KDV�EHHQ�H[SORLWHG�WR�XWLOLVH�6,1�WXQQHO� MXQFWLRQV�DV�UHDGRXWV

IRU� ERORPHWHUV�� 7KH� SULQFLSDO� RI� RSHUDWLRQ� LV� VLPSOH�� DQ� LQFLGHQW� ;�UD\� SKRWRQ� LV

DEVRUEHG�LQ�D�QRUPDO�PHWDO�OD\HU��GHSRVLWLQJ�LWV�HQHUJ\�LQWR�WKH�HOHFWURQ�DQG�SKRQRQ

V\VWHPV�RI� WKH�PHWDO��$W� ORZ�WHPSHUDWXUHV�� WKH�HOHFWURQLF�VSHFLILF�KHDW�FDSDFLW\�RI�D

QRUPDO� PHWDO� IDU� H[FHHGV� WKH� FRQWULEXWLRQ� WR� WKH� VSHFLILF� KHDW� FDSDFLW\� GXH� WR� WKH

SKRQRQV��WKXV�WKH�PDMRULW\�RI�WKH�HQHUJ\�LV�KHOG�LQ�WKH�HOHFWURQ�V\VWHP��7KH�LQFUHDVHG

HOHFWURQ�WHPSHUDWXUH�LV�WKHQ�GLUHFWO\�VHQVHG�DV�DQ�LQFUHDVH�LQ�WKH�WXQQHOOLQJ�FXUUHQW�LQ

D�6,1�WXQQHO�MXQFWLRQ�

,Q�WKH�LGHDO�FDVH��LI�DQ�HQHUJ\�&(�ZDV�GHSRVLWHG�LQ�WKH�QRUPDO�PHWDO�HOHFWURQ

V\VWHP�WKHQ�WKH�FXUUHQW�LQ�WKH�6,1�WXQQHO�MXQFWLRQ�ZRXOG�LQFUHDVH�E\�

&
&

,
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&

,
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9
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�
�
�� �����

ZKHUH�&�LV�WKH�FRPELQHG�VSHFLILF�KHDW�FDSDFLW\�RI�WKH�WKHUPRPHWHU�DQG�DEVRUEHU��%\

HYDOXDWLQJ�WKH�QXPHULFDO�LQWHJUDO���������RQH�FDQ�VKRZ�WKDW�WKH�VHQVLWLYLW\�RI�WKH�6,1

WXQQHO�MXQFWLRQ�ZLOO�LQFUHDVH�H[SRQHQWLDOO\�DV�WKH�WHPSHUDWXUH�LV�ORZHUHG�DQG�WKH�ELDV

LQFUHDVHG�FORVHU�WR��EXW�OHVV�WKDQ��WKH�HQHUJ\�JDS�&��,Q�SUDFWLFH��WKLV�VLPSOH�VFDOLQJ�LV

QRW� DFKLHYHG� GXH� WR� GHIHFW� OLPLWHG� MXQFWLRQV�� EDFN� WXQQHOOLQJ� RI� TXDVLSDUWLFOHV� �VHH

������� DQG� KHDWLQJ� IURP� UHFRPELQDWLRQ� RI� TXDVLSDUWLFOHV� LQ� WKH� VXSHUFRQGXFWLQJ

HOHFWURGH��VHH���������$OWKRXJK�PRVW�RI�WKH�HQHUJ\�LV�VWRUHG�LQ�WKH�HOHFWURQ�V\VWHP��LI

WKH�SKRQRQ�V\VWHP�LV�DW�D�VLJQLILFDQWO\�GLIIHUHQW�WHPSHUDWXUH��E\�EHLQJ�ZHOO�FRXSOHG�WR
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WKH� VXEVWUDWH� SKRQRQ� V\VWHP� IRU� H[DPSOH�� WKHQ� WKHUH�ZLOO� EH� D� KHDW� IORZ� RXW� RI� WKH

HOHFWURQ�V\VWHP�WKDW�ZLOO�GHJUDGH�WKH�HQHUJ\�UHVROXWLRQ��7R�PLQLPLVH�WKLV��RQH�ZLVKHV

WR� UHGXFH� WKH� WKHUPDO� FRQGXFWLYLW\� IURP� WKH� DEVRUEHU� WR� WKH� VXEVWUDWH�� 7KLV� FDQ� EH

DFKLHYHG�E\�SODFLQJ�WKH�DEVRUEHU�RQ�D�PHPEUDQH��FRPPRQO\�RI�6L
�
1

�
�

$�ERORPHWHU�RI�WKLV�GHVLJQ�KDV�EHHQ�GHPRQVWUDWHG�ERWK�DV�DQ�;�UD\�GHWHFWRU�

H[KLELWLQJ� DQ� HQHUJ\� UHVROXWLRQ� RI� ���H9� DW� ��NH9�1DKXP� ������ DQG� DV� DQ� HQHUJ\

UHVROYLQJ�GHWHFWRU�LQ�D�PDVV�VSHFWURPHWHU��VHH�VHFWLRQ��������

�������� (OHFWURQ�5HIULJHUDWRUV

&ORVHO\� UHODWHG� WR� WKH� XVH� RI� 6,1� WXQQHO� MXQFWLRQV� WR� PHDVXUH� WKH� HOHFWURQ

WHPSHUDWXUH�RI�WKH�QRUPDO�HOHFWURGH�ZDV�WKH�REVHUYDWLRQ�WKDW�IRU�D�VXLWDEOH�ELDV�WKH\

DFWLYHO\�FRRO�WKH�HOHFWURQ�V\VWHP�RI�WKH�QRUPDO�PHWDO��7KH�SURFHVV�LV�HDVLO\�LOOXVWUDWHG

XVLQJ�WKH�VHPLFRQGXFWRU�UHSUHVHQWDWLRQ��DV�VKRZQ�LQ�ILJXUH������%\�ELDVLQJ�WKH�WXQQHO

MXQFWLRQ�MXVW�EHORZ�WKH�HQHUJ\�JDS�&��VR�WKDW�H9-&��HOHFWURQV�LQ�WKH�QRUPDO�PHWDO�DW

DQ�HQHUJ\� � �> + -
)

H9& DUH�DEOH�WR�WXQQHO�LQWR�WKH�VXSHUFRQGXFWRU�ZKHUH�WKH\�PD\

EH� UHPRYHG� IURP� WKH� MXQFWLRQ� UHJLRQ� EHIRUH� UHFRPELQLQJ�� 7KH� UHVXOW� LV� WKDW� WKH

HQHUJHWLF� HOHFWURQV� LQ� WKH� QRUPDO� PHWDO� DUH� VHOHFWLYHO\� UHPRYHG�� ,I� WKH� GHYLFH� LV� D

)LJXUH�����6HPLFRQGXFWRU�UHSUHVHQWDWLRQ�VFKHPDWLF�RI�D�6,1�WXQQHO�MXQFWLRQ�DFWLQJ�DV�D�UHIULJHUDWRU�
7KH�WXQQHOOLQJ�RI�HOHFWURQV�DERYH�WKH�IHUPL�HQHUJ\�LQ�WKH�PHWDO�WR�WKH�VXSHUFRQGXFWRU�LV�WKH�GRPLQDQW
SURFHVV�RI�WKH�IRXU�SRVVLEOH�HOHFWURQ�WXQQHOOLQJ�SURFHVVHV�
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V\PPHWULF�6,1,6�VWUXFWXUH�WKHQ�WKH�HQHUJHWLF�KROHV�LQ�WKH�QRUPDO�PHWDO�DUH�UHPRYHG

DV�ZHOO��6XFK�FRROLQJ�KDV�EHHQ�GHPRQVWUDWHG�ERWK�IRU�6,16�VWUXFWXUHV�1DKXP������

)LVKHU�������)LVKHU�������0DQQLQHQ�������� DQG� IRU�6,1,6�VWUXFWXUHV�%ODPLUH������

/HLYR��������7R�GDWH��WKH�ODUJHVW�FRROHG�YROXPH�KDV�EHHQ�D�UHODWLYHO\�VPDOO�������P�

E\�D�PHUH�����P.�IURP�����P.�)LVKHU�������� ,W�LV�EHOLHYHG�WKDW�SHUIRUPDQFH�RI�WKH

GHYLFH�LV�OLPLWHG�E\�KHDWLQJ�GXH�WR�QRQ�LGHDO�MXQFWLRQ�FKDUDFWHULVWLFV�DQG�VHOI�KHDWLQJ

GXH�WR�UHFRPELQDWLRQ�SKRQRQV�

������ 6XSHUFRQGXFWLQJ�7UDQVLWLRQ�6HQVRUV

2XU�ILQDO�FODVV�RI�VXSHUFRQGXFWLQJ�HQHUJ\�GHWHFWRU�GHVLJQV�LV�EDVHG�RQ�WKH�XVH

RI� D� VXSHUFRQGXFWRU� ZLWK� D� WXQHG� WUDQVLWLRQ� WHPSHUDWXUH� DV� D� WKHUPRPHWHU�� %\

GHSRVLWLQJ�D�VXSHUFRQGXFWRU�QRUPDO�ELOD\HU��D�SUR[LPLWLVHG�VWUXFWXUH�ZLWK�D�GHVLJQHG

WUDQVLWLRQ� WHPSHUDWXUH� LV� IRUPHG�� %\� FDUHIXO� FRQWURO� RI� WKH� UHODWLYH� WKLFNQHVV� RI� WKH

VXSHUFRQGXFWRU�DQG�QRUPDO�PHWDO�OD\HUV�VXFK�DV�$O�DQG�$J��WKH�WUDQVLWLRQ�WHPSHUDWXUH

FDQ�EH�WDLORUHG�WR�ZLWKLQ���P.�RYHU�D�UDQJH�RI�����P.�,UZLQ��������7KH�WUDQVLWLRQV

KDYH�D�ZLGWK�RI�OHVV�WKDQ���P.��VR�E\�PHDVXULQJ�WKH�G\QDPLF�UHVLVWDQFH�DQ�H[WUHPHO\

VHQVLWLYH�WKHUPRPHWHU�LV�REWDLQHG�

�������� 6XSHUFRQGXFWLQJ�3KDVH�7UDQVLWLRQ�6HQVRUV

7KH� VXSHUFRQGXFWLQJ� SKDVH� WUDQVLWLRQ� �637�� VHQVRU� XWLOLVHV� D� WUDQVLWLRQ� HGJH

WKHUPRPHWHU�WR�GHWHFW�DWKHUPDO��EDOOLVWLF�SKRQRQV�DEVRUEHG�LQ�D�EXON�VXEVWUDWH�VXFK�DV

VDSSKLUH�� 7KHVH� DWKHUPDO� SKRQRQV� SURSDJDWH� WKURXJK� WKH� FU\VWDO� XQWLO� WKH\� DUH

DEVRUEHG� LQ� WKH� WKHUPRPHWHU�� UHVXOWLQJ� LQ� DQ� LQFUHDVH� LQ� WKH� UHVLVWDQFH� DV� WKH

WHPSHUDWXUH�RI�WKH�WKHUPRPHWHU�LV�LQFUHDVHG�

$� GHWHFWRU� RI� WKLV� W\SH� KDV� EHHQ� GHPRQVWUDWHG� DV� SDUW� RI� WKH�&5(667� GDUN

PDWWHU� VHDUFK�6LVWL� ������ XVLQJ� ���J� ����������PP�� VDSSKLUH� DEVRUEHUV�� ,W� KDV

UHFHQWO\�EHHQ�SURSRVHG�DV�WKH�EDVLV�RI�DQ�;�UD\�GHWHFWRU�XVLQJ���������PP�VDSSKLUH

DEVRUEHUV�&RRSHU�������

$OWKRXJK�WKLV�FODVV�RI�GHWHFWRU�KDV�QRW�EHHQ�D�GLUHFW�PRWLYDWLRQ�IRU� WKH�ZRUN

UHSRUWHG� LQ� WKLV� WKHVLV�� WKH�ZRUN� UHSRUWHG� LQ� FKDSWHU� �� RQ� WKH� GHWHFWLRQ� RI� DWKHUPDO

VXEVWUDWH�SKRQRQV�LV�UHOHYDQW�WR�WKH�GHVLJQ�RI�VXFK�GHWHFWRUV�
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�������� (OHFWUR�7KHUPDO�)HHGEDFN�7UDQVLWLRQ�(GJH�6HQVRUV

7KH�HOHFWUR�WKHUPDO�IHHGEDFN�WUDQVLWLRQ�HGJH�VHQVRU��(7)�7(6�� LV� WKH�GHVLJQ

WKDW��DW�WKH�WLPH�RI�ZULWLQJ��KROGV�WKH�ZRUOG�UHFRUG�IRU�HQHUJ\�UHVROXWLRQ�DW���NH9��$V

PHQWLRQHG�LQ�VHFWLRQ��������DQ�LPSUHVVLYH�UHVROXWLRQ�RI�����H9�KDV�EHHQ�GHPRQVWUDWHG�

7KH�SULQFLSOH�RI�RSHUDWLRQ� LV� WKDW� WKH� LQFLGHQW�SKRWRQ� LV�DEVRUEHG� LQ� D�QRUPDO�PHWDO

UHJLRQ��UHVXOWLQJ�LQ�D�WKHUPDOLVHG�SRSXODWLRQ�RI�HOHFWURQV�DQG�SKRQRQV�WKDW�LQ�WXUQ�KHDW

WKH� ZHOO� FRXSOHG� WUDQVLWLRQ� OD\HU� WKHUPRPHWHU�� 7KH� HOHFWUR�WKHUPDO� IHHGEDFN

FRPSRQHQW� RI� WKH� GHVLJQ� ZDV� VXJJHVWHG� E\� .�� ,UZLQ�,UZLQ� ������� DV� D� PHDQV� RI

RYHUFRPLQJ�WKH�LQKHUHQWO\�VORZ�UHFRYHU\�WLPH�RI�D�ERORPHWHU�±�D�FRQVHTXHQFH�RI�WKH

ZHDN� FRXSOLQJ� RI� WKH� VHQVRU� WR� WKH� HQYLURQPHQW� WR� PD[LPLVH� WKH� IUDFWLRQ� RI� WKH

DEVRUEHG�HQHUJ\�ZKLFK� LV�PHDVXUHG��%ULHIO\�� WKH�7(6� LV� FRROHG� EHORZ� LWV� WUDQVLWLRQ

WHPSHUDWXUH�DQG�WKHQ�YROWDJH�ELDVHG��ZKLFK�UHVXOWV� LQ� WKH�VHQVRU�EHLQJ�-RXOH�KHDWHG�

)RU�D�JLYHQ�ELDV�SRLQW�WKHUH�ZLOO�EH�D�FXUUHQW�WKDW�UHVXOWV�LQ�D�-RXOH�KHDWLQJ�WKDW�H[DFWO\

EDODQFHV�WKH�FRROLQJ��7KH�7(6�LV�WKHQ�PDLQWDLQHG�DW�D�FRQVWDQW�WHPSHUDWXUH�DERYH�WKH

EDWK� WHPSHUDWXUH��:KHQ� WKH� VHQVRU� LV� KHDWHG� E\� DQ� DEVRUEHG� SKRWRQ� WKH� UHVLVWDQFH

ULVHV��VR�WKH�ELDV�FXUUHQW�IDOOV��VR�WKH�-RXOH�KHDWLQJ�LV�UHGXFHG��VR�WKH�VHQVRU�LV�FRROHG

DJDLQ��7KLV�QRW�RQO\� UHGXFHV� WKH� UHFRYHU\� WLPH�EXW� DOVR�SURYLGHV� WKH� UHDGRXW� RI� WKH

VHQVRU�E\�XVLQJ�D�648,'��RU�HYHQ�D�VHULHV�DUUD\�RI�648,'V��WR�ELDV�WKH�VHQVRU�DQG

KHQFH�GLUHFWO\�UHDG�WKH�-RXOH�KHDWLQJ�FXUUHQW�

���� 'HWHFWRU�3URFHVVHV

,Q� WKLV� VHFWLRQ��ZH� H[DPLQH� YDULRXV� TXDVLSDUWLFOH� DQG� SKRQRQ� SURFHVVHV� WKDW

DUH�UHOHYDQW�WR�WKH�SHUIRUPDQFH�RI�WKH�VXSHUFRQGXFWLQJ�GHWHFWRUV�GLVFXVVHG�DERYH��2I

SDUWLFXODU�UHOHYDQFH�DUH�WKH�SURFHVVHV�ZKLFK�DUH�H[SHFWHG�WR�RFFXU�LQ�WKH�WZR�FODVVHV

RI� ;�UD\� GHWHFWRUV� WKDW� KDYH� EHHQ� SURGXFHG� GXULQJ� WKH� FRXUVH� RI� WKLV� ZRUN�� 67-

GHWHFWRUV�DQG�6,1�ERORPHWHUV�

������ 4XDVLSDUWLFOH�7UDSSLQJ

,Q�VHFWLRQ�������ZH�PHQWLRQHG�WKH�XVH�RI�D�VXSHUFRQGXFWLQJ�KHWHURVWUXFWXUH�WR

FRQILQH�TXDVLSDUWLFOHV�FUHDWHG�E\�DQ�;�UD\�DEVRUSWLRQ�HYHQW� LQ�DQ�67-�GHWHFWRU�FORVH
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WR� WKH� WXQQHO� EDUULHU�� WKXV� LQFUHDVLQJ� WKH� SUREDELOLW\� RI� WKH� TXDVLSDUWLFOHV� WXQQHOOLQJ

ZLWKLQ� WKHLU� OLIHWLPH�� 7KLV� SURFHVV� RI� TXDVLSDUWLFOH� WUDSSLQJ�ZLOO� LQFUHDVH� WKH� VLJQDO

DVVRFLDWHG�ZLWK� WKH�;�UD\� HYHQW�DQG�KHQFH�VKRXOG� LPSURYH� WKH� VLJQDO� WR�QRLVH� UDWLR�

7KLV�XVH�RI�D�VXSHUFRQGXFWLQJ�KHWHURVWUXFWXUH�ZDV�ILUVW�SURSRVHG�E\�1��%RRWK��%RRWK

�������IRU�DSSOLFDWLRQ�LQ�GDUN�PDWWHU�GHWHFWRUV��ZKHUH�WKH�ODUJH�EXON�QHFHVVLWDWHG�VRPH

PHDQV�RI�FROOHFWLQJ�WKH�TXDVLSDUWLFOHV�DW�WKH�GHWHFWRUV�

7KH� SULQFLSOH� EHKLQG� WUDSSLQJ� LV� VLPSOH�� TXDVLSDUWLFOHV� LQ� D� VXSHUFRQGXFWRU

ZLWK�HQHUJ\�JDS�&�ZLOO�VFDWWHU�WR�WKH�JDS�HGJH�DQG�WKXV�KDYH�DQ�HQHUJ\�&��,I�WKH\�WKHQ

HQWHU�D�UHJLRQ�ZLWK�DQ�HQHUJ\�JDS�&
WUDS
�&�WKH\�ZLOO�VFDWWHU�WR�DQ�HQHUJ\�&

WUDS
�HPLWWLQJ�D

SKRQRQ��7KH� UDWH�RI� LQHODVWLF� VFDWWHULQJ�RI�TXDVLSDUWLFOHV� FDQ�EH� HVWLPDWHG�XVLQJ� WKH

UHVXOWV�RI�.DSODQ�.DSODQ��������+RZHYHU��IRU�D���NH9�;�UD\�SKRWRQ�WKH�WRWDO�QXPEHU

RI� TXDVLSDUWLFOHV� LQ� 1E� LV� DSSUR[LPDWHO\� ���� ����� ZKLFK�� LQ� D� W\SLFDO� ���������P

GHWHFWRU�YROXPH� UHVXOWV� LQ�D�SRSXODWLRQ�RI�TXDVLSDUWLFOHV� WKDW� LV� ���� JUHDWHU� WKDQ� WKH

WKHUPDO�SRSXODWLRQ�DW�����.��7KHUHIRUH�� WKH�FDOFXODWLRQV�RI�.DSODQ��ZKLFK� DUH�EDVHG

XSRQ� WKHUPDO� SRSXODWLRQV�� DUH� QRW� VWULFWO\� YDOLG�� ,Q� RUGHU� WR� HVFDSH� IURP� WKH� WUDS�� D

TXDVLSDUWLFOH�ZLOO�KDYH�WR�DEVRUE�D�SKRQRQ�RI�HQHUJ\�W�&�&
WUDS
��.DSODQ�.DSODQ������

SUHGLFWV�WKDW�WKH�UDWH�RI�SKRQRQ�HPLVVLRQ�ZLOO�H[FHHG�WKH�UDWH�RI�SKRQRQ�DEVRUSWLRQ��VR

WKDW�WKHUH�LV�D�QHW�TXDVLSDUWLFOH�WUDSSLQJ�UDWH�

,I� WKHVH� WUDSV� DUH� DGMDFHQW� WR� WKH� WXQQHO� EDUULHU� WKHQ� WKH� TXDVLSDUWLFOH� WXQQHO

UDWH�ZLOO�EH�LQFUHDVHG�VLQFH�WKH�WXQQHOOLQJ�WLPH�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�YROXPH

RI� WKH� UHJLRQ� IURP� ZKLFK� WXQQHOOLQJ� RFFXUV� �DVVXPLQJ� WKDW� t
WXQQHO

!!t
WUDS
�� ZKHUH

t
WXQQHO?WUDS

�DUH�WKH�WXQQHOOLQJ�DQG�WUDSSLQJ�WLPHV�UHVSHFWLYHO\���2Q�WKH�RWKHU�KDQG��LW�KDV

EHHQ� VXJJHVWHG� WKDW� UHJLRQV� RI� GHSUHVVHG� JDS� DZD\� IURP� WKH� EDUULHU� FRXOG� EH� D

FRPPRQ� VRXUFH� RI� TXDVLSDUWLFOH� ORVV� DQG� VORZ� GLIIXVLRQ�� 3RVVLEOH� VRXUFHV� RI

GHSUHVVHG� JDS� UHJLRQV� WKDW� KDYH� EHHQ� VXJJHVWHG� LQFOXGH� $EULVNRY� YRUWLFHV�9DQ

9HFKWHQ� ������*ROXERY� ������ /H�*UDQG� �������PHWDOOLF� R[LGHV�*LMVEHUWVHQ� ����D�

DQG�JUDLQ�ERXQGDULHV�DQG�JDS�DQLVRWURS\�)ULHGULFK��������,Q�FKDSWHU���ZH�PHDVXUH�WKH

TXDVLSDUWLFOH� OLIHWLPH� LQ�DQ� HSLWD[LDO�1E�GHYLFH�DQG�FRPSDUH� LW�ZLWK� WKH� OLIHWLPHV� LQ

GHYLFHV�ZLWK�GLIIHUHQW�1E�PLFURVWUXFWXUHV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�

,Q�KLV� LQLWLDO�ZRUN��%RRWK�������%RRWK��������%RRWK�XVHG�D�VLPSOH�PRGHO�RI

DEUXSW� FKDQJH� LQ� WKH� JDS� SDUDPHWHU� DW� WKH� WUDS�� 8VLQJ� WKLV� DSSUR[LPDWLRQ�� ZKLFK
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LPSOLHV�D�SRWHQWLDO�EDUULHU�EHWZHHQ�WKH�WUDS�DQG�EXON�±�L�H��WKH�0F0LOODQ�PRGHO�RI�WKH

SUR[LPLW\�HIIHFW���KH�IRXQG�WKDW�WKH�WUDSSLQJ�UDWH�LV�

� �
WUDS

WUDS
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SKRQRQ HPLVVLRQ
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ZKHUH� 9
WUDS�EXON

� DUH� WKH� YROXPHV� RI� WKH� WUDS� DQG� DEVRUEHU� UHVSHFWLYHO\�� %RRWK� KDV

VKRZQ�WKDW�WKH�RSWLPXP�WUDS�VL]H�LV�JLYHQ�E\�

9

9 H 1 95
WUDS

EXON

SKRQRQ HPLVVLRQ
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4XDVLSDUWLFOH� WUDSSLQJ� KDV� EHHQ� ZLGHO\� GHPRQVWUDWHG� WR� EH� HIIHFWLYH� LQ

UHGXFLQJ� WKH� TXDVLSDUWLFOH� WXQQHOOLQJ� WLPH� DQG� LQFUHDVLQJ� WKH� FKDUJH� FROOHFWHG� IRU

SKRWRQ�GHWHFWLRQ�H[SHULPHQWV��7KH�OLQHDU�YDULDWLRQ�RI�WUDSSLQJ�UDWH�ZLWK�WUDS�YROXPH

KDV�EHHQ�GHPRQVWUDWHG�XVLQJ�&X�WUDSV��LQ�ZKLFK�VXSHUFRQGXFWLYLW\�ZDV�LQGXFHG�E\�WKH

SUR[LPLW\� HIIHFW�*ROGLH� ������ DQG� D� SHDN� LQ� SKRQRQ� HPLVVLRQ� DW� &�&
WUDS
� ZDV

IRXQG�*ROGLH���������,Q�ERWK�FDVHV��KRZHYHU��WKH�YDULDWLRQ�LQ�WKH�JDS�SDUDPHWHU�LQ�WKH

WUDS�GXH�WR�WKH�SUR[LPLW\�HIIHFW�ZDV�QHJOHFWHG�

*ROXERY�*ROXERY� ������ KDV� GHYHORSHG� D� PRGHO� RI� TXDVLSDUWLFOH� WUDSSLQJ

EDVHG�RQ�KLV�PRGHO�RI�WKH�SUR[LPLW\�HIIHFW��,Q�KLV�PRGHO��*ROXERY�WUHDWV�WKH�UHGXFHG

JDS� UHJLRQ� DV� KDYLQJ� D� ]HUR� JDS� DQG� DQ� HIIHFWLYH� VL]H� WKDW� LV� GHSHQGHQW� RQ� WKH

SUR[LPLW\�HIIHFW��+H�ILQGV�WKDW�WKH�WUDSSLQJ�UDWH�LV�WKHQ�JLYHQ�E\�

�
� �

WUDS
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ZKHUH� G
6
� LV� WKH� WKLFNQHVV� RI� WKH� DEVRUEHU� OD\HU�� $� DQG� $

WUDS
� DUH� WKH� DUHDV� RI� WKH

DEVRUEHU�DQG�WUDS�OD\HUV��t
�
�DQG�t

�

WUDS�DUH�WKH�FKDUDFWHULVWLF�OLIHWLPHV�IRU�TXDVLSDUWLFOHV

LQ� WKH� DEVRUEHU� DQG� WUDS�� DQG� WKH� HIIHFWLYH� OHQJWK�� /
HII
� LV� WKH� OHQJWK� RYHU� ZKLFK� D

QRUPDO�PDWHULDO�ZRXOG�KDYH�WKH�VDPH�VFDWWHULQJ�UDWH�DV�WKH�UHGXFHG�JDS�UHJLRQ�LQ�WKDW

OD\HU��L�H��

� �
�

�
� �
VFDWWHU

HII

VFDWWHU
[

G[ /
� � � �

�+
-, =

=&
�����

7KH�VLJQLILFDQFH�RI� ������ LV� WKDW� LQ� D� V\VWHP�VXFK�DV�1E�$O�ZKHUH� WKH� FKDUDFWHULVWLF

TXDVLSDUWLFOH� OLIHWLPHV�DUH�YHU\�GLIIHUHQW� �E\�DSSUR[LPDWHO\������� WKH� WUDSSLQJ�UDWH� LV
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FRPSOHWHO\� GRPLQDWHG� E\� WKH� OD\HU� ZLWK� WKH� VKRUWHU� t
�
�� LQ� WKLV� FDVH� WKH� 1E� OD\HU�

+HQFH�WKH�PDMRULW\�RI�WKH�TXDVLSDUWLFOHV�DUH�QRW�WUDSSHG�LQ�WKH�$O�WUDS�OD\HU��EXW�LQ�WKH

1E�OD\HU�

4XDVLSDUWLFOH�WUDSSLQJ�KDV�EHHQ�WKH�VXEMHFW�RI�PDQ\�VWXGLHV��LQFOXGLQJ��ZLWKLQ

WKH�&DPEULGJH�UHVHDUFK�JURXS��WKH�ZRUN�RI�3�$��:DUEXUWRQ�:DUEXUWRQ�����D���0XFK

RI�WKH�ZRUN�UHSRUWHG�KHUH��LQ�SDUWLFXODU�WKDW�LQ�FKDSWHU����EXLOGV�XSRQ�WKLV�HDUOLHU�ZRUN

DQG�H[SORUHV�WKH�LQIOXHQFH�RI�GHYLFH�PLFURVWUXFWXUH�XSRQ� WKH�HIIHFWV�DVVRFLDWHG�ZLWK

TXDVLSDUWLFOH�WUDSSLQJ�VXFK�DV�TXDVLSDUWLFOH�OLIHWLPH�DQG�PXOWLSOLFDWLRQ�HIIHFWV�

������ 4XDVLSDUWLFOH�0XOWLSOLFDWLRQ

4XDVLSDUWLFOH�PXOWLSOLFDWLRQ�LV�WKH�SURFHVV�ZKHUHE\�TXDVLSDUWLFOHV�XQGHUJRLQJ

LQHODVWLF�VFDWWHULQJ��UHOHDVH�D�SKRQRQ�RI�VXIILFLHQW�HQHUJ\�WR�EUHDN�D�&RRSHU�SDLU��DQG

FUHDWH� WZR�QHZ�TXDVLSDUWLFOHV�� WKHUHE\� LQFUHDVLQJ� WKH� WRWDO�QXPEHU�RI�TXDVLSDUWLFOHV�

$OWKRXJK�WKLV�SURFHVV�ZLOO�QDWXUDOO\�RFFXU�GXULQJ�WKH�FDVFDGH�RI�TXDVLSDUWLFOH�FUHDWLRQ

GXULQJ� DQ� ;�UD\� DEVRUSWLRQ� HYHQW�� LW� LV� FRQYHQWLRQDOO\� XVHG� WR� GHVFULEH� WKH� JDLQ

UHVXOWLQJ�IURP�TXDVLSDUWLFOH�WUDSSLQJ�RU�LQMHFWLRQ�YLD�D�WXQQHO�EDUULHU�

,Q�RUGHU� WR�SURGXFH� D�SKRQRQ�FDSDEOH�RI� FUHDWLQJ�QHZ�TXDVLSDUWLFOHV�E\�SDLU

EUHDNLQJ��WKH�RULJLQDO�TXDVLSDUWLFOH�PXVW�VFDWWHU�E\�DW�OHDVW��&�LQ�HQHUJ\��,Q�D�VLPSOH

PRGHO�� IRU� WKH�FDVH�RI�TXDVLSDUWLFOH� WUDSSLQJ� WKLV�ZLOO�RFFXU� LI� WKH�HQHUJ\�JDS� LQ� WKH

WUDS��&
WUDS
�LV�

&
&

WUDS
�
�

�����

VR� WKDW� D� TXDVLSDUWLFOH� DW� DQ� HQHUJ\�&�ZLOO� EH� DEOH� WR� VFDWWHU� WR� DQ� HQHUJ\�&
WUDS
� DQG

UHOHDVH�D�SKRQRQ�RI�HQHUJ\��&
WUDS
��WR�JLYH�WKUHH�TXDVLSDUWLFOHV�LQ�WKH�WUDS��7KH�XVH�RI

TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�LQ�WUDSSLQJ�FRXOG�SRWHQWLDOO\�JLYH�D�ODUJHU�VLJQDO�LQ�DQ�67-

;�UD\�GHWHFWRU��DOWKRXJK�LQ�SUDFWLVH�WKLV�ZLOO�EH�QHJDWHG�E\�WKH�H[WUD�QRLVH�LQWURGXFHG

GXH� WR� WKH� DGGLWLRQDO� VWDWLVWLFDO� SURFHVVHV�� 1HYHUWKHOHVV�� PXOWLSOLFDWLRQ� LV� D� SURFHVV

WKDW�ZLOO�RFFXU�ZLWK�WUDSV�WKDW�VDWLVI\��������DQG�LQ�H[SHULPHQWV�XWLOLVLQJ�TXDVLSDUWLFOH

LQMHFWLRQ� YLD� D� WXQQHO� MXQFWLRQ� LQWR� VWDWHV� DW� D� VXIILFLHQW� HQHUJ\� IURP� WKH� HQHUJ\

JDS�:DUEXUWRQ�������*LMVEHUWVHQ�����D��
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7KH�ZRUN�SUHVHQWHG�LQ�WKH�UHPDLQGHU�RI�WKLV�VHFWLRQ��������� LV�EDVHG�RQ�ZRUN

E\�WKH�DXWKRU�DQG��SXEOLVKHG�HOVHZKHUH�:DUEXUWRQ�����D��%XUQHOO�������

,Q� WKH� VLPSOHVW� SRVVLEOH� PRGHO� RI� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ�� RQH� ZRXOG

DVVXPH�WKDW�TXDVLSDUWLFOHV�ZRXOG�DOZD\V�VFDWWHU�GLUHFWO\�WR�WKH�HQHUJ\�JDS��UHOHDVLQJ�D

VLQJOH�SKRQRQ��ZKLFK�ZRXOG�WKHQ�DOZD\V�EUHDN�SDLUV�LI�LW�ZHUH�VXIILFLHQWO\�HQHUJHWLF�

7KXV��D�VLQJOH�TXDVLSDUWLFOH�VWDUWLQJ�DW�DQ�HQHUJ\�EHWZHHQ�&�DQG��&��ZRXOG�UHVXOW� LQ

MXVW�RQH�TXDVLSDUWLFOH��2QH�TXDVLSDUWLFOH�VWDUWLQJ�EHWZHHQ��&�DQG��&�ZRXOG�JLYH�WKUHH

TXDVLSDUWLFOHV� DQG� RQH� VWDUWLQJ� EHWZHHQ� �&� DQG� �&� ZRXOG� JLYH� WKUHH� TXDVLSDUWLFOHV

RQH�RI�ZKLFK�ZDV�DW�HQHUJ\�EHWZHHQ��&� DQG��&�ZKLFK�ZRXOG� WKHQ�VFDWWHU� WR�JLYH�D

WRWDO� RI� �� TXDVLSDUWLFOHV��2QH� FDQ� GHILQH� D� TXDVLSDUWLFOH�PXOWLSOLFDWLRQ� IDFWRU�P�#��

ZKHUH�#�LV�WKH�HQHUJ\�RI�WKH�LQLWLDO�TXDVLSDUWLFOH�DQG�D�PHDQ�PXOWLSOLFDWLRQ�IDFWRU�WKDW

UHODWHV� WKH�PXOWLSOLFDWLRQ� WR� WKH� FXUUHQW�PHDVXUHG� DW� D� WXQQHO� MXQFWLRQ� DW� D� SRLQW� DW

ZKLFK�DOO�PXOWLSOLFDWLRQ�KDV�FHDVHG�

�

�

�

�

�

��

� � � � � ��

6LQJOH�6WHS�PRGHO�PXOWLSOLFDWLRQ�IDFWRU�P�w�
4XDVLSDUWLFOH�*DLQ�0�w�
([SHULPHQWDO�'HWHFWRU�(IILFLHQF\��PW�
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)LJXUH�����4XDVLSDUWLFOH�PXOWLSOLFDWLRQ�IDFWRU��FDOFXODWHG�TXDVLSDUWLFOH�JDLQ�DQG�H[SHULPHQWDO�GDWD�IRU�D
VLQJOH�VWHS�PRGHO�RI�TXDVLSDUWLFOH�VFDWWHULQJ��'DWD�IURP��%XUQHOO�������
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ZKHUH�-�(��LV�WKH�LQWHJUDQG�LQ���������)LJXUH�����VKRZV�D�SORW�P�( H9��DQG�0�9��IRU

WKLV�VLPSOH�PRGHO�

,Q� SUDFWLVH� KRZHYHU�� TXDVLSDUWLFOHV�ZLOO� QRW� QHFHVVDULO\� DOZD\V� VFDWWHU� WR� WKH

JDS�HGJH�LQ�D�VLQJOH�VWHS��,Q�WKH�OLPLW�RI�QHDU�WKHUPDO�SRSXODWLRQV�RI�TXDVLSDUWLFOHV�WKH

WKHRU\�RI�.DSODQ�PD\�EH�XVHG�.DSODQ��������(TXDWLRQ��������FDOFXODWHV�WKH�OLIHWLPH

RI�D�VLQJOH�TXDVLSDUWLFOH�DJDLQVW�HPLVVLRQ�RI�D�SKRQRQ��WKH�LQWHJUDQG�RI�ZKLFK�PD\�EH

XVHG�WR�ILQG�WKH�SUREDELOLW\�WKDW�D�SKRQRQ�RI�HQHUJ\�W�LV�HPLWWHG��7KXV�
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ZKHUH�b�LV�FKRVHQ�WR�QRUPDOLVH�WKH�LQWHJUDO�RI�S�W��WR����$OWKRXJK��������LV�VWURQJO\

�
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0XOWLSOH�6FDWWHULQJ�0XOWLSOLFDWLRQ�)DFWRU�P�w�
0RGHOOHG4XDVLSDUWLFOH�*DLQ�0�w�
([SHULPHQWDO�'HWHFWRU�(IILFLHQF\��PW�
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)LJXUH�����4XDVLSDUWLFOH�PXOWLSOLFDWLRQ�IDFWRU��FDOFXODWHG�TXDVLSDUWLFOH�JDLQ�DQG�H[SHULPHQWDO�UHVXOWV�IRU
D�WKHUPDO�HTXLOLEULXP�VFDWWHULQJ�PRGHO��'DWD�IURP��%XUQHOO�������
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SHDNHG�IRU�W (�&��LW�GRHV�SHUPLW�WKH�SRVVLELOLW\�WKDW�WKH�TXDVLSDUWLFOH�PD\�QRW�DOZD\V

VFDWWHU�GLUHFWO\�WR�WKH�JDS�HGJH��%\�SHUIRUPLQJ�D�0RQWH�&DUOR�VLPXODWLRQ�XVLQJ��������

IROORZLQJ�VHYHUDO�KXQGUHG�TXDVLSDUWLFOHV�IRU�LQLWLDO�HQHUJLHV�EHWZHHQ�&�DQG���&�XQWLO

WKH\�KDYH�VFDWWHUHG�WR�DQ�HQHUJ\�RI�OHVV�WKDQ��&��DQ�DYHUDJH�PXOWLSOLFDWLRQ�IDFWRU�P�(�

DQG�PHDQ�PXOWLSOLFDWLRQ�IDFWRU�0�9��PD\�EH�IRXQG��ILJXUH������

7KLV� PRGHO� KDV� EHHQ� DSSOLHG� UHODWLYHO\� VXFFHVVIXOO\� WR� H[SHULPHQWDO

GDWD�:DUEXUWRQ�����D��*LMVEHUWVHQ�����D���KRZHYHU��LW�VXIIHUV�IURP�WKH�ZHDNQHVV�WKDW

LW�RQO\�FRQVLGHUV�D�WKHUPDO�SRSXODWLRQ�RI�TXDVLSDUWLFOHV�DQG�SKRQRQV��$V�ZH�VKDOO�VHH

LQ� FKDSWHUV� ����� LW� LV� UHODWLYHO\� HDV\� WR� SURGXFH� D� VLJQLILFDQWO\� QRQ�HTXLOLEULXP

SRSXODWLRQ��:H�PXVW�FRQVLGHU��WKHUHIRUH��KRZ�ZH�PLJKW�PRGLI\�RXU�PRGHO�WR�DFFRXQW

IRU�WKLV�

,Q� ZRUN� VWXG\LQJ� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� LQ� 0R� WUDSV� LQ� D� 1E� EDVHG

V\VWHP��:DUEXUWRQ�:DUEXUWRQ� ������ QRWHG� HYLGHQFH� RI� TXDVLSDUWLFOHV� EHLQJ� H[FLWHG

RXW�RI�WKH�0R�WUDSV�E\�DEVRUSWLRQ�RI�SKRQRQV�HPLWWHG�DV�RWKHU�TXDVLSDUWLFOHV�VFDWWHUHG

LQWR�WKH�WUDS��7KH�HTXLYDOHQW�SURFHVV�LQ�VLPSOH�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�ZRXOG�EH

IRU�D�TXDVLSDUWLFOH�DW�DQ�HQHUJ\�RI��&�WR�VFDWWHU�WR�WKH�JDS�HGJH��HPLWWLQJ�D�SKRQRQ�RI

HQHUJ\�&�WKDW�FRXOG�EH�DEVRUEHG�E\�DQRWKHU��&�TXDVLSDUWLFOH�WR�VFDWWHU�LW�WR��&��ILJXUH

������ 7KLV� VHFRQG� TXDVLSDUWLFOH� FRXOG� WKHQ� XQGHUJR� PXOWLSOLFDWLRQ� LQ� WKH� QRUPDO

IDVKLRQ�� 7KH� QHW� UHVXOW� ZRXOG� EH� WZR� TXDVLSDUWLFOHV� IRU� HDFK� RULJLQDO� TXDVLSDUWLFOH�

)LJXUH�����1RQ�(TXLOLEULXP�VFDWWHULQJ�SURFHVV�
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7KH� UHVXOWDQW� P�(�� DQG� 0�9�� DUH� LOOXVWUDWHG� LQ� ILJXUH� ����� 2QO\� WKH� UHJLRQ� IRU

�&�(��&� LV� FKDQJHG� ±� IRU� ORZHU� HQHUJLHV� WKH� SKRQRQV� HPLWWHG� ZRXOG� EH

LQVXIILFLHQWO\�HQHUJHWLF�WR�SURPRWH�D�TXDVLSDUWLFOH�WR�DQ�HQHUJ\�ZKHUH�LW�FRXOG�UHOHDVH

SDLU�EUHDNLQJ�SKRQRQV��IRU�JUHDWHU�HQHUJLHV�WKH�UHOHDVHG�SKRQRQ�ZLOO�EUHDN�SDLUV�VLQFH

WKH�SDLU�EUHDNLQJ�WLPH�LV�PXFK�VKRUWHU�WKDQ�WKH�SKRQRQ�DEVRUSWLRQ�WLPH��ILJXUH�������

7KLV� DGGLWLRQDO�PRGLILFDWLRQ� KDV� EHHQ� IRXQG� WR�PRGHO� WKH� H[SHULPHQWDO� GDWD

PRUH�VXFFHVVIXOO\�%XUQHOO��������7KH�PRGHO�GRHV��KRZHYHU��RYHU�SUHGLFW� WKH�GHJUHH

RI�PXOWLSOLFDWLRQ�DW�KLJKHU�ELDVHV�±�WKLV�FRXOG�EH�DWWULEXWHG�WR�WKH�IDFW�WKDW�WKH�V\VWHP

LV�EHLQJ�GULYHQ�VR�IDU�IURP�HTXLOLEULXP�WKDW�QHLWKHU�WKH�VFDWWHULQJ�SUREDELOLW\�JLYHQ�E\

������� QRU� WKH� DVVXPSWLRQ� WKDW� WKH� UHFRPELQDWLRQ� UDWH� LV� FRQVWDQW� DUH� YDOLG�

4XDOLWDWLYHO\��WKH�UHFRPELQDWLRQ�UDWH�ZLOO�EH�LQFUHDVHG�VLQFH�LW�VFDOHV�ZLWK�WKH�QXPEHU

RI�TXDVLSDUWLFOHV� VTXDUHG�� WKXV� UHGXFLQJ� WKH�TXDVLSDUWLFOH� OLIHWLPH�� ,Q� H[WUHPH�FDVHV�
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)LJXUH�����4XDVLSDUWLFOH�PXOWLSOLFDWLRQ�IDFWRU��FDOFXODWHG�TXDVLSDUWLFOH�JDLQ�DQG�H[SHULPHQWDO�GDWD�IRU
WKH�QRQ�HTXLOLEULXP�SURFHVV�PRGLILHG�WKHUPDO�HTXLOLEULXP�PRGHO��'DWD�IURP��%XUQHOO�������
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TXDVLSDUWLFOHV�PD\�QRW� VFDWWHU�DOO� WKH�ZD\� WR� WKH� JDS� HGJH� DV� �������SUHGLFWV� IRU� WKH

WKHUPDO�FDVH�

������ %DFN�7XQQHOOLQJ�DQG�0XOWLSOH�7XQQHOOLQJ

,Q�VHFWLRQ�������ZH�GLVFXVVHG� WKH�SURFHVVHV�ZKHUHE\� TXDVLSDUWLFOH� WXQQHOOLQJ

OHDGV�WR�D�FXUUHQW�IORZ��2QH�RI�WKH�GLVDGYDQWDJHV�RI�WKH�VHPLFRQGXFWRU�UHSUHVHQWDWLRQ

WKDW�ZH�KDYH�XVHG� LV� WKDW� LW�REVFXUHV� WKH� IDFW� WKDW��ZKLOH�ZH�FRQVLGHU�TXDVLHOHFWURQV

DQG� TXDVLKROHV� DW� WKH� HQHUJ\� JDS� WR� EH� GLVWLQFW� SDUWLFOHV� RI� QHJDWLYH� DQG� SRVLWLYH

FKDUJH��,Q�UHDOLW\�WKH\�DUH�QRW�GLVWLQFW�W\SHV�RI�SDUWLFOHV�DQG�GR�QRW�KDYH�ZHOO�GHILQHG

FKDUJH��$�SRVVLEOH�SURFHVV��WKHUHIRUH��LV�IRU�D�TXDVLHOHFWURQ�DW�DQ�HQHUJ\�(�WR�EHFRPH

D� TXDVLKROH� DW� WKH� VDPH� HQHUJ\� (�� ,Q� WKH� VHPLFRQGXFWRU� UHSUHVHQWDWLRQ� WKLV� LV

HTXLYDOHQW�WR�UHIOHFWLRQ�WKURXJK�WKH�)HUPL�HQHUJ\��ILJXUH�������7KH�SUREDELOLW\�RI�WKLV

SURFHVV�RFFXUULQJ�ZLOO�LQFUHDVH�WKH�QHDUHU�WKH�TXDVLHOHFWURQ�LV�WR�WKH�JDS�HGJH��DW�WKH

JDS� HGJH� WKH� SUREDELOLW\� RI� WKLV� VLJQ� FKDQJH� SURFHVV� LV� H[DFWO\� ���� �� VLQFH� WKHVH

TXDVLSDUWLFOH�FRUUHVSRQG�WR�VWDWHV�ZLWK�_N_ N
)
�

7KLV�SURFHVV�OHDGV�WR�WZR�HIIHFWV�WKDW�DUH�LPSRUWDQW�WR�WKH�SHUIRUPDQFH�RI�WKH

GHYLFHV�GLVFXVVHG�LQ�WKLV�ZRUN��)LUVWO\��ZH�FRQVLGHU�D�6,1�GHYLFH�ZLWK�D�ELDV�RI�H9-&�

)LJXUH�����%DFN�WXQQHOOLQJ�LQ�D�6,1�WXQQHO�MXQFWLRQ�
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VXFK�DV�ZRXOG�EH�XVHG�IRU�ERWK�D�GHWHFWRU�RU�HOHFWURQ�UHIULJHUDWRU��ILJXUH�������8QGHU

WKHVH�FRQGLWLRQV��D�WKHUPDOO\�H[FLWHG�HOHFWURQ�LQ�WKH�QRUPDO�PHWDO�FDQ�WXQQHO�LQWR�WKH

VXSHUFRQGXFWRU�WR�EHFRPH�D�TXDVLHOHFWURQ�FORVH�WR�WKH�JDS�HGJH��7KLV�TXDVLSDUWLFOH�LV�

KRZHYHU��DEOH�WR�WXQQHO�EDFN�LQWR�WKH�QRUPDO�PHWDO�DV�D�KROH�DW�DQ�HQHUJ\�RI�H9�&�

7KH�VLJQLILFDQFH�RI� WKLV�SURFHVV�KDV� UHFHQWO\�EHHQ�FRQVLGHUHG�E\�-�� -RFKXP�-RFKXP

������

7KH�QXPEHU�RI�HOHFWURQ�FKDUJHV�EHLQJ� WUDQVIHUUHG�E\�TXDVLSDUWLFOH� WXQQHOOLQJ

LQ�DQ�6,1�GHYLFH�LV�JLYHQ�E\�
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ZKHUH�1
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�LV�WKH�QXPEHU�RI�TXDVLSDUWLFOHV�LQ�WKH�VXSHUFRQGXFWRU��ZKLFK�LV�JLYHQ�E\�WKH

WKLUG�WHUP�LQ���������7KH�HQHUJ\�UHPRYHG�IURP�WKH�QRUPDO�PHWDO�FDQ�EH� IRXQG�IURP

WKH�GLIIHUHQFH�EHWZHHQ�WKH�QHW�FXUUHQWV�RI�TXDVLHOHFWURQV�DQG�TXDVLKROHV�� WDNLQJ� LQWR

DFFRXQW�WKDW�WKH�TXDVLHOHFWURQV�HDFK�UHPRYH�DQ�HQHUJ\��(�H9��DQG�WKH�TXDVLKROHV�DGG

DQ�HQHUJ\��(�H9���7KXV��WKH�FRROLQJ�SRZHU�LV�JLYHQ�E\�
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( LV�WKH�DYHUDJH�HQHUJ\�WUDQVSRUWHG�E\�DQ�HOHFWURQ�WXQQHOOLQJ�WR�WKH�6�HOHFWURGH�DQG�LV

DSSUR[LPDWHO\�HTXDO�WR�&��)URP���������D�FRQGLWLRQ�IRU�KHDWLQJ�WR�EH�DYRLGHG�FDQ�EH

IRXQG�
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(YLGHQWO\��LI�WKLV�FRQGLWLRQ�LV�QRW�PHW�E\�DQ�HOHFWURQ�UHIULJHUDWRU�GHYLFH�WKHQ�LW

ZLOO�QRW�FRRO� WKH�QRUPDO�PHWDO¶V� HOHFWURQ� V\VWHP�� ,I� WKH�GHYLFH� LV� DQ�;�UD\�GHWHFWRU

ZLWK�D�6,1�WXQQHO�MXQFWLRQ�UHDGRXW��WKHQ�LWV�UHVROXWLRQ�ZLOO�EH�GHJUDGHG��DV�WKHUH�ZLOO

EH�D�PLQLPXP�WHPSHUDWXUH�EHORZ�ZKLFK� WKH�1� HOHFWURGH� FDQQRW�EH� FRROHG��:H� FDQ

XVH��������WR�GHWHUPLQH�DSSURSULDWH�VWUDWHJLHV�WR�PLQLPLVH�WKH�EDVH�WHPSHUDWXUH�RI�WKH

QRUPDO�PHWDO�HOHFWURGH�WR�PD[LPLVH�WKH�GHWHFWRU¶V�UHVROYLQJ�DELOLW\�

2XU� VHFRQG� H[DPSOH� RI� EDFN� WXQQHOOLQJ� TXDVLSDUWLFOHV� LQ� D� VXSHUFRQGXFWLQJ

SDUWLFOH� GHWHFWRU� LV� LWV� H[SORLWDWLRQ� LQ� D� 67-� GHWHFWRU� DV� D� JDLQ� PHFKDQLVP�� ,Q� WKH

VLPSOHVW� FDVH� RI� D� V\PPHWULF� 6,6� MXQFWLRQ� WKHUH� LV� WKH� SRVVLELOLW\� RI� D� PXOWLSOH

WXQQHOOLQJ�SURFHVV�±�WKH�*UD\�(IIHFW�±�DV�LOOXVWUDWHG�LQ�ILJXUH������%ULHIO\��ZH�FRQVLGHU

D� TXDVLHOHFWURQ� WKDW� WXQQHOV� IURP� RQH� VXSHUFRQGXFWRU� �6
�

�� WR� DQRWKHU� �6
�

��� $IWHU

WXQQHOOLQJ�WKH�TXDVLHOHFWURQ�ZLOO�EH�DW�VRPH�HQHUJ\�(�DERYH�WKH�HQHUJ\�JDS�LQ�6
V

��&
�

�

,W�LV�WKHQ�OLNHO\�WR�VFDWWHU�WR�FORVH�WR�&
�

�±�DV�ZH�VDZ�LQ�VHFWLRQ����������TXDVLSDUWLFOH

VFDWWHULQJ�LV�PRUH�OLNHO\�WKDQ�UHFRPELQDWLRQ�H[FHSW�FORVH�WR�WKH�HQHUJ\�JDS��2QFH�LW�LV

FORVH� WR�&
�

�� LW� LV� XQOLNHO\� WR� WXQQHO� EDFN� LQWR� 6
�

� ±� LI� WKH� MXQFWLRQ� LV� ELDVHG� VR� WKDW

H9�&
�

�&
�

� WKHQ� WKHUH�DUH�QR�VWDWHV� WR� WXQQHO� LQ��RWKHUZLVH� WKH�GLUHFW�EDFN�WXQQHOOLQJ

FXUUHQW� LV� QHJOLJLEOH� FRPSDUHG� WR� WKH� IRUZDUG� WXQQHOOLQJ� FXUUHQW�� 7KH� TXDVLHOHFWURQ

PD\��KRZHYHU��WXQQHO�EDFN�DV�D�TXDVLKROH�LQ�6
�

��7KLV�TXDVLKROH�ZLOO�WKHQ�VFDWWHU�EDFN

WR�FORVH�WR�&
�

��ZKHUH�LW�PD\�RQFH�DJDLQ�WXQQHO�EDFN�WR�6
�

�DV�D�TXDVLHOHFWURQ��)RU�HDFK
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WXQQHOOLQJ�HYHQW�D�FKDUJH�RI�H�LV�WUDQVIHUUHG�IURP�6
�

�WR�6
�

��EXW�WKH�FKDUJH�WUDQVIHUUHG

SHU�TXDVLSDUWLFOH�FUHDWHG�ZLOO�EH�PDQ\�WLPHV�H�

7KLV�SURFHVV�ZLOO�EH�HQKDQFHG� LI� WKH�TXDVLSDUWLFOH� UHFRPELQDWLRQ� UDWH� LV� ORZ�

GXH�SHUKDSV�WR�D�PDWHULDO�ZLWK�D�ORQJ�FKDUDFWHULVWLF�TXDVLSDUWLFOH� OLIHWLPH�DQG�DOVR�LI

WKH�TXDVLSDUWLFOHV�DUH�FRQILQHG�FORVH�WR�WKH�EDUULHU��7KHVH�FRQGLWLRQV�DUH�ERWK�PHW�LQ

WKH�FDVH�RI�GHHS�$O�WUDSV�LQ�D�1E�RU�7D�EDVHG�67-�GHWHFWRU��7KH�HIIHFW�LV�WR�LQFUHDVH

WKH�UHVSRQVLYLW\�RI�WKH�GHWHFWRU� WR�SKRWRQV��ZKLFK�LV� WR�LQFUHDVH�WKH�FKDUJH�FROOHFWHG

SHU� HQHUJ\� GHSRVLWHG�� 5HFHQW� PHDVXUHPHQWV� RI� 7D� GHYLFHV� ZLWK� $O� WUDSV�9HUKRHYH

������KDYH�UHFRUGHG�XS�WR�����WXQQHOOLQJ�HYHQWV�SHU�HOHFWURQ��ZKLFK�FRQWULEXWHG�WR�D

UHVSRQVLYLW\� RI� ������� H�H9�� :LWKRXW� PXOWLSOH� WXQQHOOLQJ� HYHQWV� WKH� PD[LPXP

UHVSRQVLYLW\�LV�IRXQG�IURP�������WR�EH����������H�H9�

8QIRUWXQDWHO\�� WKH� *UD\� (IIHFW� GRHV� KDYH� D� GUDZEDFN� DV� D� UHVROXWLRQ

LPSURYLQJ� PHFKDQLVP�� /LNH� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ�� PXOWLSOH� WXQQHOOLQJ� LV� D

VWDWLVWLFDO�SURFHVV��VR�WKDW�ZKLOVW�LW�LQFUHDVHV�WKH�VLJQDO�VWUHQJWK�LW�DOVR�FRQWULEXWHV�WR

WKH�VWDWLVWLFDO�QRLVH��7KH�QRLVH�KDV�EHHQ�SUHGLFWHG�WR�EH�*ROGLH�������
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)LJXUH�����*UD\�(IIHFW�LQ�D�6,6�GHYLFH�
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ZKHUH�)�LV�WKH�)DQR�IDFWRU��DQG� Q � LV�WKH�PHDQ�QXPEHU�RI� WXQQHOOLQJ�HYHQWV��8VLQJ

GDWD� IRU� D� W\SLFDO� 1E� GHYLFH� ZLWK� $O� WUDSV�� & �����PH9�� ) ����� DQG� D� YDOXH� RI

�Q! ����IRU�D���NH9�SKRWRQ�ZH�ILQG�&( ����H9�

������ 6HOI�+HDWLQJ�YLD�5HFRPELQDWLRQ�3KRQRQV

,Q� RXU� GLVFXVVLRQ� LQ� WKH� SUHYLRXV� VHFWLRQ�� ZH� IRXQG� D� FRQGLWLRQ� IRU� D� 6,1

GHYLFH� QRW� WR� VHOI�KHDW� GXH� WR� EDFN� WXQQHOOLQJ� RI� TXDVLSDUWLFOHV�� �������� ,Q� RUGHU� WR

VDWLVI\�WKLV�ZH�QHHG�HLWKHU�WR�PDNH�LW�XQOLNHO\�IRU�TXDVLSDUWLFOHV�WR�EDFN�WXQQHO��RU�WR

UHGXFH�WKH�QXPEHU�RI�TXDVLSDUWLFOHV�FORVH�WR�WKH�WXQQHO�EDUULHU�

,I�WKH�TXDVLSDUWLFOHV�ZHUH�UDSLGO\�UHFRPELQLQJ�WR�IRUP�&RRSHU�SDLUV�WKHQ�WKH\

ZRXOG� QRW� EH� DYDLODEOH� WR� EDFN� WXQQHO�� 8QIRUWXQDWHO\�� WKH� UHFRPELQDWLRQ� ZRXOG

SURGXFH� SKRQRQV� ZLWK� HQHUJ\� �&�� ZKLFK� ZLOO� KDYH� D� FHUWDLQ� SUREDELOLW\� RI� EHLQJ

UHDEVRUEHG� LQ� WKH� QRUPDO� PHWDO�� 7KH� QHW� KHDWLQJ� HIIHFW� LV� HTXLYDOHQW� WR� WKH� WZR

TXDVLSDUWLFOHV� KDYLQJ� XQGHUJRQH� EDFN� WXQQHOOLQJ�� :H� QHHG� WR� PRGLI\� ������� WR

DFFRXQW�IRU�WKLV�H[WUD�SURFHVV�
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2XU�SUREOHP� WKHQ�� LV� WR�PLQLPLVH� WKH� IDFWRU�k� E\� UHGXFLQJ� WKH� IUDFWLRQ�RI� WXQQHOOHG

TXDVLSDUWLFOHV�WKDW�UHFRPELQH�DQG�ZKRVH�UHFRPELQDWLRQ�SKRQRQV�DUH�WKHQ�DEVRUEHG�LQ

WKH�QRUPDO�PHWDO�

0RVW� UHDEVRUEHG� UHFRPELQDWLRQ� SKRQRQV� ZLOO� UHVXOW� IURP� UHFRPELQDWLRQ

HYHQWV� GLUHFWO\� XQGHU� WKH� MXQFWLRQ� DUHD�� VLQFH� WKH� SUREDELOLW\� RI� UH�DEVRUSWLRQ� ZLOO

VFDOH� ZLWK� WKH� VROLG� DQJOH� DW� ZKLFK� WKHUH� LV� QRUPDO� PHWDO� ZLWKLQ� WKH� SKRQRQ� SDLU

EUHDNLQJ� OHQJWK� RI� WKH� UHFRPELQDWLRQ� HYHQW��:H�ZRXOG� WKHQ� H[SHFW� ODUJH� MXQFWLRQV�

WKRXJK� WKH\� DUH�PRUH� IDYRXUDEOH� DV� FRROHUV� RU� WHPSHUDWXUH� VHQVRUV�� WR� VXIIHU�PRUH

IURP�UHFRPELQDWLRQ�SKRQRQ�KHDWLQJ��7KLV�KDV�LQGHHG�EHHQ�IRXQG�WR�EH�WKH�FDVH�E\�3�

)LVKHU�ZRUNLQJ�RQ�6,1�EDVHG�FU\R�FRROHUV��)LVKHU�������

5DWKHU�WKDQ�VLPSO\�UHGXFLQJ�WKH�VL]H�RI�WKH�MXQFWLRQV�LQ�XVH��RQH�FRXOG�FKDQJH

JHRPHWU\� WR� UHGXFH� WKH� PHDQ� GLVWDQFH� WKDW� D� TXDVLSDUWLFOH� KDV� WR� GLIIXVH� EHIRUH� LW
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OHDYHV� WKH� MXQFWLRQ� UHJLRQ�� 7KLV� DSSURDFK� KDV� EHHQ� H[DPLQHG� E\� WKH� %HUNOH\

JURXS�'UXU\�������ZKR�KDYH�IRXQG�WKDW�MXQFWLRQV�ZLWK�ORQJ�WKLQ�VKDSHV�VKRZHG�OHVV

HYLGHQFH�RI�VHOI�FRROLQJ�WKDQ�VTXDUH�RQHV�RI�WKH�VDPH�DUHD�

7KH�DOWHUQDWLYH� VWUDWHJ\� LV� WR� LQFUHDVH� WKH�GLVWDQFH�TXDVLSDUWLFOHV�ZLOO� GLIIXVH

EHIRUH�UHFRPELQLQJ�WR�DOORZ�TXDVLSDUWLFOHV�WR�OHDYH�WKH�MXQFWLRQ�DUHD�HDVLO\��7KHUH�DUH

WZR�DSSURDFKHV�WR�WKLV�� ,QFUHDVLQJ� WKH�TXDVLSDUWLFOH�PHDQ� IUHH�SDWK�ZLOO� LQFUHDVH� WKH

GLIIXVLRQ�FRHIILFLHQW��EXW�LV�GHSHQGHQW�RQ�EHLQJ�DEOH�WR�FRQWURO� WKH�PLFURVWUXFWXUH�RI

WKH�VXSHUFRQGXFWLQJ�ILOP��,Q�SDUWLFXODU�RQH�ZRXOG�ZLVK�WR�XVH�HSLWD[LDO�ILOPV��EXW�WKLV

LV� QRW� SRVVLEOH� IRU� PRVW� VXEVWUDWHV�� 7KH� VHFRQG� DSSURDFK� LV� WR� LQFUHDVH� WKH

TXDVLSDUWLFOH�OLIHWLPH�ZKLOVW�UHWDLQLQJ�D�UHDVRQDEOH�HQHUJ\�JDS�WR�DOORZ�D�KLJKHU�EDVH

WHPSHUDWXUH��*HQHUDOO\�� WKLV� LV� D�PDWHULDO� SURSHUW\�� EXW� E\� XVLQJ� D� VXSHUFRQGXFWLQJ

KHWHURVWUXFWXUH� RI� D� PDWHULDO� ZLWK� D� ODUJH� HQHUJ\� JDS� DQG� RQH� ZLWK� D� ORQJHU

FKDUDFWHULVWLF�TXDVLSDUWLFOH� OLIHWLPH�� D� FRPELQDWLRQ� RI� WKH� GHVLUDEOH� SURSHUWLHV�PLJKW

EH�REWDLQHG��7KLV�LV�WKH�PRWLYDWLRQ�IRU�WKH�ZRUN�WKDW�LV�UHSRUWHG�LQ�FKDSWHU���

������ 3KRQRQ�7UDSSLQJ

,Q� VHFWLRQ� ������ WKH� LPSRUWDQFH� RI� SKRQRQ� ORVV� IURP� D� VXSHUFRQGXFWRU� ZDV

PHQWLRQHG�LQ�WKH�FRQWH[W�RI�QRQ�HTXLOLEULXP�TXDVLSDUWLFOHV�DQG�SKRQRQV��,Q�SDUWLFXODU

LW�ZDV�VKRZQ�WKDW� WKH�HIIHFWLYH�TXDVLSDUWLFOHV¶� OLIHWLPH�ZDV�FRQVLGHUDEO\�H[WHQGHG� LI

�&�SKRQRQV�ZHUH�UHWDLQHG�LQ�WKH�VXSHUFRQGXFWLQJ�WKLQ�ILOP��7KLV�SURFHVV�KDV�SRWHQWLDO

EHQHILWV� LQ� DOO� GHYLFHV� LQ� ZKLFK� D� ORQJ� TXDVLSDUWLFOH� OLIHWLPH� LV� UHTXLUHG�� )RU� 1E�

ZKLFK�KDV�D�YHU\�VKRUW�FKDUDFWHULVWLF�TXDVLSDUWLFOH�OLIHWLPH��LW�LV�HVVHQWLDO�IRU�LWV�XVH�LQ

67-�GHWHFWRUV�

)RU� WKLQ� ILOPV�� WKH�SKRQRQ� WUDSSLQJ� LV� VHQVLWLYH� WR� WKH� FULWLFDO� DQJOH� IRU� WRWDO

LQWHUQDO�UHIOHFWLRQ��DVVXPLQJ�D�VSHFXODU�UHIOHFWLRQ�RI�SKRQRQV�DW�WKH�LQWHUIDFH�ZLWK�WKH

VXEVWUDWH�� )RU� ILOPV�ZKHUH� WKH� WKLFNQHVV� LV� DURXQG� DQG� VOLJKWO\� ODUJHU� WKDQ� WKH� SDLU

EUHDNLQJ�OHQJWK��WKH�SKRQRQ�WUDSSLQJ�HIIHFW�LV�JRYHUQHG�E\���������)RU�WKLFNHU�ILOPV�

WKH�SKRQRQ�WUDSSLQJ�LV�LQGHSHQGHQW�RI�WKH�WKLFNQHVV��)RU�D�JLYHQ�VXSHUFRQGXFWRU�DQG

WKLFNQHVV�� SKRQRQ� WUDSSLQJ� LV� YHU\� VHQVLWLYH� WR� WKH� DFRXVWLF� PLVPDWFK� EHWZHHQ

VXSHUFRQGXFWRU�DQG�VXEVWUDWH��7KH�SKRQRQ� WUDSSLQJ� LV� FORVHO\� UHODWHG� WR� WKH� WKHUPDO

ERXQGDU\�UHVLVWDQFH���ZKLFK�VR�ORQJ�DV�WKH�ILOP�WKLFNQHVV�LV�ODUJH�HQRXJK�WR�FRQWDLQ�DQ
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LQGHSHQGHQW� SKRQRQ� V\VWHP�:HOOVWRRG� ������� ZLOO� EH� JRYHUQHG� E\� .DSLW]D

UHVLVWDQFH�.DSLW]D�������

$�GLUHFW�PHDVXUHPHQW�RI�WKH�SKRQRQ�WUDSSLQJ�HYHQW�LQ�DQ�$O�ILOP�RQ�D�VDSSKLUH

VXEVWUDWH�6FKQDJO� ������� KDV� GHPRQVWUDWHG� DQ� HIIHFWLYH� TXDVLSDUWLFOH� OLIHWLPH� RI

����PV��ZKLFK�XVLQJ���������DQG�D�FKDUDFWHULVWLF� OLIHWLPH�DJDLQVW�UHFRPELQDWLRQ�LQ�$O

RI� ����QV�� DQG� D� FKDUDFWHULVWLF� SDLU�EUHDNLQJ� WLPH� RI� ����SV�� JLYHV� DQ� HVWLPDWHG

SKRQRQ�WUDSSLQJ�WLPH�FRQVWDQW�RI�����QV��8VLQJ�HTXDWLRQ��������DQG�GDWD�IURP�.DSODQ

�������RQH�ZRXOG�FDOFXODWH�WKH�SKRQRQ�ORVV�WLPH�WR�EH�RI�RUGHU���QV�

(SLWD[LDO� 1E�7D� 67-� GHWHFWRUV� IDEULFDWHG� E\� WKH� DXWKRU� DQG� WHVWHG� DW� 15/�

:DVKLQJWRQ� '&� GHPRQVWUDWHG� WKDW� WKH� ORVV� RI� FKDUJH� IURP� WKH� GHWHFWRU� GXH� WR

LQVXIILFLHQW� UHFRPELQDWLRQ� SKRQRQ� WUDSSLQJ� UHVXOWHG� LQ� D� VLJQLILFDQW� DV\PPHWU\� LQ

PHDVXUHG�;�UD\� VSHFWUD�� ,Q� DQ�;�UD\� HYHQW� DW� VRPH� GLVWDQFH� IURP� WKH� MXQFWLRQ�� WKH

TXDVLSDUWLFOHV�FUHDWHG�ZLOO�KDYH�WR�GLIIXVH�VRPH�GLVWDQFH�WR�WKH�MXQFWLRQ��7KH�IXUWKHU

WKH� TXDVLSDUWLFOHV� KDYH� WR� GLIIXVH� WKH� PRUH� OLNHO\� WKH\� DUH� WR� EH� ORVW� ZKHQ� D

UHFRPELQDWLRQ� SKRQRQ� HVFDSHV� WKH� WR� WKH� VXEVWUDWH�� 7KH� UHVXOW� LV� D� ODUJHU� XQGHU�

UHDGLQJ�RI� WKH� LQFLGHQW�HQHUJ\��:KHQ�DYHUDJHG�RYHU�PDQ\�;�UD\� HYHQWV�� LW� LV� IRXQG

WKDW�IRU�GHYLFHV�ZLWK�D�ODUJHU�DUHD�RI�DEVRUEHU�QRW�FRYHUHG�E\�WKH�MXQFWLRQ�WKH�;�UD\

VSHFWUD�SHDNV�VKRZ�D�ODUJH�ORZ�HQHUJ\�VKRXOGHU�3RUWHU�������

,Q� ERORPHWHU� GHWHFWRUV�� VXFK� DV� 6,1� UHDGRXW� ERORPHWHUV� DQG� 7(6�(7)

GHWHFWRUV��WKDW�UHO\�RQ�WKH�WKHUPDOLVDWLRQ�RI�WKH�HQHUJ\�RI�WKH�LQFLGHQW�SDUWLFOH��SKRQRQ

WUDSSLQJ�LV�HVVHQWLDO�WR�HQVXUH�WKH�UHWHQWLRQ�RI�PRVW�RI�WKH�VLJQDO��)RU�WKLV�UHDVRQ�WKHVH

FODVVHV�RI�GHWHFWRUV�ZHUH� IDEULFDWHG�RQ�PHPEUDQHV� LQ�RUGHU� WR�PLQLPLVH� WKH� WKHUPDO

FRQGXFWLRQ�WR�WKH�VXEVWUDWH��3KRQRQ�WUDSSLQJ�LQ�QRUPDO�PHWDO�OD\HUV��RU�UDWKHU�WKH�ODFN

RI�LW��KDV�EHHQ�D�SUHGRPLQDQW�IHDWXUH�RI�RXU�ZRUN�RQ�6,1�EDVHG�GHYLFH��FKDSWHUV���DQG

���



&KDSWHU���

([SHULPHQWDO�0HWKRGV
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7KLV�FKDSWHU�LQWURGXFHV�DQG�GHVFULEHV�WKH�UDQJH�RI�H[SHULPHQWDO�PHWKRGV�WKDW

KDYH�EHHQ�XVHG�LQ�FDUU\LQJ�RXW�WKH�ZRUN�GLVFXVVHG�LQ�WKH�VXEVHTXHQW�FKDSWHUV��%URDGO\

VSHDNLQJ��ZH�IROORZ�WKH�VHULHV�RI�VWDJHV�WKDW�DUH�UHTXLUHG�LQ�WKH�SURGXFWLRQ�RI�D�W\SLFDO

GHYLFH��$V�D� UHODWLYHO\�ZLGH�YDULHW\�RI�GHYLFHV�KDYH�EHHQ�SURGXFHG� LQ�SXUVXLQJ� WKLV

ZRUN�ZH� FRQILQH� RXUVHOYHV� KHUH� WR� D� GHVFULSWLRQ� RI� WKH� LQGLYLGXDO� VWDJHV� RI� GHYLFH

SURGXFWLRQ��:H�OHDYH�WKH�GHVFULSWLRQ�RI�ZKLFK�SURFHVVHV�KDYH�EHHQ�XVHG��DQG�LQ�ZKDW

RUGHU��WR�WKH�VHSDUDWH�H[SHULPHQWDO�FKDSWHUV�

:H�FRPPHQFH�ZLWK�D�VKRUW�GLVFXVVLRQ�RI�RXU�FKRLFH�RI�VXEVWUDWH�PDWHULDO�DQG

WKH� SUH�GHSRVLWLRQ� FOHDQLQJ� SURFHVV� WKDW� ZH� GHYHORSHG�� 7KLV� LV� IROORZHG� E\� D

GHVFULSWLRQ� RI� WKH� XOWUD�KLJK� YDFXXP� V\VWHP� XVHG� IRU� VSXWWHULQJ� WKH� EDVLF� WULOD\HUV

XVHG�LQ�DOO�RXU�GHYLFHV��7KH�WKLUG�VHFWLRQ�GHVFULEHV�WKH�IDEULFDWLRQ�SURFHVVHV�WKDW�ZH

FDQ�HPSOR\�WR�GHILQH��LVRODWH�DQG�FRQQHFW�WKH�SDUWV�RI�RXU�GHYLFHV�DFFRUGLQJ�WR�WKHLU

GHVLJQ�� 7KH� ILQDO� VHFWLRQ� H[DPLQHV� WKH� GHYLFH� FKDUDFWHULVDWLRQ� DQG� PHDVXUHPHQW

IDFLOLWLHV�WKDW�HLWKHU�ZHUH�PDGH�DYDLODEOH�WR��RU�KDYH�EHHQ�GHYHORSHG�E\��WKH�DXWKRU�

���� 6XEVWUDWH�&KRLFH�DQG�3UHSDUDWLRQ

������ 6XEVWUDWH�&KRLFH

7KHUH� DUH� D� QXPEHU� RI� IDFWRUV� WKDW� ZLOO� LQIOXHQFH� RQH
V� FKRLFH� RI� VXEVWUDWH

PDWHULDO� IRU� DQ\� JLYHQ� H[SHULPHQW�� IRU� H[DPSOH�� WKHUPDO� FRQGXFWLYLW\�� ODWWLFH

PDWFKLQJ� WR� WKH� ILOP�� DFRXVWLF� PDWFKLQJ�.DSODQ� ������� UREXVWQHVV�� FRVW�� DQG

DYDLODELOLW\�� ,Q� WKLV� ZRUN� ZH� KDYH� DOPRVW� H[FOXVLYHO\� XVHG� U�SODQH� VDSSKLUH� DV� RXU

VXEVWUDWH� PDWHULDO�� )RU� WKH� PDMRULW\� RI� WKH� ZRUN� WKLV� KDV� EHHQ� GXH� WR� LWV� HDV\

DYDLODELOLW\�� RXU� ODERUDWRU\
V� IDPLOLDULW\� ZLWK� LW� DV� D� VXEVWUDWH� PDWHULDO� DQG� LWV

UREXVWQHVV��2XU�ZRUN�RQ�HSLWD[LDO� ILOP�GHYLFHV� �FKDSWHU�����KDV� LQWURGXFHG�D� IXUWKHU

UHDVRQ� IRU� WKLV� FKRLFH�� DV� ZH� VKDOO� VHH� VKRUWO\�� ,Q� RQH� FDVH� LQ� FKDSWHU� ��� ZH� KDYH

IDEULFDWHG� D� GHYLFH� RQ� D� PHPEUDQH�� IRU� ZKLFK� LW� LV� QRW� SRVVLEOH� WR� XVH� D� VDSSKLUH

VXEVWUDWH��LQVWHDG�ZH�KDYH�RSWHG�IRU�D�GRXEOH�VLGHG�6L
�

1
�

�FRDWHG�6L�ZDIHU��7KH�SURFHVV

RI�PHPEUDQH�IDEULFDWLRQ�LV�EULHIO\�GHVFULEHG�LQ�VHFWLRQ�������
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,Q�RUGHU�WR�DFKLHYH�JRRG�HSLWD[LDO�JURZWK�RI�WKH�EDVH�HOHFWURGH�IRU�WKH�GHYLFHV

LQ�ZKLFK�WKLV�ZDV�UHTXLUHG��VDSSKLUH�VXEVWUDWHV�ZHUH�XVHG��GXH�WR�WKH�H[FHOOHQW�ODWWLFH

PDWFKLQJ� ZLWK� QLRELXP�+XDQJ� ������� ,Q� DGGLWLRQ� WR� WKLV� ODWWLFH� PDWFKLQJ�� WKH

VXEVWUDWHV� ZHUH� KHDWHG� WR� DSSUR[LPDWHO\� ����&� GXULQJ� JURZWK�� 7KLV� LQFUHDVHV� WKH

VXUIDFH�GLIIXVLRQ�RI� WKH�VSXWWHUHG�QLRELXP�DWRPV�ZKLFK�SURPRWHV�JURZWK�LQ�D�VLQJOH

FU\VWDO� ODWWLFH��'XULQJ� RSWLPLVDWLRQ� RI� WKH� GHSRVLWLRQ� SURFHGXUH� D�SODQH�� U�SODQH��P�

SODQ�DQG�F�SODQH�VXEVWUDWHV�ZHUH�XVHG��KRZHYHU�LW�ZDV�IRXQG�WKDW�WKH�RSWLPDO�GHJUHH

RI�HSLWD[\�ZDV�DFKLHYHG�ZLWK�U�SODQH�VXEVWUDWHV��8S�WR����VXEVWUDWHV�ZHUH�SODFHG�RQ�D

IRLO� KHDWHU� RI� YDU\LQJ� ZLGWK� ZLWK� D� FRQVWDQW� FXUUHQW� SDVVHG� WKURXJK� LW� GXULQJ� WKH

GHSRVLWLRQ�� 7KH� VXEVWUDWHV� DW� WKH� QDUURZHU� HQG� RI� WKH� KHDWHU� ZHUH� WKXV� DW� D� KLJKHU

WHPSHUDWXUH�GXULQJ�WKH�GHSRVLWLRQ�WKDQ�WKRVH�DW�WKH�ZLGHU��7KH�RSWLPXP�WHPSHUDWXUH

ZDV� WKHQ� LGHQWLILHG� E\� PHDVXULQJ� WKH� ;�UD\� URFNLQJ� FXUYH� ZLGWK� DQG� UHVLGXDO

UHVLVWDQFH�UDWLR��VHH�VHFWLRQ�������DQG��������IRU�HDFK�VXEVWUDWH��DQG�ILQGLQJ�WKH�UHODWLYH

SRVLWLRQ�RI�WKH�EHVW�ILOP�RQ�WKH�KROGHU�

)LJXUH�����&KDUDFWHULVWLF�GHIHFW�RQ�WKH�VXUIDFH�RI�D�ILOP�EHOLHYHG�WR�UHVXOW�IURP�LQVXIILFLHQW�VXEVWUDWH
FOHDQLQJ�
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,W�ZDV�IRXQG�WKDW�IRU�HSLWD[LDO�GHYLFHV�WKH�VXEVWUDWH�FOHDQOLQHVV�ZDV�H[WUHPHO\

LPSRUWDQW�� 7KH� VXEVWUDWH�FOHDQLQJ� SURJUDPPH� GHWDLOHG� LQ� WKH� QH[W� VHFWLRQ� ZDV

GHYHORSHG�GXULQJ�WKLV�ZRUN�WR�DYRLG�SHUVLVWHQW�SUREOHPV�ZLWK�JURVV�GHIHFWV� LQ�ILOPV�

DQ�H[DPSOH�RI�ZKLFK�LV�VKRZQ�LQ�ILJXUH�����

������ 6XEVWUDWH�3UHSDUDWLRQ

7KH�VDSSKLUH�XVHG�IRU�WKH�VXEVWUDWHV�ZDV�REWDLQHG�LQ����PP�VTXDUH�������PP

WKLFN�ZDIHUV�WKDW�ZHUH�FXW�LQ�KRXVH�GRZQ�WR�ò���� ��������PP�������PP��E\�����PP

WKLFN�VXEVWUDWHV�EHIRUH�ILOP�GHSRVLWLRQ�

3ULRU� WR�EHLQJ� ORDGHG� LQWR� WKH�GHSRVLWLRQ�V\VWHP�� WKH�VXEVWUDWHV�ZHUH�JLYHQ�D

FDUHIXO�FOHDQLQJ�SURFHVV�WR�UHPRYH�DQ\�ZD[�DQG�RWKHU�FRQWDPLQDQWV�UHPDLQLQJ�IURP

WKH�FXWWLQJ�SURFHVV��7KH�FOHDQLQJ�SURFHVV�FRQVLVWHG�RI�XOWUDVRQLF�EDWKV�LQ�FKORURIRUP

DQG�ZHDN�+12
�

�����PLQXWHV�HDFK���JHQWOH�ZLSLQJ�ZLWK�D�FRWWRQ�EXG�VRDNHG�LQ�DFHWRQH

DQG� YLJRURXV� DLUEUXVKLQJ� ZLWK� DFHWRQH� DQG� WKHQ� LVRSURSDQRO� RU� DEVROXWH� DOFRKRO�

)LQDOO\��WKH\�ZHUH�GULHG�FDUHIXOO\�EHIRUH�EHLQJ�SODFHG�LQ�D�JODVV�GLVK�IRU�WUDQVIHU�WR�WKH

GHSRVLWLRQ�V\VWHP�

���� )LOP�'HSRVLWLRQ

$OO� WKH� GHYLFHV� GLVFXVVHG� LQ� WKLV� ZRUN� ZHUH� IDEULFDWHG� XVLQJ� ZKROH�ZDIHU

WHFKQLTXHV��7KH�VWDUWLQJ�SRLQW�LQ�WKLV�SURFHVV��WKHUHIRUH��LV�WR�IRUP�D�FRPSOHWH�GHYLFH

WULOD\HU���L�H��D�PHWDO�EDVH�HOHFWURGH��DQ�R[LGH�EDUULHU��DQG�D�PHWDO�FRXQWHU�HOHFWURGH�

+HUH�ZH�GHVFULEH�WKH�XOWUD�KLJK�YDFXXP�V\VWHP�XVHG�WR�VSXWWHU�WKH�WULOD\HUV�

������ 6SXWWHULQJ�6\VWHP
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$� VFKHPDWLF� DQG� SLFWXUH� �LQVHW�� RI� WKH� VSXWWHULQJ� V\VWHP� �WKH� &DPEULGJH

'HYLFH�0DWHULDOV�0DUN�9,,�� LV� VKRZQ� LQ� ILJXUH������7KH�V\VWHP�FRQVLVWV�RI� D� VLQJOH

SULPDU\�FKDPEHU�ZLWK�DQ�LQQHU�VHFRQGDU\�FKDPEHU��VXUURXQGHG�E\�D�OLTXLG�1
�

�MDFNHW

DQG� SXPSHG� YLD� D� WXUER�PROHFXODU� SXPS�� 7KH� V\VWHP� LV� URXJKHG�� DQG� WKH� WXUER�

PROHFXODU� SXPS� EDFNHG�� E\� DQ� (GZDUGV� ��� URWDU\� SXPS�� ,Q� RUGHU� WR� FRQWURO� WKH

DGPLVVLRQ�RI�JDV�WR�WKH�V\VWHP�GXULQJ�GHSRVLWLRQ��D�JDV�UHVHUYRLU�DQG�V\VWHP�RI�QHHGOH

YDOYHV� LV� DWWDFKHG� WR� WKH� PDLQ� FKDPEHU�� 7KLV� V\VWHP� KDV� EHHQ� IXOO\� GHVFULEHG

LQ�%ODPLUH�������

7KH�PDJQHWURQ�DQG�VXEVWUDWH�VWDJH�DQG�RU�KHDWHU�DUH�DOO�PRXQWHG�RQ�D�VLQJOH

����PP� IODQJH� WKDW� LV� WKHQ� PRXQWHG� RQ� WKH� WRS� RI� WKH� FKDPEHU�� 7KH� V\VWHP� PD\

WKHUHIRUH�EH�XVHG�IRU�D�ZLGH�YDULHW\�RI�PDWHULDOV�DQG�VXEVWUDWHV�E\�VLPSO\�VZDSSLQJ

RQH� IODQJH� IRU� DQRWKHU�� ,Q� WKLV� ZRUN� ZH� KDYH� XVHG� WZR� IODQJHV� ZKLFK� DUH� VKRZQ

VFKHPDWLFDOO\�LQ�ILJXUH�����

7KH�ILUVW�KDV�IDFLOLWLHV�IRU�FRQWUROOLQJ�WKH�WHPSHUDWXUH�RI�WKH�VXEVWUDWHV�GXULQJ

GHSRVLWLRQ�� 7KH� VXEVWUDWHV� DUH� PRXQWHG� RQ� D� 7D� IRLO� KHDWHU�� DV� GHVFULEHG� DERYH�

WKURXJK� ZKLFK� D� ODUJH� '&� FXUUHQW� FDQ� EH� SDVVHG� WR� UDLVH� WKH� WHPSHUDWXUH� WR� RYHU

����&��$�FROG�ILQJHU�H[WHQGV�WR�RQH�HQG�RI� WKH�VXEVWUDWH�KROGHU�DQG�LV�DWWDFKHG�WR�D

OLTXLG� 1
�

� OLQH�� WKURXJK� WKH� XVH� RI� ZKLFK� WKH� VXEVWUDWHV� PD\� EH� FRROHG�� 7KUHH

5HVHUYRLU

To Gas Bottles

Reservoir Valve

Gate
ValveBacking Valve

Gas Line Roughing Valve

Roughing
Valve

Inner Chamber

Outer Chamber

Liquid N Jacket2

Chamber Connect Valve

Turbo
Molecular
Pump

Needle
Valve

To Rotary
Pump

Sputtering Flange

)LJXUH�����6FKHPDWLF�DQG�SLFWXUH��LQVHW��RI�WKH�0N�9,,�VSXWWHULQJ�V\VWHP��3LFWXUH�FRXUWHV\�RI�'U��0�*�
%ODPLUH�
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PDJQHWURQV�DUH�PRXQWHG�GLUHFWO\�DERYH� WKH�VXEVWUDWH�KROGHU��7ZR�VKXWWHUV�DOORZ�WKH

VXEVWUDWHV�WR�EH�VKLHOGHG�IURP�DQ\�RI�WKH�PDJQHWURQV�GXULQJ�D�GHSRVLWLRQ�

7KH�VHFRQG�IODQJH�XVHG�KDV�IRXU�WDUJHWV�DUUDQJHG�DERXW�DQ�D[OH�RQ�ZKLFK�WKH

FLUFXODU� VXEVWUDWH� KROGHU� LV� PRXQWHG�� 7KH� KROGHU� KDV� QR� IDFLOLWLHV� IRU� KHDWLQJ� RU

FRROLQJ�� VR� WKLV� IODQJH� FDQQRW� EH� XVHG� IRU� HSLWD[LDO� ILOP� JURZWK�� 7\SLFDOO\�� WKH

VXEVWUDWH� KROGHU� LV� URWDWHG� GXULQJ� ILOP� GHSRVLWLRQ�� WKH� UDWH� RI� ILOP� JURZWK� FDQ� EH

FRQWUROOHG�E\�FRQWUROOLQJ�WKH�VSHHG�RI�URWDWLRQ�DV�WKH�VXEVWUDWHV�SDVV�XQGHU�WKH�DFWLYH

PDJQHWURQ�� $� FRPSXWHU� FRQWUROOHG� VWHSSHU� PRWRU� PRXQWHG� WR� WKH� D[OH� DOORZHG� WKH

QHFHVVDU\�SUHFLVH�FRQWURO�RI�WKH�URWDWLRQ�VSHHG�RI�WKH�VWDJH��%ODQNLQJ�RI�WKH�VXEVWUDWHV

ZDV�DFKLHYHG�E\�VLPSO\�URWDWLQJ�WKH�VWDJH�DZD\�IURP�WKH�DFWLYH�PDJQHWURQ�

)LJXUH�����6FKHPDWLFV�RI�WKH�WZR�IODQJHV�XVHG�LQ�WKLV�ZRUN�
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������ 3URFHVV

%HIRUH�FRPPHQFLQJ�WKH�GHSRVLWLRQ��WKH�V\VWHP�ZDV�JHQHUDOO\�DOORZHG�WR�SXPS

RYHUQLJKW� �L�H��DW� OHDVW���KRXUV���GXULQJ�ZKLFK�LW�ZDV�KHDWHG� WR�DSSUR[LPDWHO\�����&

IRU� �� KRXUV� GXULQJ� D� EDNH� RXW� SURFHGXUH��$IWHU� WKLV� SRLQW�� WKH� EDVH� SUHVVXUH� RI� WKH

V\VWHP�ZDV�RI�RUGHU������PEDU��6SXWWHULQJ�ZDV�FDUULHG�RXW�LQ�DUJRQ��EHWWHU�WKDQ����V

SXULW\���DW�SUHVVXUHV�EHWZHHQ�����DQG���3D�GHSHQGLQJ�RQ�WKH�PDWHULDO�EHLQJ�VSXWWHUHG�

)RU�WKH�EDVH�OD\HU�RQO\�D�FRQWLQXRXV�IORZ�RI�$U�ZDV�XVHG��IRU�RWKHU�OD\HUV�WKH�V\VWHP

ZDV�FORVHG�RII� IURP�WKH�SXPSV�DQG� WKH�SUHVVXUH�VHW�E\�DGPLWWLQJ�D� IL[HG�DPRXQW�RI

JDV�� )RU� GHSRVLWLRQ� RI� QLRELXP� DQG� WXQJVWHQ� OD\HUV�� WKH� PDJQHWURQ� SRZHU� VXSSOLHV

ZHUH� FRPSXWHU� FRQWUROOHG� WR� HQVXUH� D� FRQVWDQW� VSXWWHULQJ�SRZHU��7KH� R[LGH� EDUULHUV

ZHUH�IRUPHG�E\�WKHUPDO�R[LGDWLRQ��FDUULHG�RXW�DW�D�FRQVWDQW�SUHVVXUH�RI����V�SXULW\�2
�

DW� DPELHQW� WHPSHUDWXUH�� $OO� WKH� VWDJHV� LQ� WKH� WULOD\HU� GHSRVLWLRQ� ZHUH� FDUULHG� RXW

ZLWKRXW�EUHDNLQJ�YDFXXP��WKLV�KDV�WKH�DGYDQWDJH�RI�IRUPLQJ�FOHDQ�LQWHUIDFHV�EHWZHHQ

OD\HUV�DQG�PLQLPLVLQJ�WKH�FKDQFHV�RI�GHIHFWV�LQ�WKH�GHYLFH�

)ROORZLQJ�GHSRVLWLRQ�� WKH�GHYLFHV�ZHUH� WDNHQ� WR� WKH�'HYLFH�0DWHULDOV�*URXS

FODVV�����FOHDQURRP�IRU�SURFHVVLQJ�

���� 'HYLFH�3URFHVVLQJ

$OO� WKH�GHYLFHV� WKDW�ZH�KDYH�PDGH� IRU� WKLV�ZRUN�KDYH�EHHQ� IDEULFDWHG�XVLQJ

FRQYHQWLRQDO�RSWLFDO� SKRWROLWKRJUDSKLF� WHFKQLTXHV� DQG� VWDQGDUG� WKLQ� ILOP�SURFHVVLQJ

URXWHV�� ,Q� WKLV� VHFWLRQ�ZH� GHVFULEH� LQ� GHWDLO� WKHVH� SURFHVVHV�� ,Q� ILJXUH� ����ZH� VKRZ

KRZ�WKHVH�SURFHVVHV�FDQ�EH�FRPELQHG�WR�PDNH�D�W\SLFDO�GHYLFH�VXFK�DV�WKRVH�ZH�KDYH

PDGH�

������ 3KRWROLWKRJUDSK\

�������� 5HVLVW
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'XULQJ� WKH� FRXUVH� RI� WKLV� ZRUN�� WZR� SKRWRUHVLVWV� KDYH� EHHQ� XVHG�� 6KLSOH\

0LFURSRVLW� DQG� ODWWHUO\� +RHFKVW� $=� ������ 7KH� WKLFNQHVV� RI� WKH� UHVLVW� OD\HU� ZDV

GHWHUPLQHG�E\�WKH�VSHHG�DQG�OHQJWK�DW�ZKLFK�WKH�VXEVWUDWH�DQG�UHVLVW�ZHUH�VSXQ��)RU

ERWK�UHVLVWV��ZH�VSXQ�DW������USP�IRU����VHFRQGV��7KH�VXEVHTXHQW�EDNLQJ�SURFHGXUH

ZDV�GLIIHUHQW�� IRU� WKH�6KLSOH\�0LFURSRVLW�ZH�EDNHG� IRU����PLQ� DW� ���&�� IRU� WKH�$=

�����ZH�EDNHG�IRU���PLQ�DW�����&�

)LJXUH�����3URFHVVLQJ�VWHSV�IRU�D�W\SLFDO�GHYLFH�
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)RU�WKH�UHVLVW�IRU�WKH�ZLULQJ�OD\HU�GHSRVLWLRQ�VWDJHV��VHH���������ZH�XVHG�D�VRDN

LQ�FKORUR�EHQ]HQH����PLQ�IRU�0LFURSRVLW����PLQXWHV�IRU�$=�������IROORZHG�E\�D�SRVW�

EDNH����PLQ�IRU�0LFURSRVLW����PLQ�IRU�$=�������7KLV�SURFHVV�KDUGHQV�WKH�WRS�OD\HU�RI

WKH� UHVLVW� DQG� UHVXOWV� LQ� D� RYHUKDQJ� RI� DURXQG����P� DW� WKH� HGJHV� RI� WKH� UHVLVW�� 7KLV

RYHUKDQJ�KHOSV�HQVXUH�WKDW�WKH�OLIW�RII�OD\HU�LV�UHPRYHG�VXFFHVVIXOO\�

�������� 3KRWROLWKRJUDSK\

0RVW�RI� WKH�SKRWROLWKRJUDSK\�ZDV�SHUIRUPHG�XVLQJ�D�&DQRQ�PDVN�SURMHFWLRQ

V\VWHP��ZKLFK�KDV�D�UHVROXWLRQ�RI�DSSUR[LPDWHO\����P��:H�XVHG�D�VWDQGDUG�H[SRVXUH

RI� ��� VHFRQGV�� DSDUW� IURP� WKH� ZLULQJ� OD\HU� OLIW�RII� VWDJHV� ZKHUH� DQ� H[SRVXUH� RI� ��

VHFRQGV� ZDV� XVHG�� 7KH� H[SRVHG� UHVLVW� ZDV� WKHQ� GHYHORSHG� XVLQJ� WKH� FRPPHUFLDOO\

DYDLODEOH�GHYHORSHUV�XQWLO�DOO�WKH�H[SRVHG�UHVLVW�ZDV�UHPRYHG�IURP�WKH�GHYLFH�

)RU�VRPH�GHYLFHV��ZH�QHHGHG�WR�PRGLI\�WKH�SDWWHUQ�SURGXFHG�IURP�WKH�PDVN�

(LWKHU�WKLV�ZDV�GXH�WR�PLVWDNHV�LQ�WKH�GHVLJQ�RI�WKH�PDVN��RU�WR�XQGHUWDNH�H[SHULPHQWV

IRU� ZKLFK� WKH� PDVN� VHW� ZDV� QRW� RULJLQDOO\� LQWHQGHG�� :H� DFKLHYHG� WKLV� ZLWK

FRPELQDWLRQV�RI�PXOWLSOH�H[SRVXUHV�ZLWK�WUDQVODWLRQV�RU�URWDWLRQV�RI�WKH�PDVN�DQG�E\

PRGLILFDWLRQV� ZLWK� DQ� RSWLFDO� PLFURVFRSH�� ,Q� WKH� ODWWHU� FDVH�� ZH� XVHG� D� UHIOHFWLQJ

PLFURVFRSH� DV� D� VLPSOH�;�<� VFDQQLQJ� OLWKRJUDSK\� V\VWHP��:LWK� WKH�PLFURVFRSH� VHW

IRU�PD[LPXP�PDJQLILFDWLRQ�DQG�WKH�DSHUWXUH�VWRSSHG�GRZQ�WR�WKH�PLQLPXP�ZH�ZHUH

DEOH�WR�GHILQH�OLQH�ZLGWKV�RI�DURXQG�����P�

�������� 5HVLVW�5HPRYDO

)ROORZLQJ� HDFK� SURFHVV� VWHS�� WKH� UHVLVW� OD\HU� ZDV� UHPRYHG� E\� SODFLQJ� WKH

GHYLFH� LQ� DFHWRQH� LQ� DQ� XOWUDVRQLF� EDWK� IRU� DURXQG� ��� VHFRQGV�� 7KLV� ZDV� QRUPDOO\

IROORZHG� E\� D� JHQWOH� DLUEUXVK� XVLQJ� DFHWRQH�� 7KLV� SURFHVV� ZDV� IRXQG� VXIILFLHQW� WR

UHPRYH�PRVW� RI� WKH� UHVLVW� H[FHSW� LQ� FDVHV�ZKHUH� WKH� SURFHVV� WHPSHUDWXUH� KDG� EHHQ

H[FHVVLYH��,W�ZDV�IRXQG�WKDW�UHSHDWHG�UHVLVW� OD\HUV� WHQGHG�WR�OHDYH�D� UHVLGXH�WKDW�ZDV

QRW� HDVLO\� UHPRYHG�� WKLV� ZDV� D� SUREOHP� WKDW� SDUWLFXODUO\� DIIHFWHG� WKH� 6KLSOH\

0LFURSRVLW�UHVLVW�
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������ %DVH�(OHFWURGH�(WFK

7KH�EDVH�HOHFWURGH�HWFK�SURFHVV�ZDV�XVHG�ZKHQHYHU�LW�ZDV�UHTXLUHG�WR�UHPRYH

WKH�FRPSOHWH�WULOD\HU�IURP�SDUWV�RI�WKH�VXEVWUDWH��7KH�HWFK�ZDV�FDUULHG�RXW�LQ�D�UHDFWLYH

LRQ�HWFKLQJ�V\VWHP�XVLQJ�6L&O
�

�DQG�&)
�

��$OWKRXJK�HWFKLQJ� WLPHV�ZHUH�GHSHQGHQW�RQ

WKH�WKLFNQHVV�RI�WKH�OD\HU�WR�EH�HWFKHG��IRU�RXU�GHYLFHV�ZH�W\SLFDOO\�XVHG�6L&O
�

�IRU�WHQ

WR�WZHOYH�PLQXWHV�DW�D�IRUZDUG�5)�SRZHU�EHWZHHQ����DQG�����:��ZLWK�����:�UHYHUVH

SRZHU��7KH�6L&O
�

� SUHVVXUH�ZDV� �����3D�� 7KLV�ZDV� IROORZHG�E\� DURXQG� D� �ò�PLQXWH

HWFK�XVLQJ�&)
�

�DW�D�SUHVVXUH�RI������3D��IRUZDUG�SRZHU��������:��UHYHUVH�����:��7KH

SXUSRVH�RI�WKH�&)
�

�HWFK�ZDV�WR�SDVVLYDWH�DQ\�&O�UDGLFDOV�IURP�WKH�ILUVW�VWDJH��WKLV�ZDV

GHVLJQHG� WR� KHOS� RYHUFRPH� D� SHUVLVWHQW� SUREOHP� SUHYLRXVO\� IRXQG� IRU� WKLV

V\VWHP�:DUEXUWRQ� ����D�� LQ�ZKLFK� QLRELXP� FKORULGH� JUHZ� LQ� IURP� WKH� HGJH� RI� WKH

GHYLFH�DQG�GLVUXSWHG�WKH�WULOD\HU�VWUXFWXUH�� ,W�KDV�DOVR�EHHQ�VXJJHVWHG�WKDW�LPPHUVLRQ

LQ�FROG�ZDWHU�LPPHGLDWHO\�DIWHU�WKH�GHYLFH�ZDV�UHPRYHG�IURP�WKH�V\VWHP�KHOSHG�DYRLG

WKLV�SUREOHP��:H�ZHUH�XQDEOH�WR�FRQILUP�WKDW�WKLV�ZDV�DOZD\V�HIIHFWLYH��ZH�IRXQG�WKDW

WKH�PD[LPXP�WHPSHUDWXUH�RI�WKH�GHYLFH�GXULQJ�WKH�HWFK�ZDV�PRUH�FULWLFDO�

������ &RXQWHU�HOHFWURGH�0HVD�(WFK

,Q� D� ZKROH� ZDIHU� URXWH�� LW� LV� RIWHQ� XVHIXO� WR� UHPRYH� VHOHFWLYHO\� WKH� WRS

HOHFWURGH� IURP� D� UHJLRQ� RI� WKH� GHYLFH��:H� DFKLHYHG� WKLV� E\� HWFKLQJ� XVLQJ� &)
�

�� IRU

ZKLFK�$O�LV�DQ�HIIHFWLYH�HWFK�VWRS��7ZR�VLPLODU�V\VWHPV�ZHUH�XVHG�IRU�WKLV�ZRUN��2QH�

D� SDUDOOHO� SODWH� HWFKHU�� DOWKRXJK� PRUH� HIIHFWLYH�� SURYHG� WR� EH� YHU\� XQUHOLDEOH�� 7KH

VHFRQG�V\VWHP��D�SODVPD�HWFKHU��ZDV�WKHUHIRUH�XVHG�IRU�PRVW�RI�WKH�GHYLFHV��3ULRU� WR

HWFKLQJ�ZLWK� WKH�&)
�

�SODVPD��D�FOHDQLQJ�VWDJH� LQ�2
�

� �����:�IRUZDUG�����:�UHYHUVH�

IRU�RQH�PLQXWH��ZDV�HPSOR\HG�WR�UHPRYH�DQ\�RUJDQLF�PDWHULDO�IURP�WKH�UHJLRQ�WR�EH

HWFKHG��7KLV�ZDV� WKHQ� IROORZHG�E\� WKH�&)
�

� HWFK� �����:� IRUZDUG�����:� UHYHUVH�� IRU

EHWZHHQ���DQG���PLQXWHV���7KH�FRPSOHWHQHVV�RI�WKH�HWFK�FRXOG�EH�YHULILHG�HDVLO\�DV�$O

LV�VLJQLILFDQWO\�EULJKWHU�ZKHQ�YLHZHG�XQGHU�ZKLWH�OLJKW�WKDQ�WKH�RWKHU�PHWDOV�XVHG�LQ

WKHVH�GHYLFHV�
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������ 6HOHFWLYH

$QRGLVDWLRQ

7R� SURYLGH� LVRODWLRQ� RI� WKH

ZLULQJ�OD\HUV�IURP�WKH�EDVH�OD\HUV�ZKHUH

FRQWDFW� ZDV� QRW� UHTXLUHG�� ZH� XVHG� D

SURFHVV�RI�VHOHFWLYH�DQRGLVDWLRQ��%ULHIO\�

WKH�DUHD�WR�EH�DQRGLVHG�ZDV�GHILQHG�E\�D

SKRWRUHVLVW� OD\HU� WKDW� FRYHUHG� WKH

UHPDLQGHU� RI� WKH� GHYLFH��$�GURSOHW� RI� D

EXIIHUHG� HOHFWURO\WH� VROXWLRQ� �.URJHU

������ ZDV� SODFHG� RYHU� WKH� ZLQGRZ� LQ

WKH� UHVLVW� OD\HU�� DQG� HOHFWULFDO� FRQWDFW

PDGH�WR�WKH�GURSOHW�DQG�WR�D�FRQWDFW�SDG

RQ�WKH�FKLS�DZD\�IURP�WKH�GURSOHW��$�FRQVWDQW�FXUUHQW�RI�RUGHU����$��GHSHQGHQW�RQ�WKH

VL]H� RI� WKH� UHJLRQ� WR� EH� DQRGLVHG�� ZDV� SDVVHG�� $V� WKH� R[LGH� IRUPHG�� WKH� YROWDJH

LQFUHDVHG�XQWLO�D�SUH�VHW�HQG�SRLQW�ZDV�UHDFKHG��ZKHUHXSRQ�WKH�FXUUHQW�ZDV�WXUQHG�RII�

'XULQJ� WKH� DQRGLVDWLRQ�� WKH� YROWDJH� DQG� UDWH� RI� FKDQJH� RI� YROWDJH� ZHUH

PRQLWRUHG��7KH�UDWH�RI�FKDQJH�RI�YROWDJH�JLYHV�LQIRUPDWLRQ�DV�WR�WKH�PDWHULDO� WKDW� LV

EHLQJ� DQRGLVHG� �VHH� ILJXUH� ����� DQG� ZDV� XVHG� WR� YHULI\� WKH� VXFFHVV� RI� FRXQWHU�

HOHFWURGH�HWFKHV�DQG�WR�FKHFN�WKH�OD\HU�WKLFNQHVV�DQG�EDUULHU�LQWHJULW\�LQ�WKH�WULOD\HUV�

,Q�DGGLWLRQ��DQRGLVHG�1E�VKRZV�GLVWLQFWLYH�FRORXUV�DFFRUGLQJ�WR�WKH�WKLFNQHVV�RI�PHWDO

DQRGLVHG� �VHH� ILJXUH� ����� ZKLFK� JDYH� D� YLVLEOH� LQGLFDWLRQ� RI� WKH� SURJUHVV� RI� WKH

DQRGLVDWLRQ� SURFHVV�� 7KHVH� WHFKQLTXHV� SURYHG� LQYDOXDEOH� DV� PDQ\� SUREOHPV� ZHUH

HQFRXQWHUHG� LQ� VXFFHVVIXOO\� HWFKLQJ� DQG� DQRGLVLQJ� WKH� PDWHULDO�� (YHQWXDOO\� WKH

PDMRULW\�RI�WKHVH�SUREOHPV�ZHUH�UHVROYHG��DQG�WKH�FDXVH�ZDV�DVFULEHG�WR�RXW�RI�GDWH

UHVLVW�

&RXQWHU�(OHFWURGH

Counter
Electrode
Al

Barrier

Base Electr
Al

)LJXUH�����7UDFH�RI�YROWDJH��VFDOH�UXQV�XS��DQG�UDWH
RI�FKDQJH�RI�YROWDJH��ODEHOOHG��VFDOH�UXQV�GRZQ�
GXULQJ�DQRGLVDWLRQ��6FDOHV�DUH���9GLY���DQG���9V�
�GLY����KRUL]RQWDO�VFDOH���GLY�PLQ���
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)RU�VRPH�RI�RXU�GHYLFHV��WKH�PDVN�GHVLJQ�UHTXLUHG�WKH�DUHDV�WR�EH�DQRGLVHG�WR

EH� WHPSRUDULO\�FRQQHFWHG� WRJHWKHU� VR� WKDW� WKHUH�ZDV� DQ�HOHFWULFDO� FRQQHFWLRQ� IRU� WKH

DQRGLVDWLRQ��,Q�WKHVH�FDVHV��WKLV�OLQN�ZDV�UHPRYHG�XVLQJ�WKH�VDPH�HWFKLQJ�V\VWHP�DQG

SDUDPHWHUV�DV�WKH�EDVH�HOHFWURGH�HWFK��VHFWLRQ��������

������ :LULQJ�/D\HU�'HSRVLWLRQ

7KH� ILQDO� SURFHVVLQJ� VWHS� WKDW� ZH� FRQVLGHU� LV� WKH� GHSRVLWLRQ� RI� WKH� ZLULQJ

LQWHUFRQQHFWV�� 2YHU� WKH� FRXUVH� RI� WKH� ZRUN� ZH� KDYH� GHSRVLWHG� D� ZLGH� UDQJH� RI

VWUXFWXUHV� EDVHG� DURXQG� WKUHH�PHWDOV��1E�� 3G� DQG�$X�� 7KH�ZLULQJ� OD\HUV� KDYH� EHHQ

GHSRVLWHG� XVLQJ� D� OLIW�RII� WHFKQLTXH�� ZKHUHE\� WKH� ILOP� LV� GHSRVLWHG� RQ� WRS� RI� D

SDWWHUQHG� UHVLVW� ILOP��$IWHU� WKH�GHSRVLWLRQ� WKH� UHVLVW� LV� GLVVROYHG� LQ� DFHWRQH�� DQG� WKH

ILOP�RQ�WKH�UHVLVW�LV�IORDWHG�RII��OHDYLQJ�ILOP�RQO\�ZKHUH�WKH�UHVLVW�KDG�EHHQ�H[SRVHG

DQG�GHYHORSHG�SULRU�WR�GHSRVLWLRQ�

)LJXUH�����&KDUDFWHULVWLF�FRORXUV�UHVXOWLQJ�IURP�DQRGLVDWLRQ�RI�1E��SLFWXUH�FRXUWHV\�RI�*��GH�0XLMQFN��
7KH�ODEHOOHG�VFDOHV�DUH�HVWLPDWHV�RI�WKH�WKLFNQHVV�RI�1E�R[LGLVHG�DQG�WKH�UHTXLUHG�YROWDJH��ZKLFK�ZHUH
XVHG�WR�KHOS�YHULI\�FRUUHFW�DQRGLVDWLRQ�
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�������� 1E�3G�6SXWWHULQJ

7KH�1E�DQG�3G�OD\HUV��DQG�ODWWHUO\�WKH�$X�DV�ZHOO��LQ�WKH�ZLULQJ�LQWHUFRQQHFWV

ZHUH�GHSRVLWHG�E\�VSXWWHULQJ�LQ�D�KLJK�YDFXXP�GHSRVLWLRQ�V\VWHP�ZLWKLQ� WKH�'HYLFH

0DWHULDOV�*URXS�FOHDQURRP��7KH�V\VWHP�LV� ILWWHG�ZLWK�D�ZDWHU�FRROHG�VDPSOH�KROGHU

WKDW�PD\�EH� SRVLWLRQHG� IRU� VSXWWHULQJ� IURP� D� IL[HG�ZDWHU�FRROHG�PDJQHWURQ�� IURP� D

VWDQG�LQ�XQ�FRROHG�PDJQHWURQ�RU�SRVLWLRQHG�VR�WKDW�WKH�VDPSOH�FDQ�EH�PLOOHG�E\�DQ�$U

LRQ� EHDP� PLOOLQJ� JXQ�� 7KH� IL[HG� PDJQHWURQ� ZDV� HTXLSSHG� ZLWK� D� 1E� WDUJHW�� WKLV

SHUPLWWHG�D�YHU\�KLJK�1E�GHSRVLWLRQ�UDWH�WKDW�LV�UHTXLUHG�WR�SURGXFH�VXSHUFRQGXFWLQJ

1E�LQ�ZKDW�WHQGV�RWKHUZLVH�WR�EH�D�UHODWLYHO\�GLUW\�V\VWHP��7KH�V\VWHP�LV�SXPSHG�YLD

D�FRQYHQWLRQDO�FRPELQDWLRQ�RI�DQ�RLO�EDVHG�GLIIXVLRQ�SXPS�DQG�URWDU\�SXPS��DQG�KDV

D�EDVH�SUHVVXUH�RI�DSSUR[LPDWHO\��������PEDU�

3ULRU�WR�GHSRVLWLRQ��WKH�GHYLFH�ZDV�VXEMHFWHG�WR�D�EULHI�LRQ�PLOO�WR�UHPRYH�DQ\

RUJDQLF�FRQWDPLQDQWV�IURP�WKH�VXUIDFH�WR�EH�GHSRVLWHG�RQ��7KH�PLOOLQJ�WLPH��DQG�EHDP

YROWDJH� DQG� FXUUHQW� ZHUH� UDGLFDOO\� GLIIHUHQW� IRU� WKH� WZR� UHVLVWV� XVHG�� &RQVLGHUDEOH

WLPH� ZDV� VSHQW� UH�RSWLPLVLQJ� WKH� PLOOLQJ� FRQGLWLRQV� DIWHU� WKH� $=����� UHVLVW� ZDV

LQWURGXFHG��DV�WKH�$=�����VHHPHG�WR�OHDYH�PXFK�OHVV�UHVLGXH�IURP�WKH�GHYHORSHG�DUHD

WKDQ� WKH� 0LFURSRVLW� UHVLVW�� :LWKRXW� PLOOLQJ�� KRZHYHU�� WKH� GHYLFHV� H[SHULHQFHG

VLJQLILFDQW�VHULHV� UHVLVWDQFH��RI�RUGHU�RI����W� IRU�D������P� MXQFWLRQ��FRPSDUHG� WR�D

QRUPDO�VWDWH�UHVLVWDQFH�RI�RUGHU���W���7KHVH�SUREOHPV�ZHUH�UHVROYHG�E\�GHFUHDVLQJ�WKH

EHDP�YROWDJH��IURP�����9�WR�����9���WKH�EHDP�FXUUHQW��IURP������P$�WR�����P$���IRU

D�EHDP�ZLWK�DQ�GLDPHWHU�RI�DERXW�DQ�LQFK��DQG�PLOOLQJ�WLPH��IURP����VHF��WR���VHF���

�������� $X�(YDSRUDWLRQ

)RU� WKH�GHYLFHV� UHSRUWHG� LQ�FKDSWHU���� WKH�JROG� OD\HU� LQ� WKH�ZLULQJ� OD\HU�ZDV

GHSRVLWHG� E\� HYDSRUDWLRQ�� XVLQJ� DQ� HOHFWURQ�EHDP�� ZLWK� D� EDVH� SUHVVXUH� RI

DSSUR[LPDWHO\��������PEDU��%HIRUH�GHSRVLWLQJ�$X�LQ�WKH�HYDSRUDWRU��D�OD\HU�RI�3G�ZDV

VSXWWHUHG� DV� GHVFULEHG� DERYH�� 7KH� GHYLFHV�� PRXQWHG� RQ� PHWDO� KROGHU�� ZHUH� WKHQ

WUDQVIHUUHG� IURP� WKH� VSXWWHULQJ� V\VWHP� WR� WKH� HYDSRUDWRU��7KLV� SURFHVV� UHTXLUHG� WKDW

WKH�GHYLFHV�EH�H[SRVHG�WR�DWPRVSKHUH�EHWZHHQ�OD\HU�GHSRVLWLRQV�ZLWK�DVVRFLDWHG�ULVNV

RI� FRQWDPLQDWLRQ�� )XUWKHUPRUH�� IRU� WKH� GHYLFHV� ZH� GLVFXVV� LQ� FKDSWHU� ��� ZH� WKHQ

QHHGHG�WR�VSXWWHU�D�IXUWKHU�1E�OD\HU��ZKLFK�PHDQW�DQRWKHU�FKDQJH�RI�V\VWHP�EDFN�WR
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RXU� VSXWWHULQJ� V\VWHP�� ,Q� DGGLWLRQ� WR� WKH� WZR� H[SRVXUHV� WR� DWPRVSKHUH� EHWZHHQ

GHSRVLWLRQV��WKH�UHVXOWDQW�WLPH�GHPDQGV�RQ�HTXLSPHQW�ZHUH�QRW�DOZD\V�VXVWDLQDEOH��7R

RYHUFRPH�WKLV��ZH�DVVHPEOHG�D�JROG�VSXWWHULQJ�WDUJHW�LQ�SODFH�RI�WKH�VWDQG�LQ�3G�WDUJHW

DQG�IRU�ODWHU�ZRUN�GLG�DZD\�ZLWK�3G�FRKHVLRQ�OD\HUV�DQG�VSXWWHUHG�$X�OD\HUV�GLUHFWO\�

���� 'HYLFH�&KDUDFWHULVDWLRQ�DQG�0HDVXUHPHQW

,Q�ILJXUH�����ZH�VKRZ�D�SLFWXUH�RI�D�FURVV�VHFWLRQ�RI�D�FRPSOHWHG�GHYLFH�WDNHQ

XVLQJ� WKH�GHSDUWPHQW
V� IRFXVVHG� LRQ�EHDP�V\VWHP��7KH� JUDLQ� VWUXFWXUH�RI� WKH�ZLULQJ

OD\HU�LV�FOHDUO\�VKRZQ��DV�LV�WKH�JUDLQ�VWUXFWXUH�LQ�WKH�1E�EDVH��7KH�DQRGLVHG�PDWHULDO

VKRZV� XS� DV� D� EULJKW� OLQH� GXH� WR� FKDUJLQJ� HIIHFWV�� 7KLV� WHFKQLTXH� SURYLGHV� D

IDVFLQDWLQJ� LQVLJKW� LQWR� GHYLFH� PLFURVWUXFWXUH� DQG� DQ� H[FHOOHQW� GLDJQRVWLF� WRRO� LQ

GHYLFH�IDEULFDWLRQ��8QIRUWXQDWHO\��LW�ZDV�DYDLODEOH�RQO\�LQ�WKH�ODWWHU�KDOI�RI�WKLV�ZRUN

DQG�VR�ZH�ZHUH�XQDEOH� WR�PDNH�PXFK�XVH�RI� LW� IRU�GLDJQRVLQJ� WKH�PDQ\�SURFHVVLQJ

SUREOHPV�HQFRXQWHUHG�

)LJXUH�����)RFXVVHG�LRQ�EHDP�FURVV�VHFWLRQ�RI�D�FRPSOHWHG�GHYLFH���3LFWXUH�FRXUWHV\�RI�'U��'��)RRUG�
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������ 5HVLGXDO�5HVLVWDQFH�5DWLR

:H�KDYH�GLVFXVVHG� WKH�XVH�RI� UHVLVWDQFH� UDWLR�PHDVXUHPHQWV� IRU�GHWHUPLQLQJ

WKH� HOHFWURQ�PHDQ� IUHH� SDWK� LQ� WKLQ� ILOPV� LQ� VHFWLRQ� ���������:H� KDYH�PHDVXUHG� WKH

UHVLGXDO�UHVLVWDQFH�UDWLR�LQ�RXU�ILOPV�XVLQJ�D�VLPSOH�SRJR�SLQ�SUREH���L�H��ZKHUH�FRQWDFW

LV�PDGH� WR� WKH� VXUIDFH� RI� WKH� ILOP� YLD� VSULQJ�ORDGHG� SLQV�� XVLQJ� D� FRQVWDQW� FXUUHQW

VXSSO\� DQG� VWDQGDUG� GLJLWDO� YROWPHWHUV�� )RU� FRPSOHWHG� GHYLFHV� ZH� VLPSO\� XVHG� RXU

VWDQGDUG� PHDVXUHPHQW� VHW�XS� DQG� H[WUDFWHG� WKH� UHVLVWDQFH� IURP� OLQHDU� ILWV� WR� WKH

FXUUHQW�YROWDJH�FKDUDFWHULVWLF�

������ ;�UD\�5RFNLQJ�&XUYH

$OWKRXJK�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�ZLGWK�RI�SHDNV�LQ�DQ�;�UD\�GLIIUDFWLRQ

SDWWHUQ�RI�D�ILOP�DQG�WKH�PHDQ�IUHH�SDWK�RI�HOHFWURQV�LV�DOVR�GHSHQGHQW�RQ�PDQ\�RWKHU

IDFWRUV�WR�GR�ZLWK�WKH�GLIIUDFWRPHWHU�VHW�XS��LW�LV�WKH�FDVH�WKDW�TXDOLWDWLYH�LQIRUPDWLRQ

FDQ�EH�REWDLQHG��:KLOH�RSWLPLVLQJ�RXU�GHSRVLWLRQ�SURFHVV�WR�JURZ�HSLWD[LDO�ILOPV�ZH

�

����

����

����

����

����

����

����

����

�� ���� �� ���� �� ����

&KLS����+RW�
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&KLS���

&KLS�����&ROG�
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)LJXUH�����;�UD\�URFNLQJ�FXUYHV�IRU�RQH�UXQ�RI�ILOPV�JURZQ�RQ�WKH�YDULDEOH�ZLGWK�VDPSOH�KROGHU�
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XVHG�WKH�ZLGWK�RI�D�GLIIUDFWHG�SHDN��WKH�
URFNLQJ�FXUYH�ZLGWK
��PHDVXUHG�LQ�D�YHUWLFDO

;�UD\�GLIIUDFWRPHWHU�DV�DQ� LQGLFDWLRQ�RI� WKH� UHODWLYH�HSLWD[\�ZLWKLQ�RQH�UXQ�RI� ILOPV

ZKHUH�HDFK�VXEVWUDWH�ZDV�DW�D�VOLJKWO\�GLIIHUHQW�WHPSHUDWXUH��,Q�ILJXUH�����ZH�VKRZ�D

SORW� RI� WKH� URFNLQJ� FXUYH�ZLGWKV� IRU� VDPSOHV� IURP� RQH� SDUWLFXODU� UXQ�� VKRZLQJ� WKH

UDQJH�RI�YDULDWLRQ�LQ�ZLGWK�DQG�KHLJKW�WKDW�ZH�REWDLQHG�

)LJXUH�����6FKHPDWLF�RI�RXU�PHDVXUHPHQW�VHW�XS��RULJLQDO�ILJXUH�FRXUWHV\�RI�'U��:�(��%RRLM�DQG
XSGDWHG�E\�WKH�DXWKRU�
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������ &RPSXWHU�6RIWZDUH�DQG�+DUGZDUH

$OWKRXJK� ZH� KDYH� XVHG� PDQ\� GLIIHUHQW� FU\RJHQLF� SUREHV� LQ� WKLV� ZRUN�� WKH

URRP� WHPSHUDWXUH� HOHFWURQLFV�� GDWD� DFTXLVLWLRQ� DQG� SURFHVVLQJ� VHW�XS� KDYH� EHHQ

VLPLODU�

)RU� VRPH� VLPSOH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� PHDVXUHPHQWV�� ZH� XVHG

VHSDUDWH�FRQVWDQW�FXUUHQW�VXSSOLHV�DQG�YROWDJH�DPSOLILHUV�DQG�DFTXLUHG�WKH�GDWD�XVLQJ�D

1LFROHW������GLJLWLVLQJ�RVFLOORVFRSH��7KH�GDWD�ZDV�WKHQ�WUDQVIHUUHG�YLD�*3,%�EXV�WR

DQ� $SSOH� 0DFLQWRVK�� FRPSXWHU� IRU� SURFHVVLQJ� XVLQJ� D� 1DWLRQDO� ,QVWUXPHQWV

/DE9,(:��EDVHG�SURJUDP��ZULWWHQ�E\�WKH�DXWKRU��DQG�VDYHG�WR�GLVF�

7KH�EXON�RI�WKH�UHVXOWV�UHSRUWHG�LQ�WKLV�ZRUN�ZHUH�REWDLQHG�XVLQJ�DQ�LQWHJUDWHG

GXDO� FXUUHQW� VXSSO\� DQG� ORZ�QRLVH� YROWDJH� DPSOLILHU� VHW� FRQVWUXFWHG� E\�'U��:LOIUHG

%RRLM��7KH�FXUUHQW�PRQLWRU�VLJQDO�DQG�DPSOLILHG�YROWDJH�UHVSRQVH�ZHUH�WKHQ�GLJLWLVHG

XVLQJ�D�1DWLRQDO�,QVWUXPHQWV�/DE1%�����ELW�GLJLWLVLQJ�DQDORJXH�WR�GLJLWDO�FRQYHUWHU

ERDUG�DQG�WKH�GDWD�SURFHVVHG�E\�D�/DE9,(:��SURJUDP�ZULWWHQ�ODUJHO\�E\�WKH�DXWKRU

DQG� UXQQLQJ� RQ� DQ� $SSOH� 0DFLQWRVK�� 4XDGUD� ����� 2XU� VRIWZDUH� SURJUDP� ZDV

)LJXUH������6FUHHQVKRW�RI�WKH�/DE9,(:��PHDVXUHPHQW�SURJUDP�LQ�DFWLRQ�
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FDSDEOH�RI�UHFRUGLQJ�XS�WR�IRXU�FKDQQHOV�RI�GDWD�VLPXOWDQHRXVO\�ZKLOVW�FRQWUROOLQJ�D

VHSDUDWH� PDJQHWLF� FRLO� SRZHU� VXSSO\�� PLFURZDYH� SRZHU� VXSSO\�� RU� SURYLGLQJ� D

FRQWUROOHG� FXUUHQW� WR� WKH� GHYLFH�� )LJXUH� ���� VKRZV� D� VFKHPDWLF� RI� RXU�PHDVXUHPHQW

VHW�XS� DQG� ILJXUH� ����� D� VFUHHQ� VKRW� RI� WKH� SURJUDP� ZKLOVW� PHDVXULQJ� RQH� RI� WKH

DXWKRU¶V�GHYLFHV��7KH�DFTXLUHG�GDWD�ZDV� VDYHG� WR�GLVF� DV� D� VHULHV�RI� FXUUHQW�YROWDJH

FKDUDFWHULVWLFV� DQG� ZDV� WKHQ� DQDO\VHG� RIIOLQH� XVLQJ� D� VHFRQG� FXVWRP� ZULWWHQ

/DE9,(:��SURJUDP�WR�H[WUDFW�DQG�SURFHVV�WKH�GHVLUHG�GDWD�

������ ����.�0HDVXUHPHQWV

:H�KDYH�XVHG�WZR�GLIIHUHQW�SUREHV�WR�PHDVXUH�GHYLFHV�DW�����.��ERWK�KRZHYHU

EHLQJ�GLSSHG�LQWR��+H�VWRUDJH�GHZDUV��7KH�ILUVW��FRQVWUXFWHG�E\�'U��+LOHQ�$PLQ��ZDV

DOVR�XVHG�IRU�RXU�PHDVXUHPHQWV�DW�����.��7KLV�SUREH�XVHG�WZR�URZV�RI�HLJKW�SRJR�SLQV

WR�PDNH�FRQWDFW�WR�WKH�SDGV�RQ�WKH�GHYLFH�WKDW�ZDV�PRXQWHG�RQ�D�VPDOO�FRSSHU�EORFN

ZLWK� YDFXXP� JUHDVH�� 7KH� SUREH� KDG� QR� WKHUPRPHWU\� DWWDFKHG� GLUHFWO\� WR� LW�� VR� ZH

UHOLHG� HLWKHU� RQ� WKH� VDPSOH� EHLQJ� DW� D� NQRZQ� WHPSHUDWXUH� �LQ� WKH� FDVH� RI� ����.

PHDVXUHPHQWV���RU�WKHUPRPHWHUV�PRXQWHG�HOVHZKHUH�RQ�WKH�V\VWHP��LQ�WKH�FDVH�RI�WKH

����.�PHDVXUHPHQWV���$�PDJQHWLF�ILHOG�FRXOG�EH�DSSOLHG�HLWKHU�E\�XVLQJ�VWURQJ�KDQG

PDJQHWV�RXWVLGH�WKH�VWRUDJH�GHZDU��RU�E\�WKH�XVH�RI�D�VPDOO�SDLU�RI�FRLOV�ZKLFK�FRXOG

EH�VOLG�RYHU�WKH�SUREH�DURXQG�WKH�VDPSOH�DUHD��7KH�SULQFLSOH�DGYDQWDJH�RI�WKLV�SUREH

ZDV� WKDW� LWV� QDUURZ� GLDPHWHU� SHUPLWWHG� LWV� XVH� LQ� WKH� 2[IRUG� ,QVWUXPHQWV� /DPEGD�

3ODWH��LQVHUW�IRU�PHDVXUHPHQWV�GRZQ�WR�����.�

7KH�VHFRQG�SUREH�XVHG�ZDV�FRQVWUXFWHG�E\�'U��:LOIUHG�%RRLM��7KH�GHYLFH� LV

PRXQWHG�RQ�D�VPDOO�FKLS�KROGHU�DQG�FRQWDFW�LV�PDGH�E\�ZLUHERQGLQJ��7KH�KROGHU�LV��LQ

WXUQ��SOXJJHG�LQWR�D�VWDQGDUG� 
'
�VRFNHW�DQG�XS�WR�QLQHWHHQ�VLJQDO�OLQHV�DUH�OHG�WR�WKH

URRP�WHPSHUDWXUH�SDUW�ZKHUH�WKH\�DUH�ILOWHUHG�DQG�FRQQHFWHG�WR�WKH�HOHFWURQLFV��7KLV

SUREH� KDV� EXLOW�LQ� FRLOV� LQ� WZR� RULHQWDWLRQV� �DOWKRXJK� IRU� RXU� GHYLFHV� RQO\� RQH

RULHQWDWLRQ� DSSOLHV� WKH� ILHOG� LQ� WKH� SODQH� RI� WKH� MXQFWLRQV��� KHDWHU� DQG� WKHUPRPHWHU�

([WHUQDO� VWUD\�PDJQHWLF� ILHOGV�DUH�PLQLPLVHG�E\�VXUURXQGLQJ� WKH� VDPSOH� DUHD�RI� WKH

SUREH�LQ�D�QXPHWDO�VKLHOG��7KH�SUREH�DOVR�IHDWXUHV�D�PLFURZDYH�ZDYH�JXLGH��KRZHYHU

WKLV�ZDV�QRW�XVHG�LQ�WKLV�ZRUN�
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������ ����.

0HDVXUHPHQWV

)RU� PHDVXUHPHQWV� DW� ����.� ZH

XVHG� DQ� 2[IRUG� ,QVWUXPHQWV� /DPEGD�

3ODWH��LQVHUW��7KLV�LV�GHVLJQHG�WR�ILW�LQ�D

VWDQGDUG� ���PP� QHFN� RI� D� +H� VWRUDJH

GHZDU�� 7KH� VDPSOH� VSDFH� LV� LVRODWHG

IURP� WKH� PDLQ� GHZDU� VSDFH� E\� D� SUH�

SXPSHG� FDYLW\�� $� SUREH� FRQWDLQLQJ� WKH

GHYLFH� WR� EH� PHDVXUHG� LV� WKHQ� ORZHUHG

LQWR� WKH� VDPSOH� VSDFH� RI� WKH� LQVHUW�� %\

SXPSLQJ�RQ�D�OLQH�DWWDFKHG�WR�WKH�ERWWRP

RI� WKH� VDPSOH� VSDFH�� WKH� +H� LQ� WKH

VDPSOH� VSDFH� FDQ� EH� FRROHG� WR� WKH

ODPEGD�SRLQW�RI�+H������.��LQ�RQO\�D�IHZ

PLQXWHV�� 7KH� SULQFLSOH� GLVDGYDQWDJH

ZLWK�WKLV�V\VWHP�LV�WKDW�WKH�VDPSOH�VSDFH

LV� UHODWLYHO\� UHVWULFWHG�� ZLWK� DQ� LQWHUQDO

GLDPHWHU� RI� OHVV� WKDQ� ���� 7KLV� LPSRVHV

TXLWH�WLJKW�FRQVWUDLQWV�RQ�WKH�GHVLJQ�RI�WKH�VDPSOH�SUREH��DQG�LQ�SDUWLFXODU�LQ�RXU�FDVH

SUHFOXGHG�WKH�XVH�RI�DQ\�RI�RXU�ZLUHERQGLQJ�GHVLJQV�

������ �����.�0HDVXUHPHQWV

7KH�EXON�RI�WKH�PHDVXUHPHQWV�UHSRUWHG�LQ�WKLV�WKHVLV�KDYH�EHHQ�FDUULHG�RXW�DW�D

WHPSHUDWXUH� RI� ���������.�� 7KLV� KDV� EHHQ� DFKLHYHG� XVLQJ� DQ� 2[IRUG� ,QVWUXPHQWV

+HOLR[���+H�V\VWHP�ZKLFK�LV�GHVLJQHG�WR�EH�ILW�LQWR�D��+H�VWRUDJH�GHZDU�DQG�KDV�D

EDVH� WHPSHUDWXUH�RI�����.��$� VFKHPDWLF�RI� WKH� V\VWHP� LV� VKRZQ� LQ� ILJXUH� ������7KH

ILUVW�VWDJH�LQ�LWV�RSHUDWLRQ��IROORZLQJ�SXPSLQJ�WKH�VDPSOH�VSDFH��LV�WR�FRRO�WR�����.�LQ

OLTXLG� +H� �ZLWK� D� SUH�FRRO� VWDJH� LQ� OLTXLG� 1
�

��� 2QFH� WKH� SUREH� LV� FRROHG�� WKH� �+H

VRUSWLRQ� FKDUFRDO� LV� KHDWHG�ZKLOVW� WKH���.�SRW� LV� ILOOHG�ZLWK� �+H�YLD� D� FDSLOODU\� DQG

QHHGOH� YDOYH� ZKLOVW� EHLQJ� SXPSHG� E\� D� URWDU\� SXPS�� 7KLV� UHVXOWV� LQ� WKH� ��.� SRW

)LJXUH������6FKHPDWLF�RI�WKH�+HOLR[��V\VWHP�
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WHPSHUDWXUH�IDOOLQJ�VR�WKDW��+H�FRQGHQVHV�DQG�UXQV�GRZQ�WR�WKH��+H�SRW�RQ�ZKLFK�WKH

VDPSOH�LV�PRXQWHG��7KH�VDPSOH�FDQ�QRZ�EH�FRROHG�WR�EDVH�WHPSHUDWXUH�E\�FHDVLQJ�WR

KHDW�WKH�FKDUFRDO�VRUSWLRQ�SXPS��ZKLFK�ZLOO�WKHUHIRUH�VWDUW�WR�SXPS�RQ�WKH��+H��7KH

EDVH�WHPSHUDWXUH�LV�UHDFKHG�LQ�DV�OLWWOH�DV�WZR�KRXUV�DIWHU�VWDUWLQJ��7HPSHUDWXUHV�LQ�WKH

UDQJH� ��������.� DUH� DFKLHYHG� E\� KHDWLQJ� WKH� FKDUFRDO� VRUSWLRQ� SXPS� WR� UHGXFH� LWV

HIILFDF\��$ERYH�WKLV�WHPSHUDWXUH��KRZHYHU��WKHUH�LV�QR�OLTXLG��+H�OHIW��VR�WKH�VDPSOH�LV

GLUHFWO\�KHDWHG��ZLWK�WKLV�KHDWLQJ�EHLQJ�EDODQFHG�E\�LQGLUHFW�FRROLQJ�IURP�WKH���.�SRW�

:LWK�SUDFWLFH�� WKH� IXOO� UDQJH�RI� WHPSHUDWXUHV�EHWZHHQ�����DQG����.�FDQ�EH� UHDFKHG�

DOWKRXJK�VWDELOLW\�FDQ�EH�SUREOHP��ZLWK�WHPSHUDWXUH�VZLQJV�RI�XS�WR����RYHU�SHULRGV

RI�PLQXWHV�QRW�EHLQJ�XQNQRZQ�

7KH�VDPSOH�ZDV�PRXQWHG�LQ�D�KROGHU�V\VWHP�GHVLJQHG�E\�WKH�DXWKRU��VHH�ILJXUH

�������7KH�VDPSOH�LV�PRXQWHG�RQ�FLUFXLW�ERDUG�DQG�FRSSHU�KROGHU��ZLWK�FRQWDFW�EHLQJ

PDGH� E\� ZLUHERQGLQJ�� 7KH� KROGHU� LV� WKHQ� DWWDFKHG� WR� D� IL[HG� ORZHU� VWDJH� ZKLFK

FRQVLVWV� RI� D� FRSSHU� EORFN� DQG� ����� GXDO�LQ�OLQH� VRFNHW�� 7KH� ZKROH� DVVHPEODJH� LV

)LJXUH������3LFWXUH�RI�WKH�VDPSOH�KROGHU�XVHG�LQ�WKH�+HOLR[��V\VWHP��7KH�LQVHW�LV�D�FRPSXWHU�
JHQHUDWHG�GHWDLO�RI�WKH�VDPSOH�KROGHU�ZLWKRXW�ZLULQJ�DQG�GXDO�LQ�OLQH�FRQQHFWRUV�
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EROWHG�WR�WKH��+H�SRW�RI� WKH�+HOLR[���7KH�WKLQ�FRSSHU�VLJQDO�ZLUHV�DUH�SHUPDQHQWO\

VROGHUHG� IURP� WKH� GXDO� LQ� OLQH� VRFNHW� WR� WKH� H[SHULPHQWDO� ZLULQJ� SRUWV� RQ� WKH

+HOLR[���7KLV�GHLJQ�RI�KROGHU�KDV�QRZ�EHHQ�DGRSWHG�IRU�D�YDULHW\�RI�SUREH�GHVLJQV

ZLWKLQ�RXU�JURXS�



&KDSWHU���

(SLWD[LDO�1LRELXP�6,6�'HYLFHV
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���

���� ,QWURGXFWLRQ

,Q� WKLV� FKDSWHU�� ZH� SUHVHQW� ZRUN� RQ� GRXEOH� WXQQHO� MXQFWLRQ� GHYLFHV� ZLWK

HSLWD[LDO� QLRELXP� EDVH� HOHFWURGHV� DQG� SRO\FU\VWDOOLQH� QLRELXP� FRXQWHU�HOHFWURGHV�

7KHVH� GHYLFHV�� XQOLNH� WKH� VXSHUFRQGXFWRU�LQVXODWRU�QRUPDO� PHWDO� MXQFWLRQ� EDVHG

GHYLFHV� GLVFXVVHG� LQ� WKH� FKDSWHUV� �� DQG� ��� DUH� SULPDULO\� VHQVLWLYH� WR� TXDVLSDUWLFOH

GHQVLW\� LQ� WKH�FRPPRQ�EDVH�HOHFWURGH�DQG�KDYH�EHHQ�XVHG� WR� H[DPLQH� WKH�GLIIXVLRQ

SURFHVVHV�RI�TXDVLSDUWLFOHV�LQ�WKH�1E�EDVH�HOHFWURGH�

,Q�GLVFXVVLQJ�WKH�UHVXOWV�WKDW�ZH�KDYH�REWDLQHG�IRU�WKHVH�GHYLFHV��ZH�FRPSDUH

WKHP�ZLWK� WKRVH� IURP� VLPLODU� GHYLFHV� UHSRUWHG� E\�:DUEXUWRQ�:DUEXUWRQ� ����D��� LQ

SDUWLFXODU� UHODWLQJ� WKH� GLIIHUHQFHV� LQ� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� WR� GLIIHUHQW� GHYLFH

IDEULFDWLRQ�URXWHV�XVHG��%\�XVH�RI�D�VLPSOH�WZR�GLPHQVLRQDO�UDQGRP�ZDON�PRGHO�ZH

VKRZ�WKDW�WKH�OLIHWLPH�RI�TXDVLSDUWLFOHV�LQ�RXU�GHYLFHV�LV�FRPSDUDEOH�WR�WKDW�UHSRUWHG

E\�RWKHU�ZRUNHUV�:DUEXUWRQ�����D��*LMVEHUWVHQ�����E��

���� 'HYLFH�3URGXFWLRQ

������ )LOP�'HSRVLWLRQ

7KH� ILOPV�XVHG� WR�SURGXFH� WKH�GHYLFHV�GLVFXVVHG�KHUH�ZHUH�GHSRVLWHG�E\�'U�

0�*��%ODPLUH�ZLWK�WKH�DVVLVWDQFH�RI�WKH�DXWKRU�XVLQJ�WKH�YDFXXP�V\VWHP�GHVFULEHG�LQ

FKDSWHU���

:H� KDYH� FKRVHQ� WR� XVH� HSLWD[LDO� 1E� ILOPV� IRU� WKHVH� GHYLFHV� LQ� RUGHU� WR

PD[LPLVH� WKH� GLVWDQFHV� RYHU� ZKLFK� TXDVLSDUWLFOHV� DUH� OLNHO\� WR� WUDYHO� RYHU� WKHLU

OLIHWLPH��:H�KDYH�GHVFULEHG� WKH�UHDVRQV� IRU�RXU� VXEVWUDWH� VHOHFWLRQ�DQG� WKH� FOHDQLQJ

SURFHVV�DGRSWHG�LQ�VHFWLRQ��������7KH�GHSRVLWLRQ�VHTXHQFH�IRU�WKH�ILOPV�XVHG�LQ�WKHVH

GHYLFHV�ZDV�DV�IROORZV�

�� ���PLQXWHV�DW����:�1E��VXEVWUDWHV�H[SRVHG����VHF��SHU�PLQXWH

�� ���PLQXWHV�DW����:�1E

�� ���PLQXWHV�DW����:�1E
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�� ���PLQXWHV�DW����:�$O

�� ��KRXU�R[LGDWLRQ�DW���N3D�2
�

�� ��PLQXWHV�DW����:�$O

�� ���PLQXWHV�DW����:�1E

'XULQJ� WKH� LQLWLDO� VWDJH�� WKH� VXEVWUDWHV�ZHUH� VKLHOGHG� IURP� WKH�1E� WDUJHW� IRU

���VHFRQGV� LQ� HYHU\� PLQXWH� E\� PHDQV� RI� D� URWDWLQJ� VKXWWHU� WKDW� FRXOG� EH� VZXQJ

EHWZHHQ�WKH�WDUJHW�DQG�VXEVWUDWHV��7KLV�DOORZHG�WKH�VSXWWHUHG�1E�DWRPV�WR�UHOD[�LQWR

VLQJOH�FU\VWDO�ODWWLFH�SRVLWLRQV�ZKLOVW�PDLQWDLQLQJ�D�VXIILFLHQW�IOX[�RI�1E�DWRPV�WR�WKH

VXEVWUDWH�WKDW�WKH�LPSXULW\�OHYHO�ZDV�NHSW�ORZ��'XULQJ�RSWLPLVDWLRQ�RI�WKH�GHSRVLWLRQ

IRU�HSLWD[LDO�JURZWK��RQO\�WKH�ILUVW�WKUHH�VWDJHV�ZHUH�FDUULHG�RXW��WKH�ILOPV�WKHQ�EHLQJ

FKDUDFWHULVHG��7KH�GHSRVLWLRQ�UDWH�IRU�1E�ZDV�����QP:��PLQ����JLYLQJ�D�EDVH�HOHFWURGH

WKLFNQHVV�RI�DSSUR[LPDWHO\�����QP��7KH�$O�OD\HU�WKLFNQHVVHV�ZHUH�DURXQG���QP�WRS�

DQG���QP�ERWWRP��

)RU� WKH� GHYLFHV� GLVFXVVHG� KHUH�� WKH� UHVLGXDO� UHVLVWDQFH� UDWLR� RI� WKH� EDVH

HOHFWURGH� ZDV� ������ 7DNLQJ� WKH� UHVLGXDO� UHVLVWLYLW\� ±� PHDQ�IUHH�SDWK� SURGXFW� WR� EH

����QWP�QP�+XDQJ� ������ DQG� WKH� EXON� UHVLVWLYLW\� RI� 1E� WR� EH� ������QWP�'HVDL

��������ZH�ILQG�PHDQ�IUHH�SDWKV�RI��������QP��*LYHQ�WKH�EDVH�HOHFWURGH�WKLFNQHVV��LW

LV�FOHDU�WKDW�VXUIDFH�VFDWWHULQJ�ZDV�WKH�GRPLQDQW�VFDWWHULQJ�SURFHVV��7KH�RWKHU�PHDVXUH

RI�HSLWD[\�XVHG�ZDV�WKH�ZLGWK�RI�D�GLIIUDFWHG�SHDN�LQ�D�YHUWLFDO�;�UD\�GLIIUDFWRPHWHU

�WKH�µURFNLQJ�FXUYH�ZLGWK¶���)RU�1E�ILOPV�JURZQ�RQ�U�SODQH�VDSSKLUH��WKH�SHDN�DURXQG

�q ������ FRUUHVSRQGV� WR� WKH� 1E� ^���`� SODQHV�� IXOO�ZLGWK�KDOI�PD[LPXP� �):+0�

YDOXHV� IRU� WKLV� SHDN� ZHUH� ������� ZKLFK�� DOWKRXJK� D� IXQFWLRQ� RI� WKH� GLIIUDFWRPHWHU

FRQGLWLRQV�� FRPSDUHV� IDYRXUDEO\� ZLWK� WKH� ������ UHSRUWHG� LQ� SUHYLRXV

VWXGLHV�:DUEXUWRQ�����D��

������ 'HYLFH�)DEULFDWLRQ
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7KH�JHQHUDO�VWHSV�XVHG� LQ� WKH�SURGXFWLRQ�RI�DOO� WKH�GHYLFHV�SURGXFHG� IRU� WKLV

ZRUN� KDYH� EHHQ� GHVFULEHG� LQ� FKDSWHU� ��� VR� ZH� ZLOO� FRQILQH� RXUVHOYHV� KHUH� WR� D

GHVFULSWLRQ�RI�WKH�RUGHU�LQ�ZKLFK�WKH�VHSDUDWH�VWDJHV�ZHUH�FDUULHG�RXW�DQG�DQ\�VSHFLILF

GLIIHUHQFHV��7KH�PDVN�VHW�XVHG�IRU�WKHVH�GHYLFHV�ZDV�WKH�&$0����VHW�GHVLJQHG�E\�'U�

3�� :DUEXUWRQ� �ILJXUH� ������ (VVHQWLDOO\� LW� FRQVLVWV� RI� IRXU� UHFWDQJXODU� EDVH� DUHDV

��������P��ZKLFK�VKDUH�D�FRPPRQ�FRQQHFWLRQ�IRU�FXUUHQW�UHWXUQ��7R�HDFK�EDVH�DUHD�

WZR� FRQWDFWV� FDQ� EH� PDGH� WR� FRQQHFW� WR� WKH� FRXQWHU�HOHFWURGH� RI� WKH� WULOD\HU�

8QZDQWHG� FRQWDFW�ZLWK� WKH� EDVH� HOHFWURGH� FDQ� EH� DYRLGHG� E\� VHOHFWLYH� HWFKLQJ� DQG

DQRGLVDWLRQ�RI� WKH�EDVH� DUHD��7KH� UHVXOW� LV� D�SDLU� RI� MXQFWLRQV� ������P�� VKDULQJ�RQH

FRPPRQ�HOHFWURGH��ZKLFK� FDQ�EH�ELDVHG� LQGHSHQGHQWO\�RI� HDFK�RWKHU��7KH�PDVN� VHW

DOORZV� IRU�GHYLFHV�ZLWK� IRXU�GLIIHUHQW� VHSDUDWLRQV�RI� WKH�SDLUV�RI� MXQFWLRQV� ���� ��� ��

DQG� ����P��� 7KLV� DOORZV� WKH� TXDVLSDUWLFOH� GHQVLW\� WR� EH� SUREHG� DV� D� IXQFWLRQ� RI

GLVWDQFH��7KH�VHTXHQFH�RI�SURFHVVLQJ�VWHSV�XVHG�ZDV�DV�IROORZV�

�� %DVH�HOHFWURGH�GHILQLWLRQ�DQG�HWFK��VHH��������XVLQJ�WKH�&$0����PDVN�VHW��

�� 5HVLVW�UHPRYDO�

�� &RXQWHU�HOHFWURGH�GHILQLWLRQ�DQG�HWFK��VHH��������XVLQJ�D�PDVN�GHVLJQHG�E\

WKH�DXWKRU�WR�FRPSOLPHQW�WKH�&$0����PDVN�VHW�

�� 5HVLVW�UHPRYDO�

�� :LULQJ�OD\HU�GHILQLWLRQ�XVLQJ�&$0����PDVN�VHW��

)LJXUH�����6FKHPDWLF�RI�WKH�FHQWUDO�UHJLRQ�RI�WKH�&$0����0DVN�VHW��7KH�IRXU
UHFWDQJXODU�SDGV�DUH�����P�����P�
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�� 1E�ZLULQJ� OD\HU� GHSRVLWLRQ� �VHH� ���������� DW� ����:� IRU� �����VHF�� ZLWK� D

��PLQXWH�FRROLQJ�SHULRG�EHWZHHQ�WKH�GHSRVLWLRQV�

�� :LULQJ�OD\HU�OLIW�RII�DQG�UHVLVW�UHPRYDO�

$�VFKHPDWLF�RI�D�FRPSOHWHG�GHYLFH�LV�VKRZQ�LQ�ILJXUH�����

���� 'HYLFH�&KDUDFWHULVDWLRQ

$IWHU� IDEULFDWLRQ�� WKH� FRPSOHWHG� GHYLFHV�ZHUH�PRXQWHG� LQ� D� SRJR�SLQ� SUREH

�VHH� VHFWLRQ� ������� IRU� LQLWLDO� WHVWLQJ� DW� ����.��7KH� TXDOLW\� RI� D� GHYLFH�ZDV� DVVHVVHG

IURP�WKH�FXUUHQW�YROWDJH�FKDUDFWHULVWLF��DQ�H[DPSOH�RI�ZKLFK� LV�VKRZQ�LQ� ILJXUH�����

WKH�TXDOLW\�SDUDPHWHU�FKRVHQ�EHLQJ�WKH�UDWLR�RI�WKH�FXUUHQW�DW�WKH�WRS�RI�WKH�JDS�HGJH

�H9 �&��WR�WKH�VXE�JDS�FXUUHQW�DW���P9����&�H���)RU�RXU�GHYLFHV�ZH�IRXQG�WKLV�UDWLR

WR�EH�RI�RUGHU����WR����DW�����.��ULVLQJ�WR�DURXQG�����DW�����.�DV�WKH�WKHUPDO�VXE�JDS

FXUUHQW� LV� UHGXFHG�� )RU� WKHVH� GHYLFHV�� LW� ZDV� IRXQG� WKDW� WKH� VXE�JDS� FXUUHQW� ZDV

GRPLQDWHG� E\� WKHUPDO� FXUUHQWV� GRZQ� WR� ����.�� 7KH� VKDUS� LQFUHDVH� LQ� FXUUHQW

DVVRFLDWHG�ZLWK�WKH�JDS�HGJH�LQ�WKH�FXUUHQW�YROWDJH�FKDUDFWHULVWLF�RFFXUUHG�DW�DURXQG

����P9��LPSO\LQJ�D�SUR[LPLWLVHG�1E�HQHUJ\�JDS�RI�&
1E

 �����PH9��$W�WKH�WRS�RI�WKH

JDS�HGJH� VWHS� LQ� WKH� FXUUHQW� YROWDJH� FKDUDFWHULVWLF� LV� D� SHDN� WKDW� RFFXUV� ZKHQ� WKH

ERXQG� VWDWHV� RQ� HLWKHU� VLGH� RI� WKH� EDUULHU� KDYH� HTXDO� HQHUJ\�� )RU� WKHVH� GHYLFHV� WKLV

)LJXUH�����6FKHPDWLF�RI�RQH�FRPPRQ�EDVH�DQG�SDLU�RI�MXQFWLRQV�RQ�D�FRPSOHWHG�&$0����GHYLFH�
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RFFXUUHG�DW�����P9��ZKLFK�ZRXOG�JLYH�D�ERXQG�VWDWH� HQHUJ\�RI�(
�

 �����PH9�� VRPH

�����PH9�ORZHU�WKDQ�WKH�EXON�HQHUJ\�JDS�RI�1E�������PH9��

,Q� RUGHU� WR� PHDVXUH� WKH� VXE�JDS� FXUUHQW� LW� ZDV� QHFHVVDU\� WR� UHGXFH� WKH

-RVHSKVRQ�WXQQHOOLQJ�FXUUHQW�WR�OHVV�WKDQ�WKH�TXDVLSDUWLFOH�FXUUHQW�E\�DSSO\LQJ�D�VPDOO

PDJQHWLF�ILHOG��RI�RUGHU�P7��SDUDOOHO�WR�WKH�SODQH�RI�WKH�GHYLFH��7KLV�ZDV�DFKLHYHG�E\

PRXQWLQJ�D�VPDOO�SDLU�RI�FRLOV�WR�WKH�SUREH��VHH�VHFWLRQ�������DQG�VZHHSLQJ�D�FXUUHQW

WKURXJK� WKHP� WR� LGHQWLI\� WKH� SRLQW� DW� ZKLFK� WKH� FULWLFDO� FXUUHQW� ZDV� VXSSUHVVHG�� ,Q

SUDFWLFH��WKH�ORZHVW�SRVVLEOH�FRLO�FXUUHQW�ZDV�XVHG�GXULQJ�WKH�H[SHULPHQWV�WR�PLQLPLVH

WKH�KHDW�ORDGLQJ�RQ�WKH�SUREH�

$Q�RIW�FLWHG�UHDVRQ�IRU�WKH�DGRSWLRQ�RI�WKH�1E�$O�V\VWHP�IRU�GHYLFH�SURGXFWLRQ

LV� WKH� H[FHOOHQW� ORQJ�WHUP� VWDELOLW\� RI� GHYLFHV� DQG� WKH� ODFN� RI� WKHUPDO� F\FOLQJ

HIIHFWV�.XUDNDGR��������6HYHUDO�RI�WKH�GHYLFHV�UHSRUWHG�KHUH�ZHUH�UH�WHVWHG�RYHU�WZR

\HDUV�DIWHU�WKH\�KDG�EHHQ�IDEULFDWHG�DQG�ZHUH�IRXQG�WR�KDYH�XQGHUJRQH�QR�VLJQLILFDQW

YDULDWLRQ�LQ�GHYLFH�FKDUDFWHULVWLFV�

)LJXUH�����&XUUHQW�YROWDJH�FKDUDFWHULVWLF�RI�D�GHYLFH��DW�����.��
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���� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV

������ %DFNJURXQG

:KHQ�RQH�MXQFWLRQ�LQ�D�SDLU�RQ�D�FRPPRQ�HOHFWURGH�LV�ELDVHG�DW�RU�DERYH�WZLFH

WKH� JDS� HQHUJ\�� D� ODUJH� TXDVLSDUWLFOH� FXUUHQW� LV� LQMHFWHG� LQWR� WKH� FRPPRQ� EDVH

HOHFWURGH�� 4XDVLSDUWLFOHV� WKXV� LQMHFWHG� PD\� GLIIXVH� WKURXJK� WKH� EDVH� HOHFWURGH�

XQGHUJRLQJ�D�YDULHW\�RI�VFDWWHULQJ��UHFRPELQDWLRQ��UHJHQHUDWLRQ�DQG�ORVV�SURFHVVHV��,I

WKH�TXDVLSDUWLFOH�GHQVLW\�XQGHU�WKH�VHFRQG�MXQFWLRQ�LV�VLJQLILFDQWO\�DOWHUHG��D�FKDQJH�LQ

WKH� VXE�JDS� FXUUHQW� RI� WKH� VHFRQG� GHYLFH� PD\� EH� REVHUYHG�� +HUH� ZH� IROORZ� WKH

DSSURDFK�RI�:DUEXUWRQ�:DUEXUWRQ�����D��LQ�WKH�DQDO\VLV�RI�WKHVH�H[SHULPHQWV�

:H� DUH� LQWHUHVWHG� LQ� WKH� H[FHVV� GHWHFWRU� VXE�JDS� FXUUHQW� GXH� WR� WKH� H[FHVV

SRSXODWLRQ� RI� TXDVLSDUWLFOHV� DERYH� WKH� WKHUPDO� SRSXODWLRQ�� :H� GHILQH� WKLV� DV� WKH

GLIIHUHQFH�EHWZHHQ� WKH�PHDVXUHG�FXUUHQW� ,
GHW

�9�,
LQM

���DQG� WKH�FXUUHQW� IRU�]HUR� LQMHFWHG

FXUUHQW�,
GHW

�9�,
LQM

 ����7KXV�

, 9 , , 9 , , 9 ,
[ LQM LQM LQM
� � � � � � � � �

GHW GHW
= - = � �����

:H�FDQ�WKHUHIRUH�ILQG�WKH�IUDFWLRQ�RI�WKH�LQMHFWHG�FXUUHQW��,
LQM

��ZKLFK�ZH�PHDVXUH�DW�WKH

GHWHFWRU�� +RZHYHU�� WKLV� QHHGV� WR� EH� VFDOHG� E\� WKH� QRUPDO� VWDWH� UHVLVWDQFH� RI� WKH

GHWHFWRU� MXQFWLRQ� WR� FRPSDUH� UHVXOWV� IURP� GLIIHUHQW� GHYLFHV� ZLWK� VOLJKWO\� GLIIHUHQW

QRUPDO� VWDWH� UHVLVWDQFHV��:H� WDNH� WKLV� LV� LQWR� DFFRXQW� ZKHQ� GHILQLQJ� D� QRUPDOLVHG

GHWHFWLRQ�HIILFLHQF\�h�

��� � �
� � �

9 ,
, 9 ,

,
5

LQM

[ LQM

LQM

1
= �����

7KLV� SDUDPHWHU� LV� D� PHDVXUH� RI� WKH� FRXSOLQJ� EHWZHHQ� WKH� LQMHFWRU� DQG� GHWHFWRU

MXQFWLRQV�� KRZHYHU� LW� PDNHV� QR� GLVWLQFWLRQ� EHWZHHQ� FRXSOLQJ� SURFHVVHV��:DUEXUWRQ

KDV�H[DPLQHG� WKH�YDULRXV�SRVVLELOLWLHV�RI�FRXSOLQJ�EHWZHHQ� WKH� LQMHFWRU�DQG�GHWHFWRU

MXQFWLRQV�:DUEXUWRQ� ����D�� DQG� FRQFOXGHG� WKDW� RQO\� WZR� PHFKDQLVPV� JDYH

VLJQLILFDQW�FRXSOLQJ�EHWZHHQ�WKH�WZR�MXQFWLRQV�

L�� GLIIXVLRQ� RI� TXDVLSDUWLFOHV�� FRXSOHG� WR� UHFRPELQDWLRQ� SKRQRQV� LQ� WKH

1E��DQG
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LL�� GLIIXVLRQ�RI�UHFRPELQDWLRQ�SKRQRQV�GLUHFWO\�WKURXJK�WKH�VXEVWUDWH�

+HUH��ZH�KDYH�FRQFHQWUDWHG�RQ�SURFHVV� �L���DQG��ZKHUH�QHFHVVDU\��KDYH�UHPRYHG� WKH

HIIHFW�RI��LL��E\�VLPSOH�VXEWUDFWLRQ�XVLQJ�GDWD�IURP��:DUEXUWRQ�����D��

������ ([SHULPHQWDO

([FHSW� ZKHUH� VWDWHG� RWKHUZLVH�� DOO� WKH� H[SHULPHQWV� UHSRUWHG� LQ� WKLV� FKDSWHU

KDYH� EHHQ� FDUULHG� RXW� DW� D� EDWK� WHPSHUDWXUH� RI� ����.� XVLQJ� DQ� 2[IRUG� ,QVWUXPHQWV

µ/DPEGD�3ODWH�¶� LQVHUW� �VHH� VHFWLRQ� �������� $V� GHVFULEHG� DERYH�� D� VPDOO� PDJQHWLF

ILHOG� ZDV� DSSOLHG� WR� VXSSUHVV� WKH� -RVHSKVRQ� FXUUHQW�� 7KH� ,�9� FKDUDFWHULVWLF� RI� WKH

GHWHFWRU� MXQFWLRQ� ZDV� PHDVXUHG� E\� VZHHSLQJ� D� FRQVWDQW� FXUUHQW� VRXUFH� DW

DSSUR[LPDWHO\���+]��DQG�PHDVXULQJ�WKH�ELDV�EHWZHHQ�GHWHFWRU�FRXQWHU�HOHFWURGH�OHDGV

DQG� WKH� FRPPRQ� EDVH� HOHFWURGH�� 7KH� LQMHFWLRQ� FXUUHQW� ZDV� VXSSOLHG� E\� D� VHFRQG

FRQVWDQW�FXUUHQW�VXSSO\�ZKLFK�ZDV�LQFUHPHQWDOO\�LQFUHDVHG��VR�DV�WR�ELDV�WKH�LQMHFWRU

MXQFWLRQ�LQ�WKH�UDQJH�����P9�����&�H���(DFK�GHWHFWRU�,�9�FKDUDFWHULVWLF�ZDV�UHFRUGHG

WR�GLVF�DQG�SURFHVVHG�RII�OLQH�XVLQJ�D�/DE9,(:��SURJUDP�ZULWWHQ�E\�WKH�DXWKRU�

7R� SURFHVV� WKH� DFTXLUHG� GDWD�� WKH� LQMHFWRU� FXUUHQW� ZDV� VFDOHG� WR� DQ� LQMHFWRU

YROWDJH�E\�XVLQJ�D�VHSDUDWHO\�UHFRUGHG�,�9�FKDUDFWHULVWLF�RI�WKH�LQMHFWRU�MXQFWLRQ��7KH

GHWHFWRU�,�9�FKDUDFWHULVWLFV�ZHUH�HDFK�VRUWHG�LQWR�����HTXDOO\�VSDFHG�YROWDJH�ELQV��DQG

DYHUDJHG�� 7KH� H[FHVV� FXUUHQW� ,
[

� ZDV� WKHQ� IRXQG� E\� VXEWUDFWLQJ� WKH� GHWHFWRU� ,�9

FKDUDFWHULVWLF� IRU�]HUR� LQMHFWLRQ�FXUUHQW��7KH� H[FHVV�FXUUHQW�ZDV� WKHQ�GLYLGHG�E\� WKH

LQMHFWLRQ�FXUUHQW�DQG�PXOWLSOLHG�E\�WKH�QRUPDO�VWDWH�UHVLVWDQFH�RI�WKH�GHWHFWRU�MXQFWLRQ

WR�JLYH�WKH�QRUPDOLVHG�GHWHFWLRQ�HIILFLHQF\�h�

�������� 9DULDWLRQ�RI�h�ZLWK�'HWHFWRU�%LDV�9GHW



&KDSWHU���±�(SLWD[LDO�1LRELXP�6,6�'HYLFHV

���

$V� RXU� H[SHULPHQWDO� SURFHGXUH�PHDVXUHV� WKH� FKDQJHV� DFURVV� WKH�ZKROH� VXE�

JDS� UHJLRQ� RI� WKH� GHWHFWRU� ,�9� FKDUDFWHULVWLF�� LW� LV� HDV\� WR� H[DPLQH� WKLV� WR� ILQG� WKH

RSWLPXP�ELDV�SRLQW�DW�ZKLFK�WR�PHDVXUH�h��)LJXUH�����VKRZV�WKH�YDULDWLRQ�RI�h�ZLWK

GHWHFWRU� ELDV� IRU� D� YDULHW\� RI� LQMHFWRU� MXQFWLRQ� ELDVHV�� $OVR� VKRZQ� LV� WKH� H[SHFWHG

WKHUPDO� TXDVLSDUWLFOH� WXQQHO� FXUUHQW� �LQ� DUELWUDU\� XQLWV�� IRU� � WHPSHUDWXUHV� EHWZHHQ

����.�DQG�����.�DV�FDOFXODWHG�IURP�HTXDWLRQ��������

)RU� LQMHFWLRQ� ELDVHV� RI�9
LQM�

 � �&�H��h� LQLWLDOO\� LQFUHDVHV� DQG� WKHQ� UHDFKHV� D

SODWHDX�EHWZHHQ�����P9�DQG�����P9�EHIRUH�LQFUHDVLQJ�VKDUSO\�WR�UHDFK�LWV�PD[LPXP

YDOXH�DW�DSSUR[LPDWHO\���P9��7KH�RYHUDOO�IRUP�RI�h�LV�YHU\�GLVVLPLODU�WR�D�SUHGLFWHG

WKHUPDO�TXDVLSDUWLFOH�WXQQHO�FXUUHQW��LPSO\LQJ�D�DWKHUPDO�GLVWULEXWLRQ�RI�TXDVLSDUWLFOHV

LQ� WKH�EDVH�HOHFWURGH��$V� WKH� LQMHFWRU�ELDV� LV� LQFUHDVHG�� WKH� IRUP�RI�h� UHVHPEOHV� WKH

PRGHOOHG� WKHUPDO� GDWD�PXFK�PRUH� FORVHO\�� DW� D� ELDV� RI�9
LQM

�  � ����&�H� WKH� ORZ� ELDV

SODWHDX[� LV� ORVW��h� ULVLQJ� QHDUO\� OLQHDUO\� XQWLO�9
GHW

 ��P9�� )RU� HYHQ� KLJKHU� ELDVHV�h

UHVHPEOHV� WKH� WKHUPDO� TXDVLSDUWLFOH� GDWD� WR� D� JUHDWHU� H[WHQW�� HYHQ� VKRZLQJ� D� VOLJKW

SHDN�DW�9
GHW

 �����P9��$�WKHUPDO�TXDVLSDUWLFOH�WXQQHO�FXUUHQW�DW�D�WHPSHUDWXUH�RI���.
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�����P9������D�H�

���.
���.
���.
���.
���.

'
HW
HF
WR
U�
(
II
LF
LH
QF
\�
�P
W
�

'HWHFWRU�%LDV��9
GHW

���P9�

)LJXUH�����9DULDWLRQ�RI�h�ZLWK�GHWHFWRU�ELDV��/LQHV�DUH�D�ILW�WR��������LQ�DUELWUDU\�XQLWV��



&KDSWHU���±�(SLWD[LDO�1LRELXP�6,6�'HYLFHV

���

ZRXOG�DOVR�VKRZ�D�SHDN�DW�WKLV�ELDV��DOWKRXJK�WKH�H[SHULPHQWDO�h�GRHV�QRW�LQFUHDVH�DV

UDSLGO\�DV�WKH�PRGHOOHG�WKHUPDO�TXDVLSDUWLFOH�GDWD�GRHV�LQ�WKH�YHU\�ORZ�GHWHFWRU�ELDV

UDQJH���9
GHW

�����P9��)URP� WKLV�ZH�GHGXFH� WKDW� WKH�TXDVLSDUWLFOH�GLVWULEXWLRQ� DW� WKH

GHWHFWRU� MXQFWLRQ� PD\� EH� UHSUHVHQWHG� E\� D� WKHUPDO� GLVWULEXWLRQ� ZLWK� DQ� LQFUHDVHG

WHPSHUDWXUH�7
�DERYH�WKH�EDWK�WHPSHUDWXUH�

7KLV�UHVXOW�GLUHFWO\�FRQWUDGLFWV�WKDW�UHSRUWHG�E\�:DUEXUWRQ�:DUEXUWRQ�����D�

XVLQJ�GHYLFHV�ZLWK�YHU\�QHDUO\�LGHQWLFDO�JHRPHWU\�DQG�VLPLODU�PHDQ�IUHH�SDWKV�LQ�WKH

EDVH�HOHFWURGH��2Q�WKH�RWKHU�KDQG��*LMVEHUWVHQ�*LMVEHUWVHQ�������UHSRUWHG�HTXLYDOHQW

UHVXOWV�ZKLFK�ZHUH�ZHOO�GHVFULEHG�E\�D�TXDVL�WKHUPDO�GLVWULEXWLRQ�RI�TXDVLSDUWLFOHV�LQ

KLV�RQH�GLPHQVLRQDO�LQMHFWLRQ�GHWHFWLRQ�H[SHULPHQWV�IRU�ZKLFK�WKH�PHDQ�IUHH�SDWK�ZDV

FDOFXODWHG�WR�EH�����QP��:H�VKDOO�GLVFXVV�WKHVH�GLIIHUHQFHV�LQ�EHORZ�

�������� 9DULDWLRQ�RI�h�ZLWK�,QMHFWRU�%LDV�9LQM
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,QMHFWRU�%LDV��P9�

'HWHFWRU�%LDV��P9�

)LJXUH�����9DULDWLRQ�RI�GHWHFWLRQ�HIILFLHQF\��h��ZLWK�LQMHFWRU�ELDV��IRU�D�GHYLFH�ZLWK����P�VHSDUDWLRQ
EHWZHHQ�LQMHFWRU�DQG�GHWHFWRU�MXQFWLRQV�
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2Q�WKH�EDVLV�RI�WKH�SUHYLRXV�VHFWLRQ��ZH�FRQFOXGHG�WKDW�LQ�RUGHU�WR�PHDVXUH�WKH

PD[LPXP� YDOXH� RI�h� ZH� VKRXOG� PHDVXUH� DW� D� GHWHFWRU� ELDV�9
GHW

���P9�� )LJXUH� ���

VKRZV� WKH� YDULDWLRQ� RI� h� DW� 9
GHW

 ��P9� DV� WKH� LQMHFWRU� ELDV� LV� YDULHG� EHWZHHQ

��9
LQM

����P9�IRU�D�GHYLFH�ZLWK�WKH�LQMHFWRU�DQG�GHWHFWRU�MXQFWLRQV�VHSDUDWHG�E\����P�

)RU�LQMHFWRU�ELDV����&�H�ZH�REVHUYH�QR�H[FHVV�GHWHFWRU�FXUUHQW�±�DV�ZH�ZRXOG

H[SHFW�VLQFH�WKH�RQO\�TXDVLSDUWLFOHV�ZKLFK�DUH�LQMHFWHG�DUH�WKH�UHODWLYHO\�IHZ�WKHUPDOO\

H[FLWHG�TXDVLSDUWLFOHV��$W�DQ�LQMHFWRU�ELDV�RI�9
LQM

 �&�H�ZH�REVHUYH�D�VKDUS�LQFUHDVH�LQ

WKH�GHWHFWRU� HIILFLHQF\�h�� DJDLQ� FRQVLVWHQW�ZLWK�ZKDW�ZRXOG� EH� H[SHFWHG�� DV� D� ODUJH

QXPEHU� RI� TXDVLSDUWLFOH� DUH� LQMHFWHG� LQWR� WKH� EDVH� HOHFWURGH��$V� WKH� LQMHFWRU� ELDV� LV

IXUWKHU�LQFUHDVHG��ZH�VHH�QR�IXUWKHU�LQFUHDVH�LQ�h�

�

�

�

�

�

��

� � � � � ��

��������
��������
��������

'
HW
HF
WR
U�
(
II
LF
LH
QF
\�h
�P

W
�

,QMHFWRU�%LDV��P9�

'HWHFWRU�%LDV�P9�

)LJXUH�����9DULDWLRQ�RI�GHWHFWLRQ�HIILFLHQF\��h��ZLWK�LQMHFWRU�ELDV��IRU�D�GHYLFH�ZLWK�����P�VHSDUDWLRQ
EHWZHHQ�LQMHFWRU�DQG�GHWHFWRU�MXQFWLRQV�
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7KLV� UHVXOW� LV� DW� RGGV� ZLWK� ZKDW� KDV� EHHQ� UHSRUWHG� SUHYLRXVO\�� ERWK� E\

:DUEXUWRQ�:DUEXUWRQ� ����D�� DQG� *LMVEHUWVHQ�*LMVEHUWVHQ� ������ ZKR� UHSRUWHG� WKDW

IRU� LQMHFWRU�ELDVHV� �DERYH��&�H� WKH�GHWHFWRU�HIILFLHQF\� LQFUHDVHG�GXH� WR�TXDVLSDUWLFOH

PXOWLSOLFDWLRQ��,Q�WKHVH�GHYLFHV��ZH�VHH�QR�HYLGHQFH�IRU�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��D

UHVXOW� WKDW�ZH� IRXQG� WR� EH� TXLWH� VXUSULVLQJ�� ,QGHHG�ZKHQ�ZH� H[DPLQH� GHYLFHV� ZLWK

LQMHFWRU�GHWHFWRU� VHSDUDWLRQV�RI�����P� �ILJXUH� ����� DQG� ����P� �ILJXUH� �����ZH� VHH� D

UHGXFWLRQ�LQ�h�IRU�KLJKHU�ELDVHV�

������ $QDO\VLV

,Q�KLV�PHDVXUHPHQWV�RI�h��DQG� WKH�HIIHFWV�RI�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�DQG

WUDSSLQJ�� :DUEXUWRQ�:DUEXUWRQ� ����D�� � DVVHVVHG� WKH� FRQWULEXWLRQ� WR� h� RI� SKRQRQ

WUDQVPLVVLRQ�WKURXJK�WKH�VXEVWUDWH�E\�PHDVXULQJ�GHYLFHV�LQ�ZKLFK�WKH�GLUHFW�GLIIXVLRQ

RI� TXDVLSDUWLFOHV� KDG� EHHQ� VXSSUHVVHG� EH� HWFKLQJ� D� VORW� EHWZHHQ� WKH� LQMHFWRU� DQG

GHWHFWRU��+H�IRXQG�WKDW�LQ�WKHVH�GHYLFHV�h�ZDV�UHGXFHG�E\�D�IDFWRU�RI�����DW�9
LQM

 �&�H�

KRZHYHU�h�GLG�QRW�LQFUHDVH�ZLWK�LQFUHDVLQJ�LQMHFWRU�ELDV�� L�H�� LQ� WKH�GHYLFHV�ZLWK�WKH

VORW� WKHUH�ZDV� OHVV�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��7KLV�� LQ� LWVHOI��ZDV�D� UDWKHU�SX]]OLQJ

�
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'HWHFWRU�%LDV��P9�
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)LJXUH�����9DULDWLRQ�RI�GHWHFWLRQ�HIILFLHQF\��h��ZLWK�LQMHFWRU�ELDV��IRU�D�GHYLFH�ZLWK�����P�VHSDUDWLRQ
EHWZHHQ�LQMHFWRU�DQG�GHWHFWRU�MXQFWLRQV�
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REVHUYDWLRQ�VLQFH�LW�LPSOLHG�WKDW�WKH�SUHVHQFH�RI�WKH�VORW�ZDV�VLJQLILFDQWO\�PRGLI\LQJ

WKH�TXDVLSDUWLFOH�G\QDPLFV�

%DVHG�RQ�WKLV��DQ�REYLRXV�VXSSRVLWLRQ�ZRXOG�EH� WKDW� LQ�RXU�GHYLFHV�VXEVWUDWH

SKRQRQV� ZHUH� WKH� SUHGRPLQDQW� FRXSOLQJ� SURFHVV�� ZLWK� D� UDSLG� TXDVLSDUWLFOH

UHFRPELQDWLRQ�SURFHVV�UHVXOWLQJ�LQ�YHU\�IHZ�TXDVLSDUWLFOHV�GLIIXVLQJ�GLUHFWO\�EHWZHHQ

MXQFWLRQV��:H�DUH�OHG�WR�EHOLHYH�WKDW�WKLV�LV�QRW�WKH�FDVH�KRZHYHU��VLQFH�LI�ZH�FRPSDUH

h�DW�9
LQM

 �&�H�LQ�RXU�UHVXOWV�ZLWK�WKRVH�RI�:DUEXUWRQ�DQG�WKRVH�RI�*LMVEHUWVHQ��ZH�ILQG

WKDW� WKH\� DUH� EURDGO\� FRQVLVWHQW� LI� RQH� DOORZV� IRU� WKH� HIIHFW� RI� GLIIHUHQW� EDVH� OD\HU

WKLFNQHVV�� 7R� DVVLVW� LQ� XQGHUVWDQGLQJ� WKLV� ZH� KDYH� XVHG� D� UDQGRP� ZDON� PRGHO� DV

GHVFULEHG�LQ�WKH�QH[W�VHFWLRQ�

������ 5DQGRP�:DON�0RGHO

)ROORZLQJ� WKH� DQDO\VLV� RI� :DUEXUWRQ�:DUEXUWRQ� ����D��ZH� KDYH� XVHG� D

UDQGRP� ZDON� PRGHO� WR� HVWLPDWH� WKH� TXDVLSDUWLFOH� OLIHWLPH� LQ� RXU� 1E� ILOPV�� :H

FRQVLGHU� WKH� HIIHFW� RI� UHOHDVLQJ� VLQJOH� TXDVLSDUWLFOHV� LQWR� D� WZR� GLPHQVLRQDO� UHJLRQ

ZLWK�WKH�VDPH�DUHD�DV�RXU�EDVH�HOHFWURGHV��DOORZLQJ�WKHP�WR�XQGHUJR�D� UDQGRP�ZDON

ZLWK� D� VWHS� OHQJWK� UHODWHG� WR� WKH� H[SHULPHQWDOO\� GHWHUPLQHG� PHDQ� IUHH� SDWK� IURP

UHVLGXDO� UHVLVWDQFH� UDWLR� PHDVXUHPHQWV�� :H� PRQLWRU� WKH� QXPEHU� RI� WLPHV� D

TXDVLSDUWLFOH�SDVVHV�WKURXJK�D�JLYHQ�HOHPHQWDO�UHJLRQ�DIWHU�D�SUHGHWHUPLQHG�WLPH�DQG

XVH�WKLV�WR�FDOFXODWH�D�SUREDELOLW\�RI�WKH�TXDVLSDUWLFOH�WXQQHOOLQJ�WKURXJK�D�MXQFWLRQ�DW

WKDW�UHJLRQ��)URP�WKLV��ZH�FDQ�GHWHUPLQH�D�TXDVLSDUWLFOH�GHWHFWLRQ�HIILFLHQF\��DQG�WKHQ�

E\� DGMXVWLQJ� WKH� VLPXODWHG� WLPH� RI� WKH� UDQGRP� ZDON�� FDQ� HVWLPDWH� TXDVLSDUWLFOH

OLIHWLPHV�

�������� 'HVFULSWLRQ�RI�0RGHO

,Q� WKH� VLPXODWLRQ�� WKH� HIIHFWLYH� OLIHWLPH�RI� D� TXDVLSDUWLFOH�� t
HII

�� �ZKLFK� LV� WKH

VLPXODWHG�WLPH�RI�WKH�UDQGRP�ZDON��LV�JLYHQ�E\�

�� �
HII HOV

Q= �����

ZKHUH�Q�LV�WKH�QXPEHU�RI�VWHSV�WKH�TXDVLSDUWLFOH�WDNHV�DQG�t
HOV

���LV�WKH�HODVWLF�VFDWWHULQJ

UDWH��ZKLFK�LV�LQ�WXUQ�JLYHQ�E\�
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ZKHUH� O� LV� WKH�PHDQ� IUHH� SDWK�� IURP�555�GDWD�� DQG� Y
TS

� LV� WKH�PHDQ� YHORFLW\� RI� WKH

TXDVLSDUWLFOHV��,W�KDV�EHHQ�FRPPRQ�ZKHQ�FRQVLGHULQJ�WKH�YHORFLW\�RI�TXDVLSDUWLFOHV�LQ

WKH� OLWHUDWXUH�� WR� VHW� LW� HTXDO� WR� WKH� )HUPL� YHORFLW\�� Y
I

�:DUEXUWRQ� ����D�� /H� *UDQG

������ 6FKDIURWK� ������� 5HFHQWO\�� KRZHYHU�� D� QXPEHU� RI� UHVHDUFKHUV� �*LMVEHUWVHQ

����D��)ULHGULFK�������8OORP�������KDYH�SRLQWHG�RXW�WKDW�RQH�VKRXOG�PRGLI\�WKLV�WR

DFFRXQW�IRU�WKH�GLVSHUVLRQ�UHODWLRQ�IRU�TXDVLSDUWLFOHV�±�WKLV�FDQ�EH�VHHQ�LQ�ILJXUH�����

ZKHUH�IRU�HQHUJLHV�QHDU�WKH�HQHUJ\�JDS�&��WKH�NLQHWLF�HQHUJ\�RI�WKH�TXDVLSDUWLFOHV�LV�QR

ORQJHU� SURSRUWLRQDO� WR� WKH� H[FLWDWLRQ� HQHUJ\�� 7KH� TXDVLSDUWLFOH� YHORFLW\� LV� WKXV� DV

JLYHQ�LQ��������

:H�DVVXPH�KHUH�WKDW�WKH�TXDVLSDUWLFOHV�VFDWWHU�UDSLGO\�WR�DQ�HQHUJ\�ZKHUH�WKHLU

SUREDELOLW\�RI�DEVRUELQJ�D�WKHUPDO�SKRQRQ�HTXDOV�WKH�SUREDELOLW\�RI�HPLWWLQJ�RQH��:H

MXVWLI\�WKLV�E\�QRWLQJ�WKDW�FDOFXODWLRQV�EDVHG�RQ�WKH�QRQ�HTXLOLEULXP�NLQHWLF�HTXDWLRQV

RI� &KDQJ� DQG� 6FDODSLQR�&KDQJ� ������ IRU� WKH� FDVH� RI� WKH� TXDVLSDUWLFOH� SRSXODWLRQ

IROORZLQJ�DEVRUSWLRQ�RI������NH9�;�UD\V� LQGLFDWH� WKDW� WKH�PDMRULW\�RI�TXDVLSDUWLFOHV

KDYH�VFDWWHUHG�WR�FORVH�WR�WKH�HQHUJ\�JDS�ZLWKLQ���QV�6FKDIURWK��������,I�ZH�FRQVLGHU�D

WKHUPDO�HTXLOLEULXP�VLWXDWLRQ�DV�FRQVLGHUHG�E\�.DSODQ�.DSODQ�������WKHQ�IRU�1E��WKH

HTXLOLEULXP� HQHUJ\� ZRXOG� EH� DW� ( ����&�� 8QGHU� WKHVH� FLUFXPVWDQFHV�� DVVXPLQJ

7 ����.�� Y
TS

 ���Y
I

�� 7KLV� JLYHV� t
HOV

 �����SV�� WDNLQJ� Y
I

� DV� ���������PV���6RXNRXOLV

�������& �����PH9� IURP�RXU� WXQQHOOLQJ�PHDVXUHPHQW� DQG� WKH�PHDQ� IUHH�SDWK� WR�EH

����QP�� IURP� RXU� UHVLGXDO� UHVLVWDQFH� UDWLR� PHDVXUHPHQW�� ,I� ZH� WDNH� UHSRUWHG

TXDVLSDUWLFOH� OLIHWLPHV� IURP� WKH� OLWHUDWXUH�� RI� RUGHU� ����QV�:DUEXUWRQ� ����D�

*LMVEHUWVHQ� ������ 0DUWLQ� ������� WKHQ� ZH� ILQG� WKDW� HDFK� TXDVLSDUWLFOH� ZLOO� KDYH� WR

VFDWWHU�RI�WKH�RUGHU�RI��������WLPHV��:H�WKHUHIRUH�UXQ�RXU�VLPXODWLRQ�IRU�DQ�RUGHU�RI

PDJQLWXGH� ORQJHU� WKDQ� WKLV�� SDXVLQJ� SHULRGLFDOO\� WR� UHFRUG� WKH� QXPEHU� RI� WLPHV� WKH

TXDVLSDUWLFOH�KDV�SDVVHG�WKURXJK�HDFK�HOHPHQW�RI�WKH�EDVH�DUHD�±�LQ�HIIHFW�WKLV�JLYHV�XV

WKH�UHODWLYH�TXDVLSDUWLFOH�GHQVLW\�LQ�WKH�HOHPHQW��:H�KDYH�FKRVHQ�DQ�HOHPHQW�DUHD�RI

��������QP��ZKLFK�JLYHQ�D�EDVH�UHJLRQ�RI�����P�����P��JLYHV�D�JULG���������

7KH�VWHS�OHQJWK�LQ�WKH�VLPXODWLRQ�LV�JLYHQ�E\�
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ZKHUH� O� LV� WKH� WKUHH�GLPHQVLRQDO� PHDQ� IUHH� SDWK� IURP� UHVLGXDO� UHVLVWDQFH� UDWLR

PHDVXUHPHQWV� ZKLFK� JLYHV� / ����QP�� 7KLV� LV� VPDOO� FRPSDUHG� WR� WKH� ODWHUDO

GLPHQVLRQV�RI�WKH�GHYLFH��DQG�WKHUHIRUH�WKH�LQWHUDFWLRQV�ZLWK�HGJHV�RI�WKH�GHYLFH�DUH

XQLPSRUWDQW��)RU�VLPSOLFLW\��ZH�PHUHO\�FRQILQH�WKH�VFDWWHULQJ�TXDVLSDUWLFOH�VXFK�WKDW�LW

QHYHU�FURVVHV�D�ERXQGDU\��,Q�WKH�UHDO�GHYLFH��WKH�EDVH�HOHFWURGH�KDV�D����P�ZLGH�OHDG

FRQQHFWLQJ� LW� WR� WKH�FXUUHQW� UHWXUQ�RSSRVLWH� WKH� LQMHFWRU�DQG�GHWHFWRU� MXQFWLRQV�GRZQ

ZKLFK�TXDVLSDUWLFOHV�FRXOG�SRWHQWLDOO\�HVFDSH��:H�KDYH�QHJOHFWHG�WKLV�LQ�WKH�PRGHO��DV

D� TXDVLSDUWLFOH� WKDW� WKH�PRGHO� UHFRUGHG� UHDFKLQJ� WKH� GHWHFWRU� IURP� WKH� LQMHFWRU�� EXW

WKDW�DFWXDOO\�PLJKW�KDYH�EHHQ�ORVW�GRZQ�WKH�OHDG��ZRXOG�QHHG�WR�WUDYHO�DW�OHDVW�����P�

RU� DQ� DYHUDJH� RI� RYHU� ������� VFDWWHULQJ� HYHQWV�� +DYLQJ� XVHG� WKH� PRGHO� WR� ILQG� D

TXDVLSDUWLFOH�OLIHWLPH��ZH�UHFKHFNHG�WKH�YDOLGLW\�RI�WKLV�DVVXPSWLRQ�

,Q�RUGHU� WR�FDOFXODWH� WKH�SUREDELOLW\�RI�D�TXDVLSDUWLFOH� WXQQHOOLQJ��ZH�QHHG� WR

FDOFXODWH�WKH�WXQQHOOLQJ�WLPH�FRQVWDQW�t
WXQ

�IRU�RXU�GHYLFH��7KH�SUREDELOLW\�RI�WXQQHOOLQJ

LV�WKHQ�JLYHQ�E\�

3 MXQFWLRQ UHJLRQ

WXQ

= -

��

��
�����

ZKHUH� t
MXQFWLRQ�UHJLRQ

� LV� WKH� WLPH� VSHQW� E\� D� TXDVLSDUWLFOH� GLUHFWO\� XQGHU� WKH� GHWHFWRU

MXQFWLRQ�� ,I�Q�U�� LV� WKH�QXPEHU�RI� WLPHV�D�TXDVLSDUWLFOH�SDVVHG� WKURXJK�DQ�HOHPHQW� U�

WKHQ�

3 Q UHOV

WXQ MXQFWLRQ DUHD

=
-

Ê��

��
� � �����

7KH�WXQQHOOLQJ�WLPH�FRQVWDQW�IRU�LV�JLYHQ�E\�(LVHQPHQJHU�������

��
WXQ 1

= 1 5 $G
H9

H9
=

+ -

+
� �

� �

� �

� �
�& �&

&�

1 6
�����

:KHUH�=
�

���1
�

� LV� WKH�VLQJOH�VSLQ�GHQVLW\�RI�VWDWHV�DW� WKH�)HUPL�VXUIDFH���=
�

���� LV� WKH

SKRQRQ� UHQRUPDOLVDWLRQ� IDFWRU� JLYHQ� E\�.DSODQ� ������ DV� ����� 1
�

� LV� WKH� EDUH�EDQG

GHQVLW\�RI�VWDWHV�ZKLFK�ZH�WDNH�IURP��6RXNRXOLV�������DV������������5
1

�LV�WKH�QRUPDO

VWDWH�UHVLVWDQFH�RI�WKH�GHYLFH��ZKLFK�ZDV������W��$�LV�WKH�MXQFWLRQ�DUHD������P����G�WKH

ILOP�WKLFNQHVV������QP��DQG�9�WKH�ELDV����P9���7KLV�JLYHV�XV�t
WXQ

 ������V�
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7KH�SUREDELOLW\�RI�WXQQHOOLQJ�JLYHV�XV�WKH�IUDFWLRQ�RI�WKH�LQMHFWHG�FXUUHQW�WKDW

WXQQHOV�LQ�WKH�GHWHFWRU�MXQFWLRQ��7R�FRPSOHWH�WKH�FRPSDULVRQ�ZLWK�H[SHULPHQWDO�GDWD

ZH� QHHG� WR� PXOWLSO\� WKLV� E\� WKH� QRUPDO� VWDWH� UHVLVWDQFH� WR� SURGXFH� D� QRUPDOLVHG

GHWHFWLRQ�HIILFLHQF\�

�������� $SSOLFDWLRQ�RI�0RGHO

$� VLPXODWLRQ� DV� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ� ZDV� ZULWWHQ� XVLQJ

�

��
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)LJXUH�����5DQGRP�ZDON�PRGHO�DIWHU������VFDWWHUV��7KH�;�DQG�<�VFDOHV�DUH�LQ��P��WKH�]��FRORXU��VFDOH�JLYHV
WKH�QXPEHU�RI�TXDVLSDUWLFOHV�SHU���������QP�UHJLRQ�
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)LJXUH�����5DQGRP�ZDON�PRGHO�DIWHU��������VFDWWHUV��7KH�;�DQG�<�VFDOHV�DUH�LQ��P��WKH�]��FRORXU��VFDOH
JLYHV�WKH�QXPEHU�RI�TXDVLSDUWLFOHV�SHU���������QP�UHJLRQ�
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/DE9,(:��� ,Q� WKH� VLPXODWLRQ� TXDVLSDUWLFOHV� ZHUH� UHOHDVHG� DW� UDQGRP� SRVLWLRQV

ZLWKLQ�WKH�LQMHFWRU� MXQFWLRQ�UHJLRQ��DQG�DOORZHG� WR�XQGHUJR�D� UDQGRP�ZDON��$W�HDFK

VWDJH� D� QHZ� VFDWWHULQJ� GLUHFWLRQ� ZDV� FKRVHQ� XVLQJ� D� XQLIRUP� UDQGRP� QXPEHU

JHQHUDWRU��WKH�UHVXOWDQW�YHFWRU�DSSOLHG�WR�WKH�SRVLWLRQ�RI�WKH�TXDVLSDUWLFOH��DQG�WKH�QHZ

SRVLWLRQ� FKHFNHG� WR� HQVXUH� WKDW� LW� OD\� LQVLGH� WKH� EDVH� HOHFWURGH�� 7KH� ZKROH� EDVH

HOHFWURGH�ZDV� UHSUHVHQWHG� E\� D� WZR� GLPHQVLRQDO� DUUD\� RI� LQWHJHUV�� HDFK� HOHPHQW� RI

ZKLFK�FRUUHVSRQGHG�WR�RQH���������QP�HOHPHQW�RI�EDVH�HOHFWURGH��7KH�FR�RUGLQDWHV

RI� WKH� QHZ� SRVLWLRQ� ZHUH� XVHG� WR� GHWHUPLQH� ZKLFK� HOHPHQW� WKH� TXDVLSDUWLFOH� KDG

HQWHUHG�DQG�WKH�FRXQW�IRU�WKDW�HOHPHQW�LQFUHPHQWHG��7KH�ZKROH�DUUD\�ZDV�SORWWHG�DV�D

IDOVH� FRORXU� LQWHQVLW\� SORW� DQG� VDYHG� WR� GLVF� HYHU\� ����� VFDWWHUV�� 7KH� SURFHVV� ZDV

UHSHDWHG�IRU�D�IHZ�KXQGUHG�TXDVLSDUWLFOHV�

)LJXUH�����VKRZV�WKH�TXDVLSDUWLFOH�GHQVLW\�DIWHU������VFDWWHUV��t
HII

 ����QV���7KH

ZDUPHVW�FRORXUV�FRUUHVSRQG�WR�WKH�KLJKHVW�TXDVLSDUWLFOH�GHQVLW\��DQG�WKH�FRROHVW�WR�WKH

ORZHVW��7KH�SHDN�TXDVLSDUWLFOH�GHQVLW\�ZDV�����SHU���������QP�HOHPHQW��7KH�RXWOLQHV

RI�WKH�LQMHFWRU�DQG�GHWHFWRU�MXQFWLRQV�DUH�RYHUODLG�RYHU�WKH�SORW��$IWHU��������VFDWWHUV

�t
HII 

����QV�� WKH� TXDVLSDUWLFOH� GHQVLW\� LV� UDLVHG� RYHU� D� VLJQLILFDQWO\� ZLGHU� DUHD�� DV

VKRZQ�LQ�ILJXUH������)LQDOO\��DIWHU��������VFDWWHUV��t
HII

 ����QV��WKH�TXDVLSDUWLFOHV�KDYH

GLIIXVHG�RYHU�WKH�ZKROH�H[WHQW�RI�WKH�EDVH�HOHFWURGH��ILJXUH�������

�
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)LJXUH������5DQGRP�ZDON�PRGHO�DIWHU��������VFDWWHUV��7KH�;�DQG�<�VFDOHV�DUH�LQ��P��WKH�]��FRORXU��VFDOH
JLYHV�WKH�QXPEHU�RI�TXDVLSDUWLFOHV�SHU���������QP�UHJLRQ�



&KDSWHU���±�(SLWD[LDO�1LRELXP�6,6�'HYLFHV

���

�������� (IIHFWLYH�4XDVLSDUWLFOH�/LIHWLPH

:H�DUH�QRZ�DEOH�WR�HVWLPDWH�WKH�HIIHFWLYH�TXDVLSDUWLFOH�OLIHWLPH�LQ�RXU�GHYLFHV

E\�FRPSDULQJ�WKH�PHDVXUHG�H[SHULPHQWDO�GHWHFWRU�HIILFLHQF\�ZLWK�WKDW�SURGXFHG�IURP

RXU� UDQGRP� ZDON� VLPXODWLRQ�� ,W� VKRXOG� EH� QRWHG� WKDW� DV� WKH� VLPXODWLRQ� GRHV� QRW

FRQVLGHU�LQHODVWLF�VFDWWHULQJ�HYHQWV��LW�KDV�QR�SURYLVLRQ�IRU�PRGHOOLQJ�DQ\�TXDVLSDUWLFOH

PXOWLSOLFDWLRQ�SURFHVVHV��)RU�WKLV�UHDVRQ��WKH�DSSURSULDWH�LQMHFWRU�ELDV�9
LQM

�DW�ZKLFK�WR

PHDVXUH�WKH�H[SHULPHQWDO�YDOXH�IRU�h� LV�LQ�WKH�UDQJH��&�9
LQM

��&�� LQ�ZKLFK�WKHUH�DUH

QR�PXOWLSOLFDWLRQ�SURFHVVHV�DYDLODEOH�

,Q� ILJXUH������ZH�SORW� WKH�PRGHOOHG�QRUPDOLVHG�GHWHFWRU�HIILFLHQF\�h� DJDLQVW

WKH�PRGHOOHG�HIIHFWLYH�OLIHWLPH�RI�WKH�TXDVLSDUWLFOHV��IRU�DQ�LQMHFWRU�GHWHFWRU�MXQFWLRQ

VSDFLQJ� RI� ���P�� 2QH� PLJKW� H[SHFW� WKDW� h� ZRXOG� YDU\� DV� WKH� VTXDUH� URRW� RI� WKH

HIIHFWLYH� OLIHWLPH� �QXPEHU� RI� VFDWWHULQJ� VWHSV�� IURP� WKH� UDQGRP�ZDON� QDWXUH� RI� WKH

VLPXODWLRQ�� ,Q�SUDFWLFH� WKLV� LV�QRW� WKH�FDVH��7KLV� LV�SDUWO\�DV�QHLWKHU� WKH� LQMHFWRU��QRU

�

�

��

��

� �� ��� ��� ���

'HWHFWRU�(IILFLHQF\����PLFURQ
'HWHFWRU�(IILFLHQF\����PLFURQ
'HWHFWRU�(IILFLHQF\�����PLFURQ
'HWHFWRU�(IILFLHQF\�����PLFURQ

(IIHFWLYH�/LIHWLPH��QV�

'
HW
HF
WR
U�
(
II
LF
LH
QF
\�
�P
W
�

)LJXUH������0RGHOOHG�GHWHFWRU�HIILFLHQF\��h��YHUVXV�PRGHOOHG�TXDVLSDUWLFOH�OLIHWLPH��7KH�OLQHV�DUH�WR
JXLGHV�WR�WKH�H\H�RQO\�



&KDSWHU���±�(SLWD[LDO�1LRELXP�6,6�'HYLFHV

���

GHWHFWRU�DUH�SRLQW�VRXUFHV�LQ�HLWKHU�WKH�H[SHULPHQW�RU�WKH�VLPXODWLRQ��,Q�WKH�VLPXODWLRQ�

WKLV�ZDV�PRGHOOHG�E\�VWDUWLQJ�HDFK�TXDVLSDUWLFOH�VFDWWHU�DW�D�UDQGRP�SRLQW�ZLWKLQ�WKH

LQMHFWRU� MXQFWLRQ��DQG�E\�VXPPLQJ� WKH�TXDVLSDUWLFOH�GHQVLW\�RYHU� WKH�ZKROH�GHWHFWRU

MXQFWLRQ��,Q�DGGLWLRQ��WKH�TXDVLSDUWLFOHV�DUH�FRQILQHG�WR�WKH�EDVH�HOHFWURGH�DUHD��DQG�LQ

WKH�OLPLW�RI�ORQJ�TXDVLSDUWLFOH�OLIHWLPHV�WKH�DYHUDJH�TXDVLSDUWLFOH�GHQVLW\�ZLOO�EH�OLQHDU

ZLWK�WKH�OLIHWLPH��)RU�WKH�ORQJHU�TXDVLSDUWLFOH�OLIHWLPHV�PRGHOOHG�ZH�DUH�DSSURDFKLQJ

WKLV�OLPLW��ZLWK�WKH�TXDVLSDUWLFOH�GHQVLW\�EHFRPLQJ�LQFUHDVLQJO\�XQLIRUP�±�FRPSDUH�IRU

H[DPSOH�ILJXUHV������t
HII

 ����QV��DQG�������t
HII

 ����QV��

)URP� ILJXUH� ���� ZH� VHH� WKDW� WKH� GHWHFWRU� HIILFLHQF\� IRU� DQ� LQMHFWRU�GHWHFWRU

MXQFWLRQ�VHSDUDWLRQ�RI����P�LV������PW������PW��)URP�ILJXUH������WKLV�FRUUHVSRQGV

WR� DQ� HIIHFWLYH� OLIHWLPH� t
HII

� RI� ���QV�����QV��� RU� DSSUR[LPDWHO\� ������� HODVWLF

VFDWWHULQJ�HYHQWV�

:H�FDQ�WHVW�WKH�YDOLGLW\�RI�WKLV�HVWLPDWHG�OLIHWLPH�E\�ILQGLQJ�WKH�VDPH�HIIHFWLYH

TXDVLSDUWLFOH�OLIHWLPH�XVLQJ�GDWD�IRU�WKH�RWKHU�LQMHFWRU�GHWHFWRU�VHSDUDWLRQV��YL]�������

DQG� ����P��� )LJXUH� ����� VKRZV� WKH� VLPXODWHG� GHWHFWRU� HIILFLHQF\� ZLWK� HIIHFWLYH

)LJXUH������0RGHOOHG�DQG�H[SHULPHQWDO�GHWHFWRU�HIILFLHQF\��h���IRU��������DQG�����P�VHSDUDWLRQV�
7KH�OLQHV�DUH�WRS�JXLGH�WKH�H\H�RQO\�
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OLIHWLPH� IRU� WKHVH� VHSDUDWLRQV�� )URP� H[SHULPHQWDO� GDWD� ZH� KDYH

h
��P

 ����PW�����PW�� h
���P

 �������PW� DQG� h
���P

 ������PW�� )URP� ILJXUH� �����

WKLV�JLYHV�XV�OLIHWLPHV�t
HII���P�

 ������QV��t
HII����P�

 ������QV�DQG�t
HII����P�

 �������QV�

)LJXUH� ����� VXPPDULVHV� WKHVH� UHVXOWV� E\� VKRZLQJ� ERWK� H[SHULPHQWDO� YDOXHV� h� DQG

IURP�WKH�PRGHO�EDVHG�RQ�HIIHFWLYH�TXDVLSDUWLFOH�OLIHWLPHV�RI��������DQG�����QV�IRU�WKH

IRXU�MXQFWLRQ�VHSDUDWLRQV�PHDVXUHG�

8S�WR�WKLV�SRLQW�ZH�KDYH�QHJOHFWHG�WKH�IUDFWLRQ�RI�WKH�H[SHULPHQWDO�YDOXHV�RI�h

WKDW� LV� GXH� WR� VXEVWUDWH� SKRQRQ� FRXSOLQJ�� DV� D� UHVXOW� RI� ZKLFK� WKH� HVWLPDWHV� RI� WKH

TXDVLSDUWLFOH� OLIHWLPH�t
HII

�JLYHQ�DERYH�ZLOO� EH� WKH�XSSHU�ERXQG�YDOXHV��$V�GLVFXVVHG

DERYH��:DUEXUWRQ�:DUEXUWRQ�����D��ZDV�DEOH�WR�SODFH�OLPLWV�RQ�WKH�VXEVWUDWH�SKRQRQ

FRXSOLQJ� IRU� WKLV� JHRPHWU\� E\�PHDQV� RI� SRVW�SURFHVVLQJ� D� VORW� EHWZHHQ� WKH� LQMHFWRU

DQG� GHWHFWRU� MXQFWLRQV�� +H� IRXQG� WKDW� ZLWK� WKH� VORW� WKH� VXEVWUDWH� SKRQRQ� FRXSOLQJ

UHVXOWHG�LQ�D�YDOXH�RI�h�DW�9
LQM

 �&�DSSUR[LPDWHO\�����RI� WKDW�ZLWKRXW� WKH�VORW��7KLV

UDWLR� ZDV� LQGHSHQGHQW� RI� WKH� MXQFWLRQ� VHSDUDWLRQ�� :H� GHILQH� WKH� QRUPDOLVHG

TXDVLSDUWLFOH�GHWHFWLRQ�HIILFLHQF\�z�

�� � �� � � � � �9 9 9
LQM QR VORW LQM VORW LQM

= -
-

�����

,I� ZH� DVVXPH� WKH� VDPH� IUDFWLRQ� RI� FRXSOLQJ� LQ� RXU� GHYLFHV� WR� EH� VXEVWUDWH� SKRQRQ

PHGLDWHG��DQG�UHFDOFXODWH�WKH�TXDVLSDUWLFOH�OLIHWLPHV�EDVHG�RQ�WKLV�WKHQ�ZH�ILQG�D�PHDQ

t
HII

 ������QV��7KLV�DVVXPHV��KRZHYHU��WKDW�WKH�UDWH�RI�SKRQRQ�ORVV�WR�WKH�VXEVWUDWH�DQG

WKH� UDWH� RI� SKRQRQ� UH�HQWU\� WR� WKH� ILOP� DUH� WKH� VDPH� LQ� WKHVH� GHYLFHV� DQG� WKRVH

PHDVXUHG�E\�:DUEXUWRQ��,I�ZH�DVVXPH�WKDW�SKRQRQV�SURSDJDWH�XQLIRUPO\�DQG�DW�VRPH

ZHOO�GHILQHG�DYHUDJH�VSHHG��WKHQ�WKH�UDWH�RI�SKRQRQ�ORVV�WR�WKH�VXEVWUDWH�IURP�D�WKLQ

ILOP�LV�JLYHQ�E\��������

)RU�D�ILOP�WKLFNQHVV�RI�����QP��ZH�ILQG�WKDW�tf ����QV��F�I������QV�IRU�GHYLFHV

LQ� �:DUEXUWRQ� ����D����7KXV��ZH�ZRXOG� H[SHFW� D� KLJKHU� UDWH� RI� SKRQRQ� ORVV� WR� WKH

VXEVWUDWH�IRU�WKHVH�GHYLFHV��(YHQ�VR��WKLV�WLPH�LV�VWLOO�DURXQG�WZR�RUGHUV�RI�PDJQLWXGH

ORQJHU�WKDQ�WKH�WLPH�DJDLQVW�SDLU�EUHDNLQJ��VR�LQ�SUDFWLFH�RQO\�WKRVH�SKRQRQV�HPLWWHG

ZLWKLQ�WKH�SDLU�EUHDNLQJ�OHQJWK�RI�WKH�LQWHUIDFH�ZLWK�WKH�VXEVWUDWH�ZLOO�OHDYH�WKH�ILOP�

6LPLODUO\��WKH�WLPH�IURP�SKRQRQ�UH�HQWU\�WR�WKH�ILOP�FDQ�EH�IRXQG�IURP��������ZKHUH

G�� F� DQG�Ý� UHIHU� WR� WKH� VXEVWUDWH� �����PP� WKLFN� VDSSKLUH��� ,Q� WKLV� FDVH�ZH� ILQG� WKDW
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tfVXEVWUDWH!� ILOP �����V�� 7KLV� LV� VLPLODU� WR� WKH� OLIHWLPH� DJDLQVW� DQKDUPRQLF� GHFD\�� ,W

IROORZV� IURP� WKLV� WKDW� SKRQRQV�PD\�ZHOO� UH�HQWHU� WKH� ILOP�ZLWK� WKH� VDPH� HQHUJ\� DV

WKH\�OHIW��,Q�WKLV�FDVH�WKH�PHDQ�IUHH�SDWK�RI�SKRQRQV�LQ�WKH�VXEVWUDWH�ZLOO�EH�RI�RUGHU�RI

PLOOLPHWUHV��6XEVWUDWH�SKRQRQ�FRXSOLQJ�VKRXOG�WKHUHIRUH�EH�RQO\�ZHDNO\�GHSHQGHQW�RQ

GLVWDQFH�� VR�RQH�ZRXOG� H[SHFW� WKH� VXEVWUDWH�SKRQRQV� WR� JLYH� D� FRQVWDQW� EDFNJURXQG

VLJQDO� WR� WKH�PHDVXUHG� GHWHFWRU� HIILFLHQF\�� LQGHSHQGHQW� RI� WKH� GLVWDQFH� EHWZHHQ� WKH

LQMHFWRU�DQG�GHWHFWRU�

������ 4XDVLSDUWLFOH�0XOWLSOLFDWLRQ

$V�PHQWLRQHG�DERYH��SUHYLRXV�VWXGLHV��:DUEXUWRQ�����D��*LMVEHUWVHQ�����D�

KDYH� IRXQG� WKDW� IRU� LQMHFWLRQ� ELDVHV� 9
LQM

� ��&� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� RFFXUV�

ZKHUHE\�TXDVLSDUWLFOHV�VFDWWHULQJ�WR�WKH�HQHUJ\�JDS�HGJH�UHOHDVH�SKRQRQV�ZLWK�HQHUJ\

��&�ZKLFK�PD\�EUHDN�SDLUV�DQG�WKXV�JHQHUDWH�PRUH�TXDVLSDUWLFOHV��7KLV�LV�UHIOHFWHG�LQ

WKH�H[SHULPHQWDO�GDWD�E\�DQ�LQFUHDVH�LQ�WKH�GHWHFWLRQ�HIILFLHQF\�h�ZLWK�LQMHFWRU�ELDV�

,Q� FDVHV� ZKHUH� WKH� LQMHFWHG� TXDVLSDUWLFOH� GHQVLW\� LV� PXFK� JUHDWHU� WKDQ� WKH� WKHUPDO

GHQVLW\��VRPH�QRQ�HTXLOLEULXP�SURFHVVHV�DUH�IRXQG�%XUQHOO�������

$V� FDQ� EH� VHHQ� IRU� ILJXUHV� �������� DQG� ����� KRZHYHU�� WKHUH� LV� QR� PHDVXUHG

LQFUHDVH�LQ�h�DV�WKH�LQMHFWRU�ELDV�LV�LQFUHDVHG�LQ�WKH�GHYLFHV�UHSRUWHG�KHUH��7KLV�ZRXOG

LPSO\� WKDW� HLWKHU� WKH� TXDVLSDUWLFOHV� DUH� QRW� VFDWWHULQJ� IURP� WKHLU� LQMHFWLRQ� HQHUJLHV

SURGXFLQJ� SKRQRQV�ZLWK� HQHUJLHV� JUHDWHU� WKDQ� �&�� RU� WKDW� WKHUH� LV� DQ� LQMHFWLRQ� ELDV

UHODWHG�TXDVLSDUWLFOH�ORVV�SURFHVV�

�������� ,QMHFWLRQ�%LDV�5HODWHG�/RVV�3URFHVVHV

,I� ZH� SRVWXODWH� WKH� H[LVWHQFH� RI� DQ� LQMHFWLRQ� ELDV� UHODWHG� ORVV� SURFHVV� WR

DFFRXQW�IRU�WKH�ODFN�RI�REVHUYHG�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�LQ�WKHVH�GHYLFHV�WKHQ�ZH

FDQ�GHILQH� LWV� QHFHVVDU\� FKDUDFWHULVWLFV��)LUVWO\�� LW�PXVW� VFDOH� DSSUR[LPDWHO\� OLQHDUO\

ZLWK�WKH�LQMHFWLRQ�ELDV��RU�FXUUHQW��VLQFH�LQ�WKH�UDQJH�RQ�LQMHFWLRQ�XQGHU�FRQVLGHUDWLRQ

WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� LV� OLQHDU��� 6HFRQGO\�� LW� PXVW� RFFXU� FORVH� WR� WKH

LQMHFWRU� MXQFWLRQ��VLQFH�DV�ZH�KDYH�VHHQ�DERYH�WKH�YDULDWLRQ�LQ�h�ZLWK�GLVWDQFH�IURP

WKH�LQMHFWRU�LV�ZHOO�FKDUDFWHULVHG�E\�RXU�UDQGRP�ZDON�PRGHO�DQG�LV�FRQVLVWHQW�ZLWK�WKH

UHVXOWV�UHSRUWHG�IRU�GHYLFHV�ZKLFK�GR�VKRZ�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��7KLUGO\��DQ\
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ORVV� SURFHVV� PXVW� QRW� EH� D� VRXUFH� RI� �&� SKRQRQV�� RU� HOVH� TXDVLSDUWLFOHV� FRXOG� EH

JHQHUDWHG�RXWVLGH�RI�WKH�WUDS�UHJLRQ��)LQDOO\��WKH�ORVV�SURFHVV�PXVW�EH�VSHFLILF�WR�WKH

PLFURVWUXFWXUDO�GHWDLO�RI�WKHVH�GHYLFHV�UHODWLYH�WR�WKRVH�RI�:DUEXUWRQ�DQG�*LMVEHUWVHQ�

7KH�PRGHO�RI�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��GHVFULEHG�LQ�VHFWLRQ��������XVHG�E\

:DUEXUWRQ�:DUEXUWRQ� ����D�� DQG� *LMVEHUWVHQ� �*LMVEHUWVHQ� ������ LV� EDVHG� RQ� WKH

FDOFXODWLRQV� RI� .DSODQ�.DSODQ� ������ ZKLFK� DVVXPH� D� WKHUPDO� GLVWULEXWLRQ� RI

TXDVLSDUWLFOHV� DQG� SKRQRQV�� ZLWK� D� PRGLILFDWLRQ� IRU� RQH� SDUWLFXODU� QRQ�HTXLOLEULXP

VFDWWHULQJ� SURFHVV�� ,W� LV� TXHVWLRQDEOH� WR� ZKDW� H[WHQW� D� WKHUPDO� GLVWULEXWLRQ� FDQ� EH

PDLQWDLQHG��2QH� FRXOG� XVH� WKH� FRXSOHG� NLQHWLF� HTXDWLRQV� RI�&KDQJ�&KDQJ� ������ WR

DFFRXQW� IRU� WKH� QRQ�HTXLOLEULXP� VFDWWHULQJ� DQG� SKRQRQ� HPLVVLRQ� DQG� DEVRUSWLRQ

HYHQWV��+RZHYHU�� DW� D� VLPSOHU� OHYHO�ZH� FDQ� GHPRQVWUDWH� KRZ� IDU� WKHVH� GHYLFHV� DUH

IURP�WKHUPDO�HTXLOLEULXP�E\�ILQGLQJ�WKH�TXDVLSDUWLFOH�GHQVLW\�DW�WKH�LQMHFWRU�MXQFWLRQ

DQG�FDOFXODWLQJ�ERWK� WKH� HIIHFWLYH� WHPSHUDWXUH� WKDW� WKLV�ZRXOG� LPSO\�� DQG� KHQFH� WKH

GHJUHH�RI�JDS�VXSSUHVVLRQ�

7KH� H[FHVV� VXE�JDS� WXQQHO� FXUUHQW� FDQ� EH� IRXQG� IURP� WKH� TXDVLSDUWLFOH

GHQVLW\�(LVHQPHQJHU�������WR�EH�

, HQ$G
[ WXQ
= -� � ������

ZKHUH�Q�LV�WKH�TXDVLSDUWLFOH�GHQVLW\��G�WKH�ILOP�WKLFNQHVV��$�WKH�MXQFWLRQ�DUHD�DQG�t
WXQ

��

WKH� WXQQHOOLQJ�UDWH��)RU�D� WXQQHOOLQJ� WLPH�RI�t
WXQ

 ������V�� MXQFWLRQ�DUHD�����P��� ILOP

WKLFNQHVV�����QP��QRUPDO�VWDWH�UHVLVWDQFH������W�D�GHWHFWRU�HIILFLHQF\�h �����PW�IRU

DQ����P�LQMHFWRU�GHWHFWRU� MXQFWLRQ�VHSDUDWLRQ��DQG�DQ�LQMHFWRU�ELDV�RI���P9��ZH�ILQG

WKDW�,
[

 �����$�DQG�Q ���������P���DW�WKH�GHWHFWRU��:H�QRZ�QRWH�WKDW�IRU�DQ�HIIHFWLYH

TXDVLSDUWLFOH� OLIHWLPH� t
HII

 ����QV�� RXU� UDQGRP� ZDON� PRGHO� ZRXOG� SUHGLFW� WKDW� WKH

GHQVLW\� DW� WKH� LQMHFWRU� MXQFWLRQ� ZDV� D� IDFWRU� RI� ���� WLPHV� JUHDWHU� WKDQ� WKDW� DW� WKH

GHWHFWRU� MXQFWLRQ��:H�ZRXOG�� WKHUHIRUH�� ILQG� WKDW� WKH�GHQVLW\�RI�TXDVLSDUWLFOHV� DW� WKH

LQMHFWRU� ZDV� ���������P���� 7KH� QXPEHU� RI� WKHUPDOO\� H[FLWHG� TXDVLSDUWLFOHV� LV� JLYHQ

E\�(LVHQPHQJHU�������
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7DNLQJ� =����1
�

 �������������P��-���6RXNRXOLV� ������� DQG� DVVXPLQJ

&�����.� �����PH9��ZH�ILQG�Q
WKHUPDO

 ����������P����RU����WLPHV�OHVV� WKDQ�WKH�GHQVLW\

RI�QRQ�HTXLOLEULXP�TXDVLSDUWLFOHV��:H�ZRXOG� H[SHFW�� WKHUHIRUH�� WKDW� QRQ�HTXLOLEULXP

TXDVLSDUWLFOH�VFDWWHULQJ�SURFHVVHV�ZLOO�GRPLQDWH�LQ�WKH�UHJLRQ�QHDU�WR�WKH�LQMHFWRU�

���������� *DS�6XSSUHVVLRQ�E\�/RFDO�+RW�6SRW�)RUPDWLRQ

$Q�LPSRUWDQW�SRVVLELOLW\�WR�FRQVLGHU�ZRXOG�EH�WKH�IRUPDWLRQ�RI�D�ORFDOLVHG�KRW�

VSRW� OHDGLQJ� WR� D� ORFDOLVHG� GHSUHVVLRQ� LQ� WKH� HQHUJ\� JDS�� 4XDVLSDUWLFOHV� ZKLFK

VFDWWHUHG� WR� WKH� JDS� HGJH�ZRXOG� HPLW� SKRQRQV�ZLWK� VXIILFLHQW� HQHUJ\� WR� FDXVH� SDLU�

EUHDNLQJ�� KRZHYHU� WKH� UHVXOWDQW� TXDVLSDUWLFOHV� ZRXOG� EH� LQ� WKH� UHJLRQ� RI� UHGXFHG

HQHUJ\�JDS�DQG�ZRXOG�EH�WUDSSHG��5HFRPELQDWLRQ�RI�WKH�WUDSSHG�TXDVLSDUWLFOHV�ZRXOG

UHVXOW�LQ�SKRQRQV�RI�HQHUJ\��&
WUDS

��EXW�VLQFH�&
WUDS

�&
EDVH

�� WKH\�ZRXOG�KDYH�LQVXIILFLHQW

HQHUJ\�WR�EUHDN�SDLUV�LQ�WKH�UHVW�RI�WKH�EDVH�HOHFWURGH�

:H�FDQ�FDOFXODWH�WKH�HIIHFWLYH�WHPSHUDWXUH�DW�WKH�LQMHFWRU�E\�DVVXPLQJ�WKDW�WKH

TXDVLSDUWLFOHV� RFFXS\� VWDWHV� LQ� D� %ROW]PDQQ� OLNH� GLVWULEXWLRQ�� 8VLQJ� ������� ZH� FDQ

VROYH�IRU�7�IRU�D�JLYHQ�GHQVLW\�RI�TXDVLSDUWLFOHV��7KHUHIRUH�ZH�FDQ�ILQG�DQ�HIIHFWLYH

WHPSHUDWXUH�7
�IRU�WKH�GHQVLW\�RI�QRQ�HTXLOLEULXP�TXDVLSDUWLFOHV�$GNLQV��������8VLQJ

WKLV�ZH�ILQG�WKDW�IRU�Q ����������7
 �����. 7
&

����0�KOVFKOHJHO�0�KOVFKOHJHO������

KDV� WDEXODWHG� WKH�IRUP�RI�YDULDWLRQ�RI� WKH�%&6�HQHUJ\�JDS� DV�D� IXQFWLRQ�RI� UHGXFHG

WHPSHUDWXUH� �7�7
&

��� ZKLFK� :DUEXUWRQ� KDV� ILWWHG� ZLWK� D� SRO\QRPLDO

DSSUR[LPDWLRQ�:DUEXUWRQ�����D���)URP�WKLV�ZH�ILQG�WKDW�DW�7 �����.��DQG�DVVXPLQJ

7
&

 ����.�� WKH� HQHUJ\� JDS� ZLOO� KDYH� EHHQ� UHGXFHG� IURP� �����PH9� WR� �����PH9�

KRZHYHU� WKLV� LV� RQO\� ����N
%

7� �7 ����.��� :H� ZRXOG� WKHUHIRUH� FRQFOXGH� WKDW� LW� LV

XQOLNHO\�WR�EH�DQ�HIIHFWLYH�WUDS�RI�TXDVLSDUWLFOHV��7KLV�ZRXOG�UXOH�RXW�WKLV�PHFKDQLVP

DV�RXU�TXDVLSDUWLFOH�ORVV�PHFKDQLVP�

���������� 6HOI�5HFRPELQDWLRQ�RI�4XDVLSDUWLFOHV

,I� WKH� H[FHVV� QRQ�HTXLOLEULXP� TXDVLSDUWLFOH� GHQVLW\� GRHV� QRW� VLJQLILFDQWO\

UHGXFH�WKH�JDS��FDQ�D�QRQ�HTXLOLEULXP�VFDWWHULQJ�RU�UHFRPELQDWLRQ�SURFHVV�DFFRXQW�IRU

WKH�ODFN�RI�PXOWLSOLFDWLRQ"

&RPELQLQJ��������DQG��������ZH�ILQG�WKDW�

�
U

5Q- =� ������
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ZKLFK� LV� D� PDWHULDO� FRQVWDQW� DQG� Q� LV� WKH� GHQVLW\� RI� TXDVLSDUWLFOHV�� ,I� WKH� QRQ�

HTXLOLEULXP�TXDVLSDUWLFOH�GLVWULEXWLRQ�FDQ�EH�UHSUHVHQWHG�E\�DQ�HIIHFWLYH� WHPSHUDWXUH

7
�� WKHQ� )HUPL� IXQFWLRQ� I�(�� PD\� EH� UHSODFHG� ZLWK� QRQ�HTXLOLEULXP� GLVWULEXWLRQ

IXQFWLRQ�� KRZHYHU� HTXDWLRQV� ������� DQG� ������� VWLOO� KROG�� 7KH� UHFRPELQDWLRQ� UDWH

IROORZV�IURP�WKH�UHFRPELQDWLRQ�WLPH�IURP��������
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,Q�WKH�QRQ�HTXLOLEULXP�GF�LQMHFWLRQ�FDVH�Q�W� Q
QRQ�HTXLOLEULXP

�

,I�ZH�VXSSRVHG�WKDW�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�ZDV�RFFXUULQJ��WKHQ�LQ�WKH�ILUVW

DSSUR[LPDWLRQ� LW� ZRXOG� OHDG� WR� D� OLQHDU� LQFUHDVH� LQ�h� ZLWK� LQMHFWLRQ� ELDV�9
LQM

�� 7KLV

ZRXOG�LPSO\�D�TXDGUDWLF� LQFUHDVH�LQ�WKH�H[FHVV�FXUUHQW��DQG�IURP���������D�TXDGUDWLF

LQFUHDVH�LQ�WKH�TXDVLSDUWLFOH�GHQVLW\��ZKLFK�LQ�WXUQ�ZRXOG�OHDG�WR�D�OLQHDU�LQFUHDVH�LQ

WKH�TXDVLSDUWLFOH� UHFRPELQDWLRQ�UDWH�ZLWK�9
LQM

�� ,I� WKH� WLPH� IRU�TXDVLSDUWLFOHV� WR� WUDYHO

IURP�LQMHFWRU� WR�GHWHFWRU� UHPDLQHG�FRQVWDQW�� WKLV�ZRXOG�UHVXOW� LQ�D� OLQHDU� LQFUHDVH� LQ

WKH�TXDVLSDUWLFOH�GHQVLW\�DW�WKH�GHWHFWRU��7KLV�ZRXOG�WKHQ�JLYH�D�FRQVWDQW�h�

8QIRUWXQDWHO\�� WKLV�PHFKDQLVP� IDLOV� WKH� WHVW� RI� EHLQJ� H[SOLFDEOH� LQ� WHUPV� RI

PLFURVWUXFWXUDO� GLIIHUHQFHV� EHWZHHQ� WKHVH� GHYLFHV� DQG� WKRVH� RI� *LMVEHUWVHQ� DQG

:DUEXUWRQ��6HOI�UHFRPELQDWLRQ�UHOLHV�RQ�WKH�KLJK�TXDVLSDUWLFOH�GHQVLW\�LQ�WKH�ORFDOLW\

RI�WKH�LQMHFWRU�MXQFWLRQ��EXW�WKH�PHDQ�IUHH�SDWK�LQ�WKHVH�GHYLFHV�LV�VLPLODU�WR�WKRVH�RI

:DUEXUWRQ��DQG�IDU�ORQJHU�WKDQ�WKRVH�RI�*LMVEHUWVHQ��:H�ZRXOG�H[SHFW��WKHUHIRUH��WKDW

WKH� TXDVLSDUWLFOH� GHQVLW\� LV� VLPLODU� RU� ORZHU� WKDQ� GHYLFHV� LQ� ZKLFK� TXDVLSDUWLFOH

PXOWLSOLFDWLRQ�ZDV�REVHUYHG�WR�RFFXU�

�������� $QRPDORXV��4XDVLSDUWLFOH�6FDWWHULQJ

,I�WKH�ODFN�RI�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�ZHUH�QRW�GXH�WR�H[FHVV�TXDVLSDUWLFOHV

EHLQJ� WUDSSHG� RU� ORVW�� WKHQ� ZH� ZRXOG� FRQFOXGH� WKDW� WKH� H[FHVV� TXDVLSDUWLFOHV� ZHUH

QHYHU� FUHDWHG�� ,Q� HIIHFW�� ZH� ZRXOG� UHTXLUH� D� PHFKDQLVP� ZKHUHE\� TXDVLSDUWLFOHV� DW

HQHUJLHV� JUHDWHU� WKDQ� �&� DERYH� WKH� HQHUJ\� JDS� FRXOG� VFDWWHU� WR� WKH� HQHUJ\� JDS
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SURGXFLQJ�SKRQRQV�ZLWK�HQHUJ\�OHVV�WKDQ��&��)XUWKHUPRUH��VXFK�D�SURFHVV�ZRXOG�QHHG

WR� EH� IDVWHU� WKDQ� WKH� µFRQYHQWLRQDO¶� LQHODVWLF� VFDWWHULQJ� SURFHVVHV�� $OWKRXJK�� DV

RXWOLQHG�DERYH�� WKH�EDVH�HOHFWURGH�LV� LQ�D�QRQ�WKHUPDO�HTXLOLEULXP�VWDWH��ZH�FDQ�VWLOO

GHULYH� XVHIXO� LQIRUPDWLRQ� E\� FRQVLGHULQJ� WKH� DQDO\VLV� RI�.DSODQ�.DSODQ� �������:H

QRWH� WKDW� IURP� HTXDWLRQV� ������� DQG� ������� WKDW� WKH� WKHUPDO� HTXLOLEULXP� LQHODVWLF

VFDWWHULQJ� WLPH� IRU� D�TXDVLSDUWLFOH� DW� HQHUJ\�RI��&� �WKH�PLQLPXP�HQHUJ\�DW�ZKLFK� D

TXDVLSDUWLFOH� FRXOG� HPLW� D� SDLU�EUHDNLQJ� SKRQRQ� DQG� KHQFH� FDXVH� TXDVLSDUWLFOH

PXOWLSOLFDWLRQ��LV�DSSUR[LPDWHO\�t
�

����DQG�WKDW�IRU�1E�t
�

�LV�JLYHQ�E\��.DSODQ�������DV

������QV�� 7KHUHIRUH�� XQGHU� FRQGLWLRQV� RI� WKHUPDO� HTXLOLEULXP� ZH� ZRXOG� H[SHFW� WKH

LQHODVWLF� VFDWWHULQJ� HYHQW� WR� RFFXU� ZLWKLQ� DSSUR[LPDWHO\� ��t
HOV

�� $Q\� SURSRVHG

VFDWWHULQJ�PHFKDQLVP�ZRXOG�VHHP�WR�KDYH�WR�RSHUDWH�RQ�D�WLPH�VFDOH�IDVWHU�WKDQ�WKLV�

:H�FRQVLGHU�QRZ�KRZ�WKH�GHYLFHV�XVHG�KHUH�GLIIHU�IURP�WKRVH�RI�:DUEXUWRQ�

$V� KDV� EHHQ� GHWDLOHG� DERYH� WKH� ILOPV� DUH� EURDGO\� VLPLODU� VWUXFWXUHV�� WKH� RQHV� KHUH

EHLQJ� UDWKHU� WKLQQHU�� EXW� KDYLQJ� D� VOLJKWO\� ORQJHU�PHDQ� IUHH� SDWK�� 7KH� QRUPDO� VWDWH

UHVLVWDQFHV�RI�WKH�MXQFWLRQV�DUH�WKH�VDPH��DV�DUH�WKH�GLPHQVLRQV�RI�WKH�EDVH�HOHFWURGH�

WKH� DUHDV� RI� WKH� MXQFWLRQV� DQG� WKH� VHSDUDWLRQ� RI� WKH� MXQFWLRQV�� 7KH�PRVW� VLJQLILFDQW

GLIIHUHQFH�LV�LQ�WKH�LVRODWLRQ�RI�WKH�ZLULQJ�OD\HU�IURP�WKH�EDVH�HOHFWURGH��,Q�KLV�GHYLFHV

:DUEXUWRQ� XVHG� D� VHOI�DOLJQHG�ZKROH�ZDIHU� SURFHVV�%ODPLUH� ������� ZKHUH� WKH

MXQFWLRQV�DUH�IRUPHG�DW�RQH�HGJH�RI�WKH�EDVH�HOHFWURGH��WKXV�UHTXLULQJ�LQVXODWLRQ�RI�WKH

ZLULQJ�OD\HU�DQG�EDVH�HOHFWURGH�RQO\�DORQJ�WKH�YHUWLFDO�HGJH�RI�WKH�EDVH�HOHFWURGH��,Q

WKH�GHYLFHV�PDGH�IRU�WKLV�ZRUN�D�GLIIHUHQW�URXWH�ZDV�IROORZHG��7KH�FRXQWHU�HOHFWURGH

ZDV�HWFKHG�WR�IRUP�PHVDV�VRPH����P�IURP�WKH�HGJH��DQG�WKH�ZKROH�RI�WKH�WRS�VXUIDFH

RI�WKH�EDVH�HOHFWURGH�ZDV�DQRGLVHG�WR�DOORZ�WKH�ZLULQJ�OD\HU�WR�FURVV�LW�WR�FRQWDFW�WKH

FRXQWHU�HOHFWURGH�PHVDV��7KXV�LQ�WKHVH�GHYLFHV�ZH�KDYH�D�PXFK�ODUJHU�DUHD�RI�DQRGLF

1E2
[

�ZKLFK� KDV� EHHQ�ZLGHO\� VXJJHVWHG� WR� EH� D� SRWHQWLDO� WUDSSLQJ� DQG� ORVV� VLWH� IRU

TXDVLSDUWLFOHV�GXH�WR�LWV�YDULHW\�RI�PHWDOOLF�DQG�VXSHUFRQGXFWLQJ�VXE�R[LGHV�+DOEULWWHU

������0DWVXPXUD�������

+DYLQJ�VWDWHG�WKDW�WKH�RQO\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�GHYLFHV�KHUH�DQG

WKRVH�RI�:DUEXUWRQ� OLHV�QRW�ZLWKLQ� WKH� LQMHFWRU� MXQFWLRQ� UHJLRQ�EXW�RXWVLGH�RI� LW��ZH

PXVW� FRQVLGHU� KRZ� OLNHO\� LW� LV� WKDW� TXDVLSDUWLFOHV� FRXOG� UHDFK� WKH� DQRGLVHG� UHJLRQV

ZLWKRXW� UHOHDVLQJ� VLJQLILFDQW� QXPEHUV� RI� �&� SKRQRQV�� )RU� �����P� MXQFWLRQV�
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TXDVLSDUWLFOHV�ZLOO�KDYH�WR�WUDYHO��RQ�DYHUDJH��D�GLVWDQFH�RI�DSSUR[LPDWHO\����P�EHIRUH

OHDYLQJ�WKH�YLFLQLW\�RI�WKH�MXQFWLRQ��7KLV�ZRXOG�UHSUHVHQW�D�PLQLPXP�RI�������HODVWLF

VFDWWHULQJ� VWHSV�� DQG� PRUH� W\SLFDOO\�� WKLV� VTXDUHG� L�H�� ����� )RU� TXDVLSDUWLFOHV� DW

HQHUJLHV�VLJQLILFDQWO\�DERYH�WKH�HQHUJ\�JDS�&��WKH�TXDVLSDUWLFOH�YHORFLW\�FDQ�EH�WDNHQ

WR�EH�HTXDO�WR�WKH�)HUPL�YHORFLW\��ZKLFK�UHVXOWV�LQ�HDFK�HODVWLF�VFDWWHULQJ�VWHS�WDNLQJ

DSSUR[LPDWHO\�����SV��:LWK�WKLV�HODVWLF�VFDWWHULQJ�WLPH��WKH�TXDVLSDUWLFOH�ZRXOG�UHDFK

WKH� HGJH�RI� WKH� MXQFWLRQ� LQ����t
�

��7KLV� LV�� KRZHYHU�� D� IDFWRU� RI� ILYH� VORZHU� WKDQ� WKH

WKHUPDO�HTXLOLEULXP�LQHODVWLF�VFDWWHULQJ�UDWH�

$�IXOO�WUHDWPHQW�RI�WKH�LQHODVWLF�VFDWWHULQJ�LQ�WKH�QRQ�HTXLOLEULXP�FDVH�UHTXLUHV

VROXWLRQ� RI� WKH� FRXSOHG� NLQHWLF� HTXDWLRQV� RI� &KDQJ�&KDQJ� ������� ,I� ZH� ZHUH� WR

DVVXPH�D�7
�PRGHO��ZKHUH�WKH�TXDVLSDUWLFOH�GLVWULEXWLRQ�LV�DVVXPHG�WR�UHVHPEOH�WKDW�DW

D� WHPSHUDWXUH� 7
!7
EDVH

�� DQG� UHFDOFXODWH� WKH� SKRQRQ� VFDWWHULQJ� DQG� UHFRPELQDWLRQ

WLPHV�� WKHQ� ZH� ZRXOG� ILQG� OLWWOH� FKDQJH� IRU� WKH� VFDWWHULQJ� WLPH�� ZKLOVW� WKH

UHFRPELQDWLRQ� UDWH� ZRXOG� EH� LQFUHDVHG�� 7KLV� LV� EHFDXVH� WKH� VFDWWHULQJ� UDWH� LV

GRPLQDWHG� E\� WKH� UDWH� RI� SKRQRQ�HPLVVLRQ��ZKLFK� LV� RQO\�ZHDNO\� GHSHQGHQW� RQ� WKH

TXDVLSDUWLFOH�GLVWULEXWLRQ�±�IRU�DOO�UHDVRQDEOH�TXDVLSDUWLFOH�WHPSHUDWXUHV��L�H��7
��7
&

�

WKH�PDMRULW\�RI�VWDWHV�LQWR�ZKLFK�D�TXDVLSDUWLFOH�ZRXOG�VFDWWHU�ZLOO�EH�HPSW\��2Q�WKH

RWKHU� KDQG�� WKH� UHFRPELQDWLRQ� UDWH� LV� VWURQJO\� VHQVLWLYH� WR� WKH� TXDVLSDUWLFOH

GLVWULEXWLRQ�� DV� ZH� KDYH� VHHQ� LQ� VHFWLRQ� ����������� 2Q� WKLV� EDVLV�� ZH� ZRXOG� ILQG� LW

GLIILFXOW� WR� H[SODLQ� WKH� UDWKHU� ORQJ� OLIHWLPHV� DJDLQVW� TXDVLSDUWLFOH� VFDWWHULQJ� WKDW�ZH

ZRXOG� UHTXLUH� WR� DOORZ� TXDVLSDUWLFOHV� WR� UHDFK� WKH� HGJH� RI� WKH� MXQFWLRQ��:H� VKRXOG

QRWH�� KRZHYHU�� WKDW� DOO� WKHVH� FDOFXODWLRQV� DUH� EDVHG� RQ� WKHUPDO� DQG� WKHUPDO�OLNH

GLVWULEXWLRQV� RI� TXDVLSDUWLFOHV� DQG� SKRQRQV�� &KDQJ�&KDQJ� ������ KDV� VKRZQ� WKDW� LI

WKHUH�LV�DQ\�GHJUHH�RI�SKRQRQ�WUDSSLQJ��L�H��ZKHUH�WKH�SKRQRQ�V\VWHP�LV�QRW�SHUIHFWO\

FRXSOHG� WR� WKH� VXEVWUDWH� SKRQRQ� V\VWHP��� WKHQ� WKH� UHVXOWDQW� GLVWULEXWLRQV� DUH

VLJQLILFDQWO\�DWKHUPDO�

$�IXUWKHU�REMHFWLRQ�WR�RXU�WKHVLV�WKDW�UDSLG�VFDWWHULQJ�LQ�RU�DW�WKH�1E2
[

�UHVXOWV

LQ�QR�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��IROORZV�IURP�WKH�UHVXOWV�RI�*LMVEHUWVHQ�*LMVEHUWVHQ

�������ZKRVH�GHYLFHV�VKRZHG�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�LQ�D�GHYLFH�ZLWK�VLJQLILFDQW

1E2
[

�SUHVHQW��,QGHHG��KH�VWXGLHG�WKH�YDULDWLRQ�LQ�WKH�TXDVLSDUWLFOH�ORVV�UDWH�DVVRFLDWHG

ZLWK�GLIIHULQJ�UHODWLYH�IUDFWLRQV�RI�DQRGLF�1E2
[

�VXUIDFH�LQ�KLV�GHYLFHV��7KH�ILUVW�SRLQW
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LV�DQVZHUHG�ZKHQ�RQH�FRQVLGHUV�WKH�PHDQ�IUHH�SDWK�LQ�WKRVH�GHYLFHV��ZKLFK�ZDV�RI�WKH

RUGHU�RI����QP�� ,Q� WKLV�FDVH�D�TXDVLSDUWLFOH�ZLOO�QHHG� WR� WDNH�DSSUR[LPDWHO\�������

VWHSV�LQ�RUGHU�WR�HPHUJH�IURP�XQGHU�KLV��������P�MXQFWLRQV��7KLV�ZLOO�WDNH���QV�DW�WKH

YHU\�PLQLPXP��RU���t
��1E�

��,Q�WKLV�FDVH��HYHQ�LQ�DQ�H[WUHPH�QRQ�HTXLOLEULXP�FDVH��ZH

ZRXOG�H[SHFW�PRVW�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�WR�KDYH�RFFXUUHG��7KH�VHFRQG�SRLQW�LV

PRUH� GLIILFXOW� WR� DQVZHU�� DSDUW� IURP� WKH� REVHUYDWLRQ� WKDW� WKH� H[SHULPHQWDOO\

GHWHUPLQHG�TXDVLSDUWLFOH�OLIHWLPHV�EHWZHHQ�*LMVEHUWVHQ¶V��:DUEXUWRQ¶V�DQG�WKLV�ZRUN

DUH�DOO� UHPDUNDEO\�FRQVLVWHQW��DQG� LQ�GHYLFHV�ZLWK�VLJQLILFDQWO\�GLIIHULQJ�DPRXQWV�RI

DQRGLF�1E2
[

�SUHVHQW��2QH�PLJKW�VSHFXODWH�WKDW� WKH�ORVV�VLWHV�ZHUH�� LQ�IDFW�� WKH�JUDLQ

ERXQGDULHV�LQ�WKH�DQRGLF�1E2
[

�UDWKHU�WKDQ�WKH�R[LGH�LWVHOI��*LYHQ�WKH�HSLWD[LDO�QDWXUH

RI� RXU� ILOPV� DQG� WKH� SRO\FU\VWDOOLQH� ILOPV� RI� *LMVEHUWVHQ� LW� LV� FRQFHLYDEOH� WKDW� RXU

GHYLFHV�KDYH�OHVV�R[LGH�JUDLQ�ERXQGDU\�DQG�WKXV�RXU�GHYLFHV�DQG�:DUEXUWRQ
V�KDYH�D

VLPLODU� GHQVLW\� RI� TXDVLSDUWLFOH� ORVV� VLWHV�� DQG� \HW� DOO� WKUHH� H[SHULPHQWHUV� PHDVXUH

FRQVLVWHQW�TXDVLSDUWLFOH�OLIHWLPHV�

���� ([SHULPHQWV�DW�����.

:H�VXVSHFW� WKDW� WKH�QRQ�WKHUPDO� HTXLOLEULXP�GLVWULEXWLRQ�RI�TXDVLSDUWLFOHV� LQ

RXU� GHYLFHV� LV� UHVSRQVLEOH� IRU� WKH� DQRPDORXVO\� ORQJ� TXDVLSDUWLFOH� OLIHWLPH� WKDW� ZH

UHTXLUH� WR� H[SODLQ� WKH� ODFN� RI� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ�� ,I� WKLV� LV� WKH� FDVH�� WKHQ

UHSHDWLQJ�WKHVH�H[SHULPHQWV�DW�D�KLJKHU�WHPSHUDWXUH�DW�ZKLFK�ZH�DUH�FORVHU�WR�WKHUPDO

HTXLOLEULXP� VKRXOG� UHVXOW� LQ� WKH� SUHGLFWHG� EHKDYLRXU� DQG� JLYH� TXDVLSDUWLFOH

PXOWLSOLFDWLRQ�

:H� UHSHDWHG� RXU� LQMHFWLRQ�GHWHFWLRQ� H[SHULPHQWV� LQ� D� FRQYHQWLRQDO� �+H� GLS

SUREH� �VHH� VHFWLRQ� ������� IRU� D� GHVFULSWLRQ� RI� WKLV� SUREH��� PHDVXULQJ� D� GHYLFH� ZLWK

���P� MXQFWLRQ�VHSDUDWLRQV�� ,Q� ILJXUH������ZH�SORW� WKH�GHWHFWRU� HIILFLHQF\��h�� DJDLQVW

WKH� LQMHFWRU� ELDV� IRU� WKLV�PHDVXUHPHQW�� )LUVWO\��ZH� VKRXOG� REVHUYH� WKDW� WKH� GHWHFWRU

HIILFLHQF\�LV�PXFK�VPDOOHU�WKDQ�IRU� WKH�VDPH�GHYLFHV�DW�D� ORZHU�WHPSHUDWXUH��7KLV� LV

VLPSO\� GXH� WR� WKH� IDFW� WKDW� WKH� UHFRPELQDWLRQ� UDWH� LV� PXFK� IDVWHU� DQG� VR� WKH

TXDVLSDUWLFOH� OLIHWLPH� LV�PXFK� ORZHU��8VLQJ� RQ� RXU� UDQGRP�ZDON�PRGHO�� ZH�ZRXOG

ILQG� WKH�TXDVLSDUWLFOH� OLIHWLPH� WR�EH� DSSUR[LPDWHO\���QV�RU� D� IDFWRU���� ORZHU� WKDQ� DW

����.��7KH�VHFRQG�SRLQW�WR�REVHUYH�LV�WKDW�ZH�GR�REWDLQ�DQ�LQFUHDVH�LQ�h�ZLWK�LQMHFWLRQ
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MXQFWLRQ� ELDV�� $OWKRXJK� WKHUH� LV� WRR� PXFK� VFDWWHU� LQ� WKH� GDWD� WR� REVHUYH� WKH

FKDUDFWHULVWLF�EXPSV�LQ�WKH�GHWHFWRU�HIILFLHQF\�WKDW�ZH�ZRXOG�H[SHFW�IURP�D�PRGHO�RI

PXOWLSOH� TXDVLSDUWLFOH� VFDWWHULQJ� WR� WKH� JDS� HGJH� �VHH� VHFWLRQ� ������ DQG� ILJXUH� �����

FOHDUO\� WKHUH� LV� TXDVLSDUWLFOH� PXOWLSOLFDWLRQ� RFFXUULQJ�� :H� GR� QRW� EHOLHYH� WKDW� WKLV

LQFUHDVH� FDQ� EH� DWWULEXWHG� WR� VLPSOH� KHDWLQJ� RI� WKH� GHYLFH�� ,I� DQ\WKLQJ�� WKH� FRROLQJ

SRZHU�DYDLODEOH�LV�VLJQLILFDQWO\�EHWWHU� WKDQ�WKDW� LQ�WKH� 
/DPEGD�3ODWH�
� LQVHUW�DV� WKH

GHYLFH� LV� ZHOO� DQFKRUHG� WR� D� UHODWLYHO\� PDVVLYH� FRSSHU� EORFN� RQ� ZKLFK� WKH

WKHUPRPHWHUV�DUH�PRXQWHG�DQG�ZKROH�DVVHPEO\�LPPHUVHG�LQ�OLTXLG��+H�

7KLV� H[SHULPHQW� ZRXOG� VHHP� WR� FRQILUP� RXU� K\SRWKHVLV� WKDW� WKH� ODFN� RI

PXOWLSOLFDWLRQ�LV�GXH�WR�WKH�QRQ�WKHUPDO�TXDVLSDUWLFOH�GLVWULEXWLRQ�JLYLQJ�D�VORZHU�WKDQ

H[SHFWHG�LQHODVWLF�VFDWWHULQJ�UDWH�ZKLOVW�WKH�TXDVLSDUWLFOHV�DUH�XQGHU�WKH�MXQFWLRQ�DUHD�

5DSLG� LQHODVWLF� VFDWWHULQJ� RFFXUV� DW� WKH� LQWHUIDFH� EHWZHHQ� WKH� 1E� DQG� DQRGLF�1E2
[

SURGXFLQJ�VXE�JDS�SKRQRQV�VR�WKDW�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�GRHV�QRW�RFFXU��DQG�D

PRUH�WKHUPDO�OLNH�GLVWULEXWLRQ�RI�TXDVLSDUWLFOHV�LV�REWDLQHG�DW�WKH�GHWHFWRU�

�

���

�

���

�

� � �� �� ��

��������

,QMHFWRU�%LDV�P9�

'HWHFWRU�%LDV��P9�
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)LJXUH������'HWHFWRU�HIILFLHQF\��h��IRU�DQ����P�LQMHFWRU�GHWHFWRU�VHSDUDWLRQ�PHDVXUHG�DW�����.�
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���� 6XPPDU\�DQG�&RQFOXVLRQV

,Q� WKLV� FKDSWHU�� ZH� KDYH� PHDVXUHG� WKH� WUDQVSRUW� RI� TXDVLSDUWLFOHV� RYHU

GLVWDQFHV�EHWZHHQ����P�DQG�����P�LQ�RXU�HSLWD[LDO�1E�ILOPV��8VLQJ�D�VLPSOH�UDQGRP

ZDON� PRGHO�� ZH� KDYH� GHGXFHG� WKH� HIIHFWLYH� OLIHWLPH� RI� WKH� TXDVLSDUWLFOHV� WR� EH

����QV����QV�� 7KLV� OLIHWLPH� DJUHHV� ZHOO� ZLWK� WKRVH� PHDVXUHG� E\� :DUEXUWRQ� DQG

*LMVEHUWVHQ�� ERWK� RI� ZKRVH� H[SHULPHQWV� KDYH� PXFK� LQ� FRPPRQ� ZLWK� WKHVH

PHDVXUHPHQWV�� 8QOLNH�:DUEXUWRQ�� ZH� ILQG� WKDW� WKH� GLVWULEXWLRQ� RI� TXDVLSDUWLFOHV� LQ

HQHUJ\� LV� ZHOO� GHVFULEHG� E\� D� WKHUPDO�OLNH�PRGHO� ZLWK� DQ� HIIHFWLYH� WHPSHUDWXUH� 7


JUHDWHU�WKDQ�WKH�EDWK�WHPSHUDWXUH�

:H�KDYH�QRW�EHHQ�DEOH�WR�REVHUYH�TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�LQ�RXU�GHYLFHV�DW

RXU�ORZHU�PHDVXUHPHQW�WHPSHUDWXUH�RI�����.��EXW�KDYH�EHHQ�DEOH�WR�REVHUYH�LW�ZKHQ

PHDVXULQJ�DW�����.��7KLV�LV�TXDOLWDWLYHO\�GLIIHUHQW�IURP�WKH�UHVXOWV�RI�RWKHU�LQMHFWLRQ�

GHWHFWLRQ� H[SHULPHQWV�� :H� KDYH� DWWULEXWHG� WKLV� WR� D� UDSLG� TXDVLSDUWLFOH� LQHODVWLF

VFDWWHULQJ�SURFHVV�UHODWHG�WR�WKH�SUHVHQFH�RI�DQRGLF�1E2
[

�LQ�RXU�GHYLFHV��:H�EHOLHYH

WKDW� WKH� ORQJ� PHDQ� IUHH� SDWK� DQG� H[WUHPH� QRQ�WKHUPDO�HTXLOLEULXP� LQ� RXU� GHYLFHV

UHVXOWV� LQ� TXDVLSDUWLFOHV� OHDYLQJ� WKH� LQMHFWLRQ� MXQFWLRQ� DUHD� LQ� RXU� GHYLFHV� ZLWKRXW

KDYLQJ� XQGHUJRQH� VLJQLILFDQW� LQHODVWLF� VFDWWHULQJ�� 0RVW� RI� WKH� LQHODVWLF� VFDWWHULQJ�

WKHUHIRUH�� RFFXUV� LQ� FORVH� SUR[LPLW\� WR� WKH� DQRGLF� R[LGH� UHJLRQV�� %\� LQFUHDVLQJ� WKH

EDVH� WHPSHUDWXUH�RI� WKH�GHYLFH��ZH� UHJDLQ� D�TXDVLSDUWLFOH�SRSXODWLRQ�PRUH�QHDUO\� LQ

WKHUPDO� HTXLOLEULXP�� UHVXOWLQJ� LQ� LQHODVWLF� VFDWWHULQJ� RFFXUULQJ� EHIRUH� WKH

TXDVLSDUWLFOHV� KDYH� OHIW� WKH� LQMHFWRU� MXQFWLRQ� UHJLRQ�� $OWKRXJK� WKH� TXDVLSDUWLFOH

OLIHWLPH� LV� UHGXFHG� VLJQLILFDQWO\�� VLQFH� WKH� LQHODVWLF� VFDWWHULQJ�RFFXUV� DZD\� IURP� WKH

DQRGLF�R[LGH��TXDVLSDUWLFOH�PXOWLSOLFDWLRQ�LV�SRVVLEOH�



&KDSWHU���

1RUPDO�0HWDO�%DVH�6,1�'HYLFHV
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���� ,QWURGXFWLRQ

,Q� WKLV� FKDSWHU�� ZH� VKDOO� SUHVHQW� UHVXOWV� IURP� ZRUN� RQ� VXSHUFRQGXFWRU�

LQVXODWRU�QRUPDO� PHWDO� MXQFWLRQ� EDVHG� GHYLFHV� WKDW� KDYH� PXOWLSOH� MXQFWLRQV� ZLWK� D

FRPPRQ� QRUPDO� PHWDO� HOHFWURGH�� 7KLV� ZRUN� KDV� EHHQ� FDUULHG� RXW� DV� SDUW� RI� D

SURJUDPPH� GHYHORSLQJ� 6,1� WXQQHO� MXQFWLRQ� UHDGRXW� EDVHG� ERORPHWHUV� IRU

DVWURSK\VLFDO� DSSOLFDWLRQV�� ,Q� SDUWLFXODU� ZH� KDYH� IRFXVVHG� RQ� WKH� UHVSRQVH� RI� WKH

GHYLFH�WR�KHDWLQJ�IURP�FXUUHQW�LQMHFWLRQ�DW�YDULRXV�GLVWDQFHV�WR�VLPXODWH�KHDWLQJ�IURP

;�UD\�SKRWRQ�DEVRUSWLRQ�HYHQWV�

:H�GLVFXVV�WKH�REVHUYHG�JHRPHWULFDO�GHSHQGHQFLHV�DQG�QRQ�OLQHDU�UHVSRQVH�RI

WKH�GHYLFH�LQ�WHUPV�RI�WKH�QRQ�HTXLOLEULXP�SKRQRQ�GLVWULEXWLRQ�DQG�SURSDJDWLRQ�ZLWKLQ

WKH�GHYLFHV�

7KH�ZRUN�SUHVHQWHG�KHUH�KDV�EHHQ�FDUULHG�RXW�ZLWK�LQYDOXDEOH�DVVLVWDQFH�RI�'U�

,NXR� .DQQR�� YLVLWLQJ� IURP� WKH� 'HSDUWPHQW� RI� 1XFOHDU� (QJLQHHULQJ� DW� .\RWR

8QLYHUVLW\��-DSDQ�

���� 'HYLFH�3URGXFWLRQ

������ 7KLQ�)LOP�'HSRVLWLRQ

7KH�ILOPV�XVHG� WR�PDQXIDFWXUH� WKH�GHYLFHV�GLVFXVVHG�KHUH�ZHUH�GHSRVLWHG�E\

'U��0�*��%ODPLUH��ZLWK� WKH�DVVLVWDQFH�RI� WKH�DXWKRU�DQG�'U��.DQQR��XVLQJ� WKH�XOWUD�

KLJK�YDFXXP�V\VWHP�GHVFULEHG�SUHYLRXVO\�LQ�FKDSWHU���

8QOLNH� WKH� GHYLFHV� SUHVHQWHG� LQ� WKH� SUHYLRXV� FKDSWHU�� WKH� VXSHUFRQGXFWLQJ

ILOPV� SUHVHQWHG� KHUH� ZHUH� SRO\FU\VWDOOLQH� UDWKHU� WKDQ� HSLWD[LDO�� 7KLV� LV� IRU� WZR

UHDVRQV�

L�� ,W� ZDV� LQWHQGHG� HYHQWXDOO\� WR� SURGXFH� GHYLFHV� RQ� PHPEUDQHV�� IRU

ZKLFK�WKH�PRVW�FRPPRQ�VXEVWUDWH�LV�6L
�

1
�

��7KLV�VXEVWUDWH� LV�DPRUSKRXV��DQG

VR�LW�LV�QRW�SRVVLEOH�WR�JURZ�DQ�HSLWD[LDO�ILOP�
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���

LL�� ,UUHVSHFWLYH�RI�WKH�VXEVWUDWH�PDWHULDO��WKH�HOHFWURGH�RI�LQWHUHVW�LV�WKH�1

PHWDO� HOHFWURGH�� VR� TXDVLSDUWLFOH�PHDQ� IUHH� SDWK� LQ� WKH� VXSHUFRQGXFWRU� OHDGV

ZDV� QHJOHFWHG� IRU� UHDVRQV� RI� HDVH� RI� ILOP� GHSRVLWLRQ�� )RU� UHDOLVWLF� GHWHFWRU

FRQILJXUDWLRQV� LW� KDV� EHHQ� IRXQG� WKDW� WKH� UH�KHDWLQJ� RI� WKH� MXQFWLRQV� E\

TXDVLSDUWLFOH�UHFRPELQDWLRQ�LQ�WKH�VXSHUFRQGXFWRU�LV�LPSRUWDQW�-RFKXP�������

WKLV�ZLOO�EH�GLVFXVVHG�LQ�WKH�QH[W�FKDSWHU�

)RU�PRVW�RI�WKH�GHYLFHV�UHSRUWHG�KHUH��WKH�VXEVWUDWH�XVHG�ZDV�U�SODQH�VDSSKLUH�

ZKLFK�ZDV�FKRVHQ�SXUHO\�RQ�JURXQGV�WKDW�LW�ZDV�WKH�VXEVWUDWH�WKDW�ZDV�PRVW�IDPLOLDU

WR�WKH�DXWKRU�DQG�FR�ZRUNHUV�DQG�HDVLHU�WR�REWDLQ�WKDQ�6L
�

1
�

�FRDWHG�6L�ZDIHUV��$IWHU

FOHDQLQJ�XVLQJ� WKH�SURFHVV�GHWDLOHG� LQ�VHFWLRQ�������� WKH� VXEVWUDWHV�ZHUH� ORDGHG�RQ�D

IODQJH�ZLWK�D�URWDWLQJ�VWDJH��VHH�VHFWLRQ��������IRU�WKH�GHSRVLWLRQ�

7KH� W\SLFDO� VHTXHQFH� RI� GHSRVLWLRQV� XVHG� WR� SURGXFH� WKH� WULOD\HUV� IRU� WKHVH

GHYLFHV�ZDV�DV�IROORZV�

�� ��PLQXWHV�DW����:�1E��SUHVVXUH�����3D

�� ���PLQXWHV�DW����:�1E��SUHVVXUH�����3D

�� ��PLQXWHV�DW����:�$O��SUHVVXUH�����3D

�� ��KRXU�R[LGDWLRQ�DW���N3D�SXUH�2
�

�

�� ��PLQXWHV�DW����:�$O��SUHVVXUH�����3D

�� ��PLQXWH�DW����:�1E��SUHVVXUH�����3D

)RU�PRVW� GHSRVLWLRQ� VWDJHV� WKH� VXEVWUDWH� VWDJH�ZDV� URWDWHG� DW� ��USP�� )RU� WKH

ILQDO�VWDJH�WKH�URWDWLRQDO�VSHHG�ZDV�LQFUHDVHG�WR���USP�WR�HQVXUH�HYHQ�FRYHUDJH�GXULQJ

WKH� VKRUW� GHSRVLWLRQ�� 7KH� GHSRVLWLRQ� UDWH� RI� ����QP:��PLQ��� JDYH� D� ORZHU� 1E

WKLFNQHVV�RI����QP��7KH�$O�OD\HU�WKLFNQHVVHV�ZHUH�DSSUR[LPDWHO\���QP��ZLWK�D�EDUULHU

WKLFNQHVV� RI� RUGHU� RI� ��QP�� 7KH� WRS� 1E� OD\HU� �WKLFNQHVV� DSSUR[LPDWHO\� ��QP�� ZDV

GHSRVLWHG�WR�SUHYHQW�H[WUD�R[LGDWLRQ�RI�WKH�XSSHU�$O�OD\HU�GXULQJ�IDEULFDWLRQ�

������ 'HYLFH�)DEULFDWLRQ



&KDSWHU���±�1RUPDO�0HWDO�%DVH�6,1�'HYLFHV

���

:H� KDYH� GHVFULEHG� LQ� GHWDLO� WKH� JHQHUDO� VWHSV� XVHG� LQ� WKH� IDEULFDWLRQ� RI� WKH

GHYLFHV� LQ�FKDSWHU����VR�KHUH�ZH�ZLOO�RQO\� OLVW� WKH�RUGHU� LQ�ZKLFK� WKH�YDULRXV� VWDJHV

ZHUH�FDUULHG�RXW��7KH�PDVN�VHW�XVHG�IRU�WKHVH�GHYLFHV��NQRZQ�DV�WKH�&$0����PDVN�

ZDV�GHVLJQHG�E\�'U��.DQQR�ZLWK�WKH�DVVLVWDQFH�RI�WKH�DXWKRU��ILJXUH�������,W�FRQVLVWV�RI

D� EDVH� OD\HU� GHILQLWLRQ� VWDJH� ZKLFK� EULQJV� VL[WHHQ� WUDFNV� RI� ZLGWK� ����P� LQWR� WKH

FHQWUDO�UHJLRQ�DV�WZR�URZV�RI�HLJKW��$�MXQFWLRQ�GHILQLWLRQ�VWDJH�DOORZV�WKH�FUHDWLRQ�RI

HLWKHU����VTXDUH�MXQFWLRQV�LQ�IRXU�GLIIHUHQW�VL]HV��������������������DQG������P�LQ

JURXSV�RI�IRXU��RU����VTXDUH�MXQFWLRQV�RI�VL]H��������P�ZLWK�WZR�RI�WKH�VL[WHHQ�WUDFNV

ZLWKRXW�DQ\�MXQFWLRQV�DW�DOO��LOOXVWUDWHG�LQ�ILJXUH�������7KH�FRPPRQ�1�PHWDO�HOHFWURGH

ZDV� IRUPHG� E\� GHSRVLWLQJ� D� ZLULQJ� OD\HU� XVLQJ� D� OLIW� RII� SURFHVV�� 2QO\� KDOI� WKH

DYDLODEOH�MXQFWLRQV�ZHUH�FRQQHFWHG�WR�WKH�FRPPRQ�HOHFWURGH�WR�HQVXUH�WKDW�WKHUH�ZHUH

WZR�OHDGV�WR�HDFK�MXQFWLRQ�IRU�IRXU�WHUPLQDO�PHDVXUHPHQWV��7KHUH�ZHUH�D�QXPEHU�RI

YDULDWLRQV� RI� WKH� ZLULQJ� OD\HU� PDVN� DYDLODEOH�� 7KH� RSWLRQV� ZHUH�� RQH� FRPPRQ

HOHFWURGH�WKDW�ZRXOG�FRQQHFW�WR�HLJKW�RI�WKH�MXQFWLRQV��RU�WZR�FRPPRQ�HOHFWURGHV�HDFK

FRQQHFWHG�WR�IRXU�MXQFWLRQV��RU��QRW�XVHG��WKUHH�FRPPRQ�HOHFWURGHV�DWWDFKHG�WR�WKUHH

MXQFWLRQV�HDFK��'XH�WR�DQ�HUURU�LQ�WKH�PDVN�GHVLJQ��WKH�WZR�FRPPRQ�HOHFWURGH�YDULDQW

FRXOG� QRW� EH� XVHG� DV� RULJLQDOO\� LQWHQGHG�� ,Q� DQ� DWWHPSW� WR� SURYLGH� PD[LPXP

UHGXQGDQF\� RI� OHDGV� ERWK� HOHFWURGHV� ZHUH� FRXSOHG� LQ� VXFK� D� ZD\� DV� WR� SURYLGH� DQ

)LJXUH�����6FKHPDWLF�RI�WKH�&$0����PDVN��)RU�FODULW\�WKH�DQRGLVHG�UHJLRQ�DURXQG�WKH�MXQFWLRQV�LV�QRW
VKRZQ��LQVWHDG�WKH�MXQFWLRQ�SRVLWLRQV�KDYH�EHHQ�VKRZQ�DQG�ODEHOOHG�$�+��7KH�MXQFWLRQ�VL]HV�DUH
�������P�
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LQGHWHUPLQDWH� FXUUHQW� SDWK�� 7KLV� UHVWULFWLRQ� ZDV� VROYHG� E\� SHUIRUPLQJ� D� GRXEOH

H[SRVXUH�RI�WKH�PDVN��ZLWK�D������URWDWLRQ�EHWZHHQ�WKHP��)RU�WKLV�UHDVRQ�ILJXUH����

VKRZV���FRPPRQ�HOHFWURGHV��WZR�RI�ZKLFK�OLH�RXWVLGH�WKH�FHQWUDO�UHJLRQ�ZLWK�WKH���

EDVH�OHDGV�

7KH�VHTXHQFH�RI�SURFHVVLQJ�VWHSV�ZDV�WKHQ�DV�IROORZV�

�� %DVH�HOHFWURGH�GHILQLWLRQ�DQG�HWFK��VHH��������

�� 5HVLVW�UHPRYDO�

�� &RXQWHU�HOHFWURGH�GHILQLWLRQ�DQG�DQRGLVDWLRQ��VHH��������

�� 5HVLVW�UHPRYDO�

�� $QRGLVDWLRQ�ULQJ�UHPRYDO�GHILQLWLRQ�DQG�HWFK��VHH��������

�� 5HVLVW�UHPRYDO�

�� :LULQJ�OD\HU�GHILQLWLRQ�

)LJXUH�����6FKHPDWLF�RI�FRPSOHWHG�&$0����GHYLFH
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�� 3G�$X�ZLULQJ�OD\HU�GHSRVLWLRQ��VHH�����������PLQXWHV�DW����:�3G�IROORZHG�IRU

PRVW�GHYLFHV�E\�WUDQVIHU�WR�DQ�HYDSRUDWRU�IRU���PLQ�$X�GHSRVLWLRQ�

�� :LULQJ�OD\HU�OLIW�RII�DQG�UHVLVW�UHPRYDO�

$�VFKHPDWLF�DQG�SLFWXUH�RI�D�FRPSOHWHG�GHYLFH�LV�VKRZQ�LQ�ILJXUH�����DQG�ILJXUH�����

������ 'HYLFH�&KDUDFWHULVDWLRQ

,QLWLDO� GHYLFH� FKDUDFWHULVDWLRQ� ZDV� FDUULHG� RXW� DW� ����.� XVLQJ� D� SRJR� SLQ

SUREH�VHFWLRQ� �������� 7KH� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� ZHUH� UHFRUGHG� DQG� XVHG� WR

DVVHVV�WKH�GHYLFH�TXDOLW\��$Q�H[DPSOH�RI�RQH�VXFK�FKDUDFWHULVWLF�LV�VKRZQ�LQ�ILJXUH����

��6XLWDEOH�GHYLFHV�KDG�FXUUHQWV� LQ�WKH�VXE�JDS�UHJLRQ��L�H��ELDV���&�� WKDW�ZHUH�QHDUO\

HQWLUHO\�GXH�WR�WKHUPDO�H[FLWDWLRQV�LQ�WKH�1�HOHFWURGH��DQG�W\SLFDOO\�KDG�D�FXUUHQW�QHDU

WKH�JDS�HGJH�RI�WHQV�RI��$�IRU�D��������P�MXQFWLRQ��7KH�DSSURSULDWH�TXDOLW\�IDFWRU�IRU

DQ�6,1�EDVHG�GHYLFH�LV�WKH�UDWLR�RI�WKH�GLIIHUHQWLDO�UHVLVWDQFH�DW�]HUR�ELDV�ZLWK�WKDW�DW

KLJK� ELDV� �WKH� VR�FDOOHG� QRUPDO� VWDWH� UHVLVWDQFH��� 7KLV� LV� D� VWURQJ� IXQFWLRQ� RI

WHPSHUDWXUH�� DQG� IRU� RXU� GHYLFHV� DW� ����.� ZDV� JHQHUDOO\� DURXQG� �� RU� �� ZKLFK� LV

DSSUR[LPDWHO\�LQ�OLQH�ZLWK�WKDW�SUHGLFWHG�IURP���������4XDOLW\�IDFWRUV�RI�RUGHU������DW

)LJXUH�����3LFWXUH�RI�&$0���GHYLFH��VKRZLQJ�WZR�LVODQGV�ZLWK�IRXU���[����P�MXQFWLRQV�RQ�HDFK�
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���P.��KDYH�EHHQ�UHSRUWHG�E\�VRPH�ZRUNHUV�1DKXP�������)LVKHU��������KRZHYHU�LW

ZDV�IRXQG�WKDW�IRU�WKH�GHYLFHV�UHSRUWHG�KHUH�WKH�EHVW�DFKLHYHG�ZDV�DW�OHDVW�DQ�RUGHU�RI

PDJQLWXGH�ORZHU�WKDQ�WKLV��)LJXUH�����VKRZV�WKH�GLIIHUHQWLDO�UHVLVWDQFH�IRU�RQH�GHYLFH�

IRXQG� E\� QXPHULFDOO\� GLIIHUHQWLDWLQJ� FXUUHQW�YROWDJH� GDWD� XVLQJ� D� �QG� RUGHU�� �� SRLQW

6DYLWVN\�*ROD\�VPRRWKLQJ�ILOWHU�6DYLW]N\�������

6XEVHTXHQWO\�LW�ZDV�GLVFRYHUHG�WKDW�WKH�SUREH�DQG�HOHFWURQLFV�ZHUH�H[WUHPHO\

DGYHUVHO\� DIIHFWHG� E\� 5)� LQWHUIHUHQFH� IURP� FRQWDPLQDWHG� PDLQV�� 7KLV� PDQLIHVWHG

LWVHOI� DV� D� UHGXFHG� VXE�JDS� UHVLVWDQFH��ZKLFK� FRXOG� EH�PLQLPLVHG� LQ�PRVW� FDVHV� E\

FKDQJLQJ� WKH�PHDVXUHPHQW� FRQILJXUDWLRQ�� IRU� H[DPSOH� E\� VZDSSLQJ� WKH� FXUUHQW� DQG

YROWDJH�FRQWDFWV�RQ�WKH�GHWHFWRU� MXQFWLRQ��:KLOVW� WKLV�SUREOHP�ZLOO�KDYH�UHGXFHG� WKH

VHQVLWLYLW\� RI� WKH� MXQFWLRQV� WR� YHU\� VPDOO� LQMHFWHG� FXUUHQWV�� WKH� PDJQLWXGH� RI� WKH

FKDQJHV�REVHUYHG�ZHUH�JUHDWHU�WKDQ�WKH�GHJUDGDWLRQ�GXH�WR�WKH�LQWHUIHUHQFH��)ROORZLQJ

XSJUDGLQJ�RI�WKH�ILOWHULQJ�LQ�WKH�V\VWHP��DYHUDJH�TXDOLW\�IDFWRUV�ZHUH�LQFUHDVHG�E\�DQ

�����
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)LJXUH�����&XUUHQW�YROWDJH�FKDUDFWHULVWLF��OHIW�VFDOH��DQG�GLIIHUHQWLDO�FRQGXFWDQFH��ULJKW�VFDOH��RI�D
GHYLFH�
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RUGHU�RI�PDJQLWXGH��5HVXOWV�IURP�WKH�GHYLFHV�SURGXFHG�DIWHU�WKH�XSJUDGH�DUH�UHSRUWHG

LQ�WKH�QH[W�FKDSWHU�

���� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV

������ %DFNJURXQG

/LNH�WKH�6,6�GHYLFHV�FRYHUHG�LQ�WKH�SUHYLRXV�FKDSWHU��WKH�EDVLV�RI�WKH�LQMHFWLRQ

GHWHFWLRQ�H[SHULPHQWV�FDUULHG�RXW�KHUH�ZDV�WR�PHDVXUH�WKH�UHVSRQVH�RI�RQH�MXQFWLRQ�LQ

D�GHYLFH�WR�LQMHFWLRQ�RI�FXUUHQW�DW�DQRWKHU��,Q�WKLV�FDVH�KRZHYHU��WKH�FRPPRQ�HOHFWURGH

LV�QRW�D�VXSHUFRQGXFWRU��EXW�D�QRUPDO�PHWDO��7KHUHIRUH��ZH�DUH�PHDVXULQJ�FKDQJHV�WR

WKH� HOHFWURQ� HQHUJ\� GLVWULEXWLRQ� LQ� WKH� QRUPDO� PHWDO�� ,I� WKH� LQMHFWRU� DQG� GHWHFWRU

MXQFWLRQV� ZHUH� FORVH� WRJHWKHU�� VR� WKDW� WKH\� ZHUH� FORVHU� WKDQ� WKH� HOHFWURQ�HOHFWURQ

LQWHUDFWLRQ�OHQJWK��VHH�VHFWLRQ����������WKHQ�WKH�LQMHFWHG�HOHFWURQV�ZRXOG�SURSDJDWH�WR

WKH� GHWHFWRU� ZLWKRXW� UHOD[LQJ� IURP� WKH� RULJLQDO� LQMHFWLRQ� HQHUJ\� GLVWULEXWLRQ�� 7KH

PHDVXUHG� GHWHFWRU� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� ZRXOG� WKHQ� EH� LQIOXHQFHG� E\� WKHVH

GLUHFWO\� LQMHFWHG� HOHFWURQV��2Q� WKH�RWKHU�KDQG� LI� WKH� VHSDUDWLRQ�ZDV� JUHDWHU� WKDQ� WKH

HOHFWURQ�HOHFWURQ� LQWHUDFWLRQ� OHQJWK�� EXW� OHVV� WKDQ� WKH� HOHFWURQ�SKRQRQ� LQWHUDFWLRQ

OHQJWK�WKHQ�WKH�HOHFWURQ�GLVWULEXWLRQ�ZRXOG�DSSHDU�WR�EH�WKHUPDO��EXW�FRUUHVSRQGLQJ�WR

D� WHPSHUDWXUH� LQ� H[FHVV� RI� WKH� SKRQRQ� V\VWHP�� )RU� WKHVH� GHYLFHV�� KRZHYHU�� WKH

GLVWDQFHV� EHWZHHQ� WKH� LQMHFWRU� DQG� GHWHFWRU� V\VWHP� ZHUH� PDQ\� WHQV� RI� PLFURQV�

WKHUHIRUH� WKH� HOHFWURQ� DQG� SKRQRQ� V\VWHPV� LQ� WKH� PHWDOV� KDYH� UH�HVWDEOLVKHG� DQ

HTXLOLEULXP�� DOEHLW� RQH� DW� D� KLJKHU� WHPSHUDWXUH� WKDQ� WKH� EDVH� WHPSHUDWXUH� RI� WKH

V\VWHP�

5DWKHU� WKDQ�PHDVXUH�DQ�H[WUD�HOHFWURQ�FXUUHQW��DV�ZH�GLG�IRU� WKH�6,6�GHYLFHV

GLVFXVVHG�SUHYLRXVO\�� HVVHQWLDOO\�ZH�ZLVK� WR�PHDVXUH� WKH� WHPSHUDWXUH� FKDQJH�RI� WKH

QRUPDO�PHWDO�DW�WKH�GHWHFWRU�MXQFWLRQ��)RU�WKH�ZRUN�SUHVHQWHG�LQ�WKLV�FKDSWHU�ZH�KDYH

XVHG�WZR�PHWKRGV�WR�DVVHVV�WKLV�WHPSHUDWXUH�FKDQJH�

)LUVWO\�� LQ� D� IDVKLRQ� DQDORJRXV� WR� WKH� DSSURDFK� XVHG� LQ� WKH� ODVW� FKDSWHU�� ZH

GHILQH�DQ�H[FHVV�FXUUHQW�

, 9 , , 9 , , 9 ,
[ LQM LQM LQM
� � � � � � � � �

GHW GHW
= - = � �����
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ZKHUH�,
GHW

�LV�WKH�PHDVXUHG�GHWHFWRU�FXUUHQW��6LQFH�WKH�WXQQHOOLQJ�FXUUHQW�ZLOO�VFDOH�ZLWK

WKH�QRUPDO�VWDWH�UHVLVWDQFH�RI�WKH�MXQFWLRQ��ZH�QHHG�WR�PXOWLSO\�WKH�H[FHVV�FXUUHQW�E\

WKH� QRUPDO� VWDWH� UHVLVWDQFH� WR� IRUP� D� SDUDPHWHU� WKDW� LV� LQGHSHQGHQW� RI� WKH� GHVLJQHG

SDUDPHWHUV�RI�WKH�GHWHFWRU�MXQFWLRQ�

�� � � � � �9 , , 9 , 5
LQM [ LQM 1

= �����

:KDW�ZH�KDYH�QRW�FRQVLGHUHG��KRZHYHU��LV�WKH�TXDOLW\�RI�WKH�MXQFWLRQ��6LQFH�WKHUH�LV�D

FRQWLQXRXV� GHQVLW\� RI� VWDWHV� LQ� WKH� QRUPDO�PHWDO� VLGH�� WKH� VXE�JDS� FXUUHQW� LV�PXFK

JUHDWHU�IRU�D�6,1�MXQFWLRQ�UHODWLYH�WR�D�6,6�MXQFWLRQ�� LGHDOO\�ZH�ZLVK�WR�PHDVXUH�WKH

GHYLFH� DW� D� VLJQLILFDQWO\� ORZHU� WHPSHUDWXUH� WKDQ� ZH� XVHG� LQ� RXU� ZRUN� ZLWK� 6,6

GHYLFHV��7RR� ORZ�D� WHPSHUDWXUH��KRZHYHU��PD\� WDNH� WKH� MXQFWLRQ�EHORZ� WKH�SRLQW� DW

ZKLFK� LW� LV� OLPLWHG�E\� OHDNDJH�FXUUHQWV�DQG� WKHUHIRUH� IXUWKHU�FRROLQJ�ZLOO�QRW� UHGXFH

WKH� VXE�JDS� FXUUHQW� DQ\� IXUWKHU�� )LQDOO\�� WKHUH� LV� DQ� LQWULQVLF� VHOI�KHDWLQJ� RI� WKH

MXQFWLRQV��ZKLFK�ZH�VWXG\�LQ�GHWDLO�LQ�WKH�IROORZLQJ�FKDSWHU�

$�FRPPRQ�PHDVXUH�XVHG�E\�RWKHU�ZRUNHUV�)LVKHU�������WKDW�LV�FORVHO\�UHODWHG

LV�WR�PHDVXUH�WKH�FKDQJHV�LQ�ELDV�IRU�D�IL[HG�GHWHFWRU�FXUUHQW��7KLV�LV�FRPPRQO\�XVHG

LQ�WKH�;�UD\�GHWHFWRU�ILHOG�ZKHUH�VZHHSLQJ�RI�D�FXUUHQW�WR�PHDVXUH�D�FXUUHQW�YROWDJH

FKDUDFWHULVWLF� LV� QRW�SUDFWLFDO� �VLQFH�RQH�ZRXOG�QRW�EH� DEOH� WR� V\QFKURQLVH� GHWHFWLRQ

HYHQWV� ZLWK� WKH� FXUUHQW� VZHHS��� DQG� YROWDJH� ELDVLQJ� LV� GLIILFXOW� DV� WKH� G\QDPLF

UHVLVWDQFH�RI� WXQQHO� MXQFWLRQV� LV� YHU\�KLJK� VR� WKDW� WKH�EDQGZLGWK� UHTXLUHG� IRU� VWDEOH

ELDVLQJ�LV�H[FHVVLYH�

)RU� LQMHFWLRQ�GHWHFWLRQ�H[SHULPHQWV��KRZHYHU�� WKH� V\VWHP� LV� LQ� D� VWHDG\� VWDWH

DQG�VR�LW�LV�SRVVLEOH�WR�VZHHS�D�FXUUHQW�VRXUFH�WR�PHDVXUH�D�FRPSOHWH�FXUUHQW�YROWDJH

FKDUDFWHULVWLF�� ,GHDOO\��ZH�ZLVK� WR�PLQLPLVH� WKH� LQIOXHQFH�RI�KHDWLQJ�RI� WKH� GHWHFWRU

MXQFWLRQ� RQ� WKH� PHDVXUHPHQW�� WKHUHIRUH� ZH� XVH� WKH� GLIIHUHQWLDO� FRQGXFWDQFH� RI� WKH

GHWHFWRU�MXQFWLRQ�DW�]HUR�GHWHFWRU�ELDV�WR�PHDVXUH�WKH�UHVSRQVH�RI�WKH�GHYLFH�
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:H�FDQ�QRUPDOLVH�WKLV�IRU�DQ\�MXQFWLRQ�E\�PXOWLSO\LQJ�E\�WKH�QRUPDO�VWDWH�UHVLVWDQFH

�������LQ�ZKLFK�FDVH�WKH�WHPSHUDWXUH�GHSHQGHQFH��DVVXPLQJ�D�SHUIHFW�%&6�MXQFWLRQ��LV
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JLYHQ�E\� HTXDWLRQ� ��������$�QRQ�SHUIHFW� MXQFWLRQ�ZLWK� D� OHDNDJH� FXUUHQW�ZLOO� JLYH� D

PLQLPXP�FRQGXFWDQFH��UHGXFLQJ�WKH�VHQVLWLYLW\�RI�WKH�GHYLFH��)RU�D�QXPEHU�RI�GHYLFHV

ZH�KDYH�XVHG�D�VOLJKW�YDULDQW�RI�WKLV�DV�D�PHDVXUH��ZH�ILUVW�VXEWUDFWHG�WKH�EDVHOLQH�GDWD

�L�H��,
LQM

 ���DQG�WKHQ�GLIIHUHQWLDWHG�DQG�PXOWLSOLHG�E\�5
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������ ([SHULPHQWDO

�������� 0HWKRGRORJ\

8QOHVV� VWDWHG� RWKHUZLVH�� DOO� WKH� UHVXOWV� SUHVHQWHG� LQ� WKLV� FKDSWHU� KDYH� EHHQ

FDUULHG� RXW� EHWZHHQ� �����.� DQG� �����.� XVLQJ� DQ�2[IRUG� ,QVWUXPHQWV�+HOLR[�� �+H

LQVHUW��GHVFULEHG�LQ�VHFWLRQ���������)ROORZLQJ�FRROLQJ�WR�WKH�EDVH�WHPSHUDWXUH��ZKLFK

ZDV�LQ�WKH�UDQJH�JLYHQ�DERYH��GHSHQGHQW�XSRQ�WKH�KHDW� ORDGLQJ�IURP�WKH�ZLULQJ�DQG

WKH� KROGHU��� DQG� LQLWLDO� PHDVXUHPHQWV� RI� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV�� �� WHUPLQDO

FXUUHQW�LQMHFWLRQ�GHWHFWLRQ�H[SHULPHQWV�ZHUH�SHUIRUPHG��7KH�,�9�FKDUDFWHULVWLF�RI�RQH

MXQFWLRQ� �WKH� GHWHFWRU�� ZDV� PHDVXUHG� E\� VZHHSLQJ� D� FXUUHQW�ELDVHG� VRXUFH� DW� D

IUHTXHQF\�RI�DURXQG���+]�ZKLOH�D�FRQVWDQW�FXUUHQW�ZDV�LQMHFWHG�LQ�YLD�DQRWKHU�MXQFWLRQ

IURP� D� VHFRQG� FXUUHQW� VRXUFH�� %RWK� FXUUHQW� VRXUFHV� VKDUHG� D� FRPPRQ� UHWXUQ� SDWK

WKURXJK�HLWKHU�D�WKLUG�MXQFWLRQ�RU�DQ�6�1�FRQWDFW��)LQDOO\��D�IRXUWK�MXQFWLRQ�ZDV�XVHG

WR�PDNH�D�YROWDJH�UHWXUQ�WR�DOORZ�IRXU�WHUPLQDO�PHDVXUHPHQW�RI�WKH�GHWHFWRU�MXQFWLRQ�

6LQFH�WKLV�UHTXLUHV���WHUPLQDOV�WR�WKH�FRPPRQ�HOHFWURGH��WKH�YDULDQW�RI�WKH�PDVN�ZLWK

��LVODQGV�ZLWK���MXQFWLRQV�HDFK�FRXOG�QRW�EH�XVHG��DQG�WKH�WZR�LVODQG�YDULDQW� OHIW�QR

UHGXQGDQF\�

(DFK� ,�9� FKDUDFWHULVWLF� ZDV� UHFRUGHG� XVLQJ� WKH� FRPSXWHU� EDVHG� $'&� ZLWK

/DE9,(:�� VRIWZDUH� DV� GHVFULEHG� LQ� VHFWLRQ� ��� DQG� VDYHG� WR� GLVF� IRU� SURFHVVLQJ

RIIOLQH�

�������� 3RWHQWLDO�'LVWULEXWLRQ�LQ�&RPPRQ�(OHFWURGH
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'XULQJ� LQLWLDO� PHDVXUHPHQWV�� WKH� GHWHFWRU� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� ZDV

REVHUYHG�WR�XQGHUJR�VLJQLILFDQW�VKLIWV�LQ�ELDV�WKDW�YDULHG�ZLWK�WKH�LQMHFWLRQ�FXUUHQW�DQG

WKH�PHDVXUHPHQW�FRQILJXUDWLRQ��)RU�KLJK�LQMHFWLRQ�FXUUHQWV�WKH�RIIVHW�ZDV�VXIILFLHQW�WR

UHQGHU� LW� GLIILFXOW� WR�PHDVXUH� WKH� GHWHFWRU� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� �ILJXUH� �����

7KLV�ZDV�HYHQWXDOO\� UHDOLVHG� WR�EH�D� UHVXOW�RI� WKH�FRPPRQ�HOHFWURGH�EHLQJ�D�QRUPDO

PHWDO�� 7KXV� WKH� VHSDUDWLRQ� RI� WKH� FXUUHQW� DQG� YROWDJH� SDWKV� IRU� SHUIRUPLQJ� D� IRXU

WHUPLQDO�PHDVXUHPHQW�ZDV�QRW�ZHOO�GHILQHG��ZKLFK�LQ�FRPELQDWLRQ�ZLWK�WKH�LQMHFWLRQ

FXUUHQW� JLYLQJ� D�SRWHQWLDO� JUDGLHQW� WKURXJKRXW� WKH� FRPPRQ�HOHFWURGH� UHVXOWHG� LQ� WKH

REVHUYHG�VKLIWV�

7R�LQYHVWLJDWH�ZKHWKHU�ZH�FRXOG�FRPSHQVDWH�IRU�WKH�H[WUD�SRWHQWLDO�GLIIHUHQFHV

LQ� WKH� FRPPRQ� HOHFWURGH� ZH� FDOFXODWHG� WKH� SRWHQWLDO� GLIIHUHQFH� ZLWKLQ� WKH� FHQWUDO

UHFWDQJXODU� UHJLRQ� RI� WKH� FRPPRQ� HOHFWURGH�� 7KLV� LQYROYHV� VROYLQJ� /DSODFH¶V

(TXDWLRQ�IRU�RXU�JHRPHWU\�
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)LJXUH�����2IIVHW�FXUUHQW�YROWDJH�FKDUDFWHULVWLFV�IRU�RQH�GHYLFH�ZLWK�FXUUHQW�LQMHFWLRQ�DW�D�VHFRQG
MXQFWLRQ�RQ�WKH�VDPH�QRUPDO�PHWDO�HOHFWURGH�
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$V�ZH�KDYH�D�WKLQ�ILOP�JHRPHWU\��ZH�VROYHG�RQO\�IRU�D� WZR�GLPHQVLRQDO�V\VWHP�DQG

QHJOHFWHG� WKH� HIIHFW� RI� WKH� µWDEV¶� WKDW� FRQQHFW� WKH� FHQWUDO� UHFWDQJXODU� UHJLRQ� WR� WKH

MXQFWLRQV��)RU�ERXQGDU\�FRQGLWLRQV��ZH�FDQ�VSHFLI\�HLWKHU�WKH�DEVROXWH�SRWHQWLDO�DW�WKH

ERXQGDU\��RU�WKH�QRUPDO�GHULYDWLYH�±�L�H��

�
�
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ZKHUH�UQ�LV�D�XQLW�YHFWRU�QRUPDO�WR�WKH�ERXQGDU\�DQG�(Q�LV�WKH�YDOXH�RI�WKH�ERXQGDU\

FRQGLWLRQ�� ZKLFK� LV� WKH� HOHFWULF� ILHOG� VWUHQJWK�� )RU� D� QRUPDO� PHWDO�� WKLV� ZLOO� EH

SURSRUWLRQDO�WR�WKH�FXUUHQW�HQWHULQJ�WKH�UHJLRQ�DW�WKLV�SRLQW�RQ�WKH�ERXQGDU\��VR�WKDW�LQ

RUGHU�WR�FRQVHUYH�FXUUHQW��ZH�UHTXLUH�

( U GO
Q Q

ERXQGDU\ /

�
�

=I � �����

ZKHUH� WKH� UHJLRQ� KDV� D� FRQWLQXRXV� ERXQGDU\� /�� ,Q� JHQHUDO�� WKLV� KDV� WR� EH� VROYHG

QXPHULFDOO\��)RUWXQDWHO\�WKH�ZHOO�NQRZQ�1$*�)2575$1�OLEUDU\�LQFOXGHV�D�URXWLQH

IRU� VROYLQJ� MXVW� WKLV� SUREOHP�1$*� ��� ,GHDOO\�ZH� QHHG� WR� VROYH� WKH� SUREOHP� IRU� DQ\

FRPELQDWLRQ�RI� LQMHFWLRQ��GHWHFWLRQ�DQG�FXUUHQW�UHWXUQ�SRLQWV�IRU�D�UDQJH�RI� LQMHFWLRQ

FXUUHQWV��:H�DUH�VSDUHG�VRPH�RI�WKH�FRPSXWDWLRQDO�HIIRUW�E\�XWLOLVLQJ�WKH�IDFW�WKDW�ZH

FDQ�WDNH�D�OLQHDU�FRPELQDWLRQ�RI�VROXWLRQV�WR�������WR�ILQG�IXUWKHU�VROXWLRQV��:KDW�ZH

GLG��WKHUHIRUH��ZDV�WR�FDOFXODWH�WKH�GLVWULEXWLRQ�RI�WKH�SRWHQWLDO�9�IRU�D�XQLW�RI�FXUUHQW

LQMHFWHG�DQG�H[WUDFWHG�WKURXJK�HYHU\�FRPELQDWLRQ�RI�SDLUV�RI�MXQFWLRQV��VHH�ILJXUH����

IRU� WKH� OD\RXW� RI� WKH� GHYLFH�� ZKLFK� ZH� FRXOG� WKHQ� FRPELQH� WR� ILQG� WKH� SRWHQWLDO

GLVWULEXWLRQ�IRU�DQ\�UHTXLUHG�FXUUHQW�GLVWULEXWLRQ�

7KH�VLPXODWLRQ�ZDV�ZULWWHQ�LQ�WZR�VHFWLRQV��$�GULYHU�SURJUDP�ZULWWHQ�LQ�3HUO

WKDW� UDQ� RQ� D� /LQX[� ZRUNVWDWLRQ� IHG� ERXQGDU\� FRQGLWLRQV� DQG� FROODWHG� FRPSOHWHG

UHVXOWV��$�FDOFXODWLRQ�HQJLQH�ZULWWHQ�LQ�)257$1�WKDW�FDOOHG�WKH�1$*�OLEUDU\�URXWLQH

UXQQLQJ� RQ� D� 6XQ� 0LFURV\VWHPV� 8OWUD�6SDUF� 8QL[� V\VWHP� SHUIRUPHG� WKH� DFWXDO

FDOFXODWLRQV�� 7KH� VLPXODWLRQ� ZDV� SHUIRUPHG� RQ� D� JULG� RI� ���� SRLQWV� �� ��� SRLQWV�

FRUUHVSRQGLQJ�WR�WKH�GHYLFH¶V������P�����P�FHQWUDO�UHJLRQ�
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)LJXUH� ���� VKRZV� D� UHSUHVHQWDWLYH� UHVXOW� IURP� FDOFXODWLQJ� WKH� SRWHQWLDO

GLVWULEXWLRQ� LQ� WKH� LVODQG� IRU� WKH� FDVH� RI� LQMHFWLRQ� RI� �� DUE�� XQLWV� RI� FXUUHQW� LQWR

MXQFWLRQ�$��VHH�ILJXUH�������ZKLOVW�XVLQJ����DUE��FXUUHQW�XQLW�DW�D�GHWHFWRU� MXQFWLRQ�%

DQG�)�DFWLQJ�DV�WKH�FXUUHQW�UHWXUQ�

�������� 6XSHUFRQGXFWLQJ�7RS�/D\HU

$OWKRXJK�ZH� FRXOG� FDOFXODWH� WKH� H[WUD� FRQWULEXWLRQ� WR� WKH�PHDVXUHG� GHWHFWRU

FXUUHQW�YROWDJH� FKDUDFWHULVWLF� GXH� WR� WKH� SRWHQWLDO� GLVWULEXWLRQ� UHVXOWLQJ� IURP� WKH

LQMHFWHG� FXUUHQW�� LW� GLG� QRW� VROYH� WKH� IXQGDPHQWDO� SUREOHP� WKDW� LW� ZDV� GLIILFXOW� WR

PHDVXUH� WKH� ,�9� FKDUDFWHULVWLF� LI� LW� ZDV� RIIVHW� EH\RQG� WKH� UDQJH� RI� WKH� YROWDJH

DPSOLILHU�

7R�VROYH�WKLV�SUREOHP��LW�ZDV�QHFHVVDU\�WR�ILQG�D�ZD\�WR�UHPRYH�WKH�SRWHQWLDO

GLIIHUHQFH�DORQJ�WKH�FRPPRQ�HOHFWURGH��7KH�HDVLHVW�ZD\�RI�GRLQJ�WKLV�ZDV�WR�GHSRVLW

DQ� DGGLWLRQDO� VXSHUFRQGXFWLQJ� OD\HU� RQ� WRS� RI� WKH� FRPPRQ� HOHFWURGH�� 7KH

VXSHUFRQGXFWLQJ� OD\HU� WKHQ�FDUULHV�PRVW�RI� WKH�FXUUHQW� WUDYHOOLQJ� ODWHUDOO\�DFURVV� WKH

FRPPRQ�HOHFWURGH��WKXV�HOLPLQDWLQJ�WKH�WURXEOHVRPH�SRWHQWLDO�GLIIHUHQFHV��$�IXUWKHU�

UHODWHG�� DGYDQWDJH� ZDV� WKDW� WKH� PHDVXUHG� QRUPDO� VWDWH� UHVLVWDQFH� ZDV� QRZ

LQGHSHQGHQW�RI�WKH�PHDVXUHPHQW�FRQILJXUDWLRQ��:LWKRXW�WKH�VXSHUFRQGXFWLQJ�OD\HU�WKH

OHQJWK� RI� QRUPDO� HOHFWURGH� WKDW� FRQWULEXWHG� WR� WKH�PHDVXUHG� VHULHV� UHVLVWDQFH� RI� WKH

GHYLFH�ZDV� QRW�ZHOO� GHILQHG� VLQFH� LW� GHSHQGHG� RQ� WKH� UHODWLYH� SRVLWLRQV� RI� WKH� IRXU

PHDVXUHPHQW�FRQWDFWV��:LWK�WKH�VXSHUFRQGXFWLQJ�WRS�OD\HU��YLUWXDOO\�DOO�RI�WKH�FXUUHQW

ZLOO� WUDYHUVH�RQO\�WKH�WKLFNQHVV�RI� WKH�3G�$X�OD\HU�GLUHFWO\�DERYH�WKH�MXQFWLRQV��7KH

PHDVXUHG�VHULHV�UHVLVWDQFH�LV�WKHUHIRUH�LQGHSHQGHQW�RI�WKH�PHDVXUHPHQW�FRQILJXUDWLRQ�

)LJXUH�����&RQWRXU�SORW�RI�SRWHQWLDO�GLVWULEXWLRQ�LQ�FHQWUDO�UHJLRQ�RI�D�FRPPRQ�HOHFWURGH����DUE��XQLWV�RI
FXUUHQW�DUH�EHLQJ�LQMHFWHG�DW�MXQFWLRQ�$��WRS�OHIW���ZLWK�D����DUE��XQLW�FXUUHQW�DW�MXQFWLRQ�%��WRS�PLGGOH�
DQG�FXUUHQW�UHWXUQ�DW�MXQFWLRQ�)��ERWWRP�PLGGOH�OHIW���&XUUHQW�DQG�SRWHQWLDO��=�VFDOH��DUH�LQ�DUELWUDU\
XQLWV��;�DQG�<�VFDOHV�DUH�LQ��P�
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7KLV� KDV� D� VPDOO� EXW� GHILQLWH� HIIHFW� RQ� WKH�PHDVXUHG� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV

�VHH�ILJXUH������

7KH� GLVDGYDQWDJH� RI� WKLV� H[WUD� OD\HU� LV� WKDW� LW� LQWURGXFHV� D� SRWHQWLDO

FRPSOLFDWLRQ�ZLWK�LQWHUDFWLRQV�EHWZHHQ�WKH�LQMHFWHG�HOHFWURQV��ZKLFK�PD\�EH�µKRW¶�LQ

WKH� VHQVH� RI� QRW� EHLQJ� LQ� WKHUPDO� HTXLOLEULXP� ZLWK� WKH� SKRQRQ� V\VWHP�� DQG� WKH

VXSHUFRQGXFWLQJ� OD\HU�� ,Q� SDUWLFXODU� LW� LV� SRVVLEOH� WKDW� VXFK� HOHFWURQV� ZLOO� XQGHUJR

$QGUHHY�UHIOHFWLRQ�DW�WKH�LQWHUIDFH��DQG�VLQFH�WKH�UHIOHFWHG�KROH�WUDYHOV�EDFN�DORQJ�WKH

WLPH� UHYHUVHG� WUDFN� RI� WKH� LQFLGHQW� HOHFWURQ�� WKLV� PD\� VHUYH� WR� FRQFHQWUDWH� WKH� KRW

HOHFWURQV�LQ�WKH�LPPHGLDWH�YLFLQLW\�RI�WKH�LQMHFWLQJ�MXQFWLRQ��,Q�SUDFWLFH��WKH�PHDQ�IUHH

SDWK��JLYHQ�WKH�PHDVXUHG�555�RI������LQ�WKH�QRUPDO�PHWDO�OD\HU�LV�VXIILFLHQWO\�VKRUW�

VXFK� WKDW� WKH� PHDQ� IUHH� SDWK� LV� PXFK� VKRUWHU� WKDQ� WKH� ILOP� WKLFNQHVV�� *LYHQ� WKLV�

HOHFWURQV�ZLOO�XQGHUJR�QRUPDO�VFDWWHULQJ�WKURXJKRXW�PRVW�RI�WKH�ILOP�WKLFNQHVV��ZLWK

RQO\�D� OD\HU�RI� WKLFNQHVV�O�EHORZ�WKH�VXSHUFRQGXFWLQJ�OD\HU�VLJQLILFDQWO\�DIIHFWHG�E\

$QGUHHY�UHIOHFWLRQ�
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&KDSWHU���±�1RUPDO�0HWDO�%DVH�6,1�'HYLFHV

���

���� 5HVXOWV

+DYLQJ� GHYHORSHG� D� GHYLFH� GHVLJQ� WKDW� DOORZHG� XV� WR� PHDVXUH� UHOLDEO\� WKH

HIIHFW� RI� WKH� FXUUHQW� LQMHFWLRQ� RQ� WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� RI� WKH� GHWHFWRU

MXQFWLRQ��ZH�ZHUH�DEOH�WR�SURFHHG�ZLWK�PHDVXUHPHQWV�

)RU� VRPH� FRQILJXUDWLRQV� RI� LQMHFWRU�� GHWHFWRU�� FXUUHQW� UHWXUQ�� DQG� YROWDJH

FRQWDFW�� ZH� ZHUH� DEOH� WR� REVHUYH� D� FKDQJH� LQ� WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF�� DV

LOOXVWUDWHG� LQ� ILJXUH� ����� 7KLV� W\SH� RI� UHVSRQVH� ZDV� QRW�� KRZHYHU�� REVHUYHG� IRU� DOO

PHDVXUHPHQW� FRQILJXUDWLRQV� ±� IRU� VRPH� FRQILJXUDWLRQV� WKH� UHVSRQVH� ZDV� QRWDEO\

DV\PPHWULF� ZLWK� UHVSHFW� WR� WKH� GHWHFWRU� MXQFWLRQ� ELDV�� DQG� IRU� RWKHU� FRQILJXUDWLRQV

WKHUH� ZDV� RQO\� D� VPDOO� UHVSRQVH�� LI� DQ\� DW� DOO�� )XUWKHUPRUH�� WKH� PDJQLWXGH� RI� WKH

UHVSRQVH��ZKHQ�WKHUH�ZDV�RQH��ZDV�YHU\�QRQ�OLQHDU�ZLWK�WKH�FXUUHQW��ELDV�RU�SRZHU�RI

WKH� LQMHFWRU�� 7KHVH� IHDWXUHV� RI� WKH� UHVXOWV� DUH� GLVFXVVHG� LQ� JUHDWHU� GHSWK� LQ� WKH

IROORZLQJ�VHFWLRQV�
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&XUUHQW����,QMHFWLRQ�

&XUUHQW��,QMHFWLRQ�

'LIIHUHQFH�LQ�&XUUHQW
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)LJXUH�����&XUUHQW�YROWDJH�FKDUDFWHULVWLFV�ZLWK�DQG�ZLWKRXW�LQMHFWHG�FXUUHQW��DOVR�VKRZLQJ�WKH
GLIIHUHQFH��L�H��QHW�H[FHVV�FXUUHQW�
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������ *HRPHWULFDO�'HSHQGHQF\

�������� &ODVVLILFDWLRQ�RI�5HVSRQVHV

$V� GHVFULEHG� DERYH�� ZH� ZHUH� DEOH� WR� LGHQWLI\� HVVHQWLDOO\� WKUHH� FODVVHV� RI

UHVSRQVH�ZKHQ�PHDVXULQJ�WKH�QRUPDOLVHG�H[FHVV�FXUUHQW��q��IURP�������

��� /DUJH�V\PPHWULF�UHVSRQVH�RI�GHYLFH��ILJXUH�����

��� /DUJH�� EXW� DV\PPHWULF� UHVSRQVH� RI� GHYLFH� Z�U�W� GHWHFWRU� ELDV� �ILJXUH
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��� 6PDOO��LQGLVWLQFW�UHVSRQVH��ILJXUH������

,W�LV�LPSRUWDQW�WR�VWUHVV�WKDW�ZKLOVW�WKH�VL]H�RI�WKH�UHVSRQVH�ZDV�GHSHQGHQW�RQ

WKH�TXDOLW\�RI�ERWK�WKH�LQMHFWRU�DQG�GHWHFWRU� MXQFWLRQ�� LW�ZDV�SRVVLEOH� WR�JHW�DOO� WKUHH

FODVVHV� RI� UHVSRQVH� XVLQJ� HLWKHU� WKH� VDPH� GHWHFWRU� MXQFWLRQ� RU� WKH� VDPH� LQMHFWRU

MXQFWLRQ��7KHUHIRUH��ZH�FRQFOXGH�WKDW�WKH�GLIIHUHQW�FODVVHV�RI�UHVSRQVH�ZHUH�QRW�VROHO\

GXH�WR�MXQFWLRQ�TXDOLW\�LVVXHV�

�������� ([SHULPHQWDO�&RQILJXUDWLRQ�DQG�&ODVV�RI�5HVSRQVH

:H� IRXQG� WKDW� ZH� ZHUH� DEOH� WR� SUHGLFW� ZKLFK� FODVV� RI� UHVSRQVH� ZRXOG� EH

REWDLQHG�EDVHG�RQ� WKH� JHRPHWU\�RI� WKH�PHDVXUHPHQW� FRQILJXUDWLRQ��:H�FDQ� UHIHU� WR

WKH�VLGH�RQ�ZKLFK�D� MXQFWLRQ� LV��%\� WKLV��ZH�PHDQ� WR�ZKLFK�RI� WKH� ORQJ�VLGHV�RI� WKH

FHQWUDO�UHFWDQJXODU�UHJLRQ�RI�WKH�FRPPRQ�HOHFWURGH�WKH�MXQFWLRQ�LV�DWWDFKHG��:H�WKHQ

ILQG� WKDW�ZKLFK� FODVV� RI� UHVSRQVH�ZH� REVHUYH� LV� GHWHUPLQHG� E\� RQ� ZKLFK� VLGHV� WKH

GHWHFWRU��LQMHFWRU�DQG�FXUUHQW�UHWXUQ�MXQFWLRQV�DUH��)RU�WKH�LQLWLDO�ZRUN�ZH�PHDVXUHG�D

GHYLFH�ZLWK�D�FRQILJXUDWLRQ�XVLQJ�WZR�FRPPRQ�HOHFWURGHV��VHH�ILJXUH�������VR�WKDW�ZH

PDGH�FRQQHFWLRQV� WR� DOO� IRXU� MXQFWLRQV�RQ�RQH� FRPPRQ� HOHFWURGH�� WKHUHIRUH�ZH� KDG

WKUHH� GLVWLQFW� DUUDQJHPHQWV� RI� WKH� LQMHFWRU�� GHWHFWRU� DQG� FXUUHQW� UHWXUQ� MXQFWLRQV

�ILJXUH�������
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:H�REVHUYHG�WKDW�D�FODVV���UHVSRQVH��ODUJH��V\PPHWULF��ZDV�DOZD\V�DVVRFLDWHG

ZLWK�D�FRQILJXUDWLRQ�DV� LQ� ILJXUH�����D��ZKHUH� WKH�GHWHFWRU�DQG� LQMHFWRU�ZHUH�RQ� WKH

VDPH�VLGH�RI�WKH�GHYLFH��ZLWK�WKH�FXUUHQW�UHWXUQ�DQG�YROWDJH�FRQWDFW�RQ�WKH�RWKHU��&ODVV

��UHVSRQVHV��ODUJH��DV\PPHWULF��ZHUH�DVVRFLDWHG�ZLWK�WKH�FRQILJXUDWLRQ�LQ�ILJXUH�����

E�� ZLWK� WKH� GHWHFWRU� DQG� FXUUHQW� UHWXUQ� RQ� WKH� VDPH� VLGH� DQG� LQMHFWRU� DQG� YROWDJH

FRQWDFW� RQ� WKH� RWKHU�� )LQDOO\� WKH� WKLUG� FODVV� RI� UHVSRQVH� �VPDOO�� ZHUH� IRXQG� IRU

FRQILJXUDWLRQV� OLNH� ILJXUH� ����F��ZKHUH� WKH� GHWHFWRU� DQG� YROWDJH� FRQWDFW� VKDUHG� RQH

VLGH��ZLWK�WKH�LQMHFWRU�DQG�FXUUHQW�UHWXUQ�RQ�WKH�RWKHU��2QH�FRXOG�IXUWKHU�VXEGLYLGH�WKH

FODVVLILFDWLRQV�RI�FRQILJXUDWLRQ�DFFRUGLQJ�WR�ZKLFK�RI�WKH�MXQFWLRQV�RQ�WKH�IDU�VLGH�RI

WKH� GHWHFWRU� ZDV� RSSRVLWH� LW� �� IRU� H[DPSOH�� IRU� WKH� ILUVW� FRQILJXUDWLRQ� ZKHWKHU� WKH

YROWDJH�FRQWDFW�RU�FXUUHQW�UHWXUQ�ZDV�GLUHFWO\�RSSRVLWH�WKH�GHWHFWRU��,Q�SUDFWLFH��LW�ZDV

IRXQG�WKDW�WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�UHVSRQVH�RI�WKH�GHWHFWRU�WR�WKHVH

WZR�FRQILJXUDWLRQV�

)LJXUH������7KUHH�GLIIHUHQW�PHDVXUHPHQW�FRQILJXUDWLRQV���D��'HWHFWRU�DQG�LQMHFWRU�RQ�WKH�VDPH�VLGH�DQG
RSSRVLWH�WKH�FXUUHQW�UHWXUQ���E��'HWHFWRU�DQG�FXUUHQW�UHWXUQ�RQ�WKH�VDPH�VLGH�DQG�RSSRVLWH�WKH�LQMHFWRU�
�F��'HWHFWRU�RSSRVLWH�WKH�LQMHFWRU�DQG�FXUUHQW�UHWXUQ�
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,W�ZDV�REVHUYHG�WKDW�WKH�GHJUHH�RI�DV\PPHWU\�DVVRFLDWHG�ZLWK�WKH�FODVV���W\SH

RI� UHVXOWV� ZHUH� GLUHFWO\� UHODWHG� WR� WKH� GHWHFWRU� ELDV� FXUUHQW�� WKH� UHVSRQVH� KDYLQJ� D

PLQLPXP�ZKHQ� WKH� GHWHFWRU� DQG� LQMHFWRU� FXUUHQWV�ZHUH� RSSRVLWH� DQG� HTXDO�� $W� WKLV

SRLQW�WKH�FXUUHQW�IORZLQJ�WKURXJK�WKH�FXUUHQW�UHWXUQ�FRQQHFWLRQ��ZKLFK�LV�DGMDFHQW�WR

WKH� GHWHFWRU� MXQFWLRQ� IRU� WKH� UHOHYDQW� FRQILJXUDWLRQV��ZLOO� EH� ]HUR�� 7KH� GHWHUPLQLQJ

IDFWRU�ZDV�WKHUHIRUH�WKH�FXUUHQW�WKURXJK�WKH�MXQFWLRQ�DGMDFHQW�WR�WKH�GHWHFWRU��LQ�ZKLFK

FDVH�FODVV���DQG���UHVXOWV�DUH�HVVHQWLDOO\� WKH�VDPH��7KLV�ZDV�FRQILUPHG�E\�XVLQJ�WKH

FKDQJH� LQ� GLIIHUHQWLDO� FRQGXFWDQFH� DW� ]HUR� GHWHFWRU� ELDV� DV� WKH� PHDVXUH� RI� GHYLFH

UHVSRQVH��6LQFH� WKH�GHWHFWRU� MXQFWLRQ� LV�DW�]HUR�ELDV�� WKH� FXUUHQW� WKURXJK� WKH� FXUUHQW

UHWXUQ�LV�HTXDO�WR�WKDW�WKURXJK�WKH�LQMHFWRU��:H�WKHQ�REWDLQ�YHU\�VLPLODU�UHVXOWV�IRU�ERWK

FODVV���DQG�FODVV���FRQILJXUDWLRQV��ILJXUH�������

�������� 'LVWDQFH�EHWZHHQ�,QMHFWRU�DQG�'HWHFWRU�-XQFWLRQV

7KH�WZR�LVODQG�FRQILJXUDWLRQ�RQO\�DOORZV�WZR�GLIIHUHQW�GLVWDQFHV�EHWZHHQ�WKH

LQMHFWRU�DQG�GHWHFWRU� MXQFWLRQV�LI�ZH�DUH�OLPLWHG� WR�SODFLQJ�ERWK�RQ� WKH�VDPH�VLGH�RI
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WKH� FRPPRQ� HOHFWURGH�� $GGLWLRQDOO\�� LW� ZDV� IRXQG� WKDW� WKHUH� ZHUH� FRQVLGHUDEOH

YDULDWLRQ� LQ� WKH� TXDOLW\� IDFWRUV� EHWZHHQ� WKH� MXQFWLRQV� LQ� DQ\� JLYHQ� GHYLFH� ZKHQ

PHDVXUHG�DW������.��VR�WKDW�WR�DVVHVV�DQ\�HIIHFW�RI�GLVWDQFH�EHWZHHQ�WKH�LQMHFWRU�DQG

GHWHFWRU�LW�ZRXOG�EH�GHVLUDEOH�WR�XVH�WKH�VDPH�GHWHFWRU�MXQFWLRQ��)RU�WKHVH�UHDVRQV��D

VLQJOH�HOHFWURGH�FRQILJXUDWLRQ�ZDV�XVHG� WR�PHDVXUH�DQ\� FKDQJH� LQ� WKH� UHVSRQVH� DV�D

IXQFWLRQ� RI� WKH� GLVWDQFH� EHWZHHQ� WKH� LQMHFWRU� DQG� GHWHFWRU� MXQFWLRQV�� *LYHQ� WKH

GHSHQGHQFH�RQ�JHRPHWU\�REVHUYHG��RQH�PLJKW�H[SHFW�WKDW�WKH�FRPPRQ�HOHFWURGH�ZDV

EHLQJ�QRQ�XQLIRUPO\�KHDWHG��,Q�WKDW�FDVH��LW�ZRXOG�EH�OLNHO\�WKDW�WKH�PDJQLWXGH�RI�WKH

UHVSRQVH�ZRXOG�EH�OHVV�WKH�IXUWKHU�WKH�LQMHFWRU�ZDV�IURP�WKH�GHWHFWRU�

,Q� ILJXUH� ����� ZH� VKRZ� SORWV� RI� WKH� UHVSRQVH� RQ� MXQFWLRQ� (� IURP� FXUUHQW

LQMHFWLRQ� DW� MXQFWLRQV� )� �SORW� D�� ����P� IURP�(���*� �SORW� E�� �����P�� DQG�+� �SORW� F�

�����P�� DQG� IRU� FRPSDULVRQ�$� �SORW� G�� ����P� DFURVV� WKH� FRPPRQ� HOHFWURGH��� 7KH

GLVWDQFHV� TXRWHG� DUH� IURP� WKH� FHQWUH� RI� WKH� GHWHFWRU� MXQFWLRQ� WR� WKH� FHQWUH� RI� WKH
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)LJXUH������'LIIHUHQWLDO�FRQGXFWDQFH�IRU�GLIIHUHQW�GHWHFWRU�LQMHFWRU�GLVWDQFHV��GHWHFWRU�(���)LJXUH�����
VKRZV�D�SODQ�RI�WKH�VLQJOH�LVODQG�FRQILJXUDWLRQ��VKRZLQJ�MXQFWLRQ�ODEHOV�
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LQMHFWRU�MXQFWLRQ��$V�LV�UHDGLO\�REVHUYHG��WKHUH�LV�QR�V\VWHPDWLF�FKDQJH�LQ�WKH�UHVSRQVH

DV�D�IXQFWLRQ�RI�GLVWDQFH�

�������� 6RXUFH�RI�5HVSRQVH

,PSOLFLW�LQ�RXU�GLVFXVVLRQ�KLWKHUWR�KDV�EHHQ�WKH�DVVXPSWLRQ�WKDW�WKH�VRXUFH�RI

WKH� FKDQJH� LQ� GHWHFWRU� FXUUHQW� FDQ� LQ� IDFW� EH� ORFDOLVHG� WR� VSHFLILF� MXQFWLRQV�� 7R

GHWHUPLQH�WKLV�ZH�UHSHDWHG�WKH�LQMHFWLRQ�H[SHULPHQWV�IRU�GHYLFHV�LQ�ZKLFK�WKH�LQMHFWRU

MXQFWLRQ�ZDV� UHSODFHG� E\� DQ� 6�1� FRQQHFWLRQ�� 8QGHU� WKHVH� FRQGLWLRQV�� WKH� LQMHFWLRQ

FXUUHQW�RQO\�SDVVHV�WKURXJK�WKH�3G�$X�OD\HU�EHIRUH�HQWHULQJ�WKH�VXSHUFRQGXFWLQJ�WRS

OD\HU�RI� WKH�FRPPRQ�HOHFWURGH��)RU�D�FRQILJXUDWLRQ� WKDW�JDYH�D�FODVV��� UHVXOW�ZLWK�D

MXQFWLRQ�� L�H�� ZLWK� WKH� LQMHFWRU� DGMDFHQW� WR� WKH� GHWHFWRU�� ZH� IRXQG� WKDW� ZLWKRXW� D

MXQFWLRQ�ZH�REVHUYHG�QR�UHVSRQVH��FRQILUPLQJ�WKDW�WKH�MXQFWLRQ�ZDV�WKH�VRXUFH�RI�WKH

UHVSRQVH��)RU�WKH�RWKHU�SRVVLEOH�FRQILJXUDWLRQV�QR�FKDQJH�ZDV�REVHUYHG��ZKLFK�ZRXOG

EH�H[SHFWHG�LI�RQO\�WKH�QDWXUH�RI�WKH�FRQWDFW�QH[W�WR�WKH�GHWHFWRU�LV�LPSRUWDQW�

%DVHG� RQ� WKHVH� UHVXOWV� ZH� FRQFOXGH� WKDW� WKH� VRXUFH� RI� WKH� UHVSRQVH� LV

DVVRFLDWHG� ZLWK� WKH� MXQFWLRQV�� EXW� LQ� DGGLWLRQ�� WKDW� WKHUH� LV� D� GLUHFWLRQDO� YDULDWLRQ

GHWHUPLQLQJ�WKH�PDJQLWXGH�RI�WKH�REVHUYHG�UHVSRQVH�

�������� ,QMHFWRU�'HWHFWRU�&RXSOLQJ�5RXWHV

:H� KDYH� QRW� \HW� FRQVLGHUHG� WKH� SRVVLEOH� FRXSOLQJ� SURFHVVHV� EHWZHHQ� WKH

LQMHFWRU� DQG� GHWHFWRU� EH\RQG� QRWLQJ� WKDW� GLUHFW� KRW� HOHFWURQ� WUDQVIHU� EHWZHHQ� WKH

LQMHFWRU� DQG� GHWHFWRU� LV� XQOLNHO\� GXH� WR� WKH� UHODWLYHO\� ODUJH� VFDOH� RI� WKH� GHYLFH�

8OWLPDWHO\�D�6,1�WXQQHO� MXQFWLRQ�LV�VHQVLWLYH�WR�DQ�HQKDQFHG�HOHFWURQ�WHPSHUDWXUH�LQ

WKH� QRUPDO� HOHFWURGH�� VR� ZH� DUH� PHDVXULQJ� VXFK� DQ� HQKDQFHG� WHPSHUDWXUH� DW� WKH

GHWHFWRU�� ,I�ZH�QHJOHFW� WKH� SRVVLELOLW\� RI� GLUHFW� FRXSOLQJ� E\� UDGLDWLRQ�� WKHQ� WKH� RQO\

PHWKRGV�WKDW�FDQ�KHDW� WKH�HOHFWURQV�FORVH� WR� WKH�GHWHFWRU�DUH�HLWKHU�SKRQRQ� WUDQVSRUW

WKURXJK�WKH�VXEVWUDWH�RU�FRXSOHG�WKHUPDO�HOHFWURQV�DQG�SKRQRQV�WKURXJK�WKH�FRPPRQ

HOHFWURGH�
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,I�WKH�SULPDU\�FRXSOLQJ�PHFKDQLVP�ZDV�WKHUPDO�HOHFWURQ�DQG�SKRQRQ�WUDQVSRUW

WKURXJK�WKH�FRPPRQ�HOHFWURGH��WKHQ�ZH�ZRXOG�KDYH�WR�DVVXPH�WKDW�WHPSHUDWXUH�LQ�WKH

FRPPRQ�HOHFWURGH�ZDV�LQFUHDVHG�VLJQLILFDQWO\�WKURXJKRXW�LWV�YROXPH�� ,Q�WKDW�FDVH�� LW

ZRXOG�EH�GLIILFXOW�WR�H[SODLQ�WKH�REVHUYHG�ODFN�RI�UHVSRQVH�RI� WKH�GHWHFWRU� WR�D�QRQ�

DGMDFHQW� LQMHFWRU�FXUUHQW� UHWXUQ�� 7KHUHIRUH�� LW� ZRXOG� DSSHDU� WKDW� VXEVWUDWH� SKRQRQ

FRXSOLQJ�LV� WKH�PRVW� OLNHO\��:H�ZHUH�DEOH�WR�WHVW� WKLV� UHODWLYHO\�HDVLO\�XVLQJ� WKH� WZR

FRPPRQ�HOHFWURGH� FRQILJXUDWLRQ�� E\� XVLQJ� DQ� LQMHFWRU� RQ� RQH� HOHFWURGH�� DQG� WKH

GHWHFWRU�RQ�WKH�VHFRQG��7KH�FRQILJXUDWLRQ�PRVW�OLNHO\�WR�JLYH�D�UHVSRQVH�ZRXOG�EH�RQH

ZLWK�WKH�LQMHFWRU�GHWHFWRU�SDLU�DV�FORVH�DV�SRVVLEOH�ZKLOVW�EHLQJ�RQ�GLIIHUHQW�HOHFWURGHV

L�H�� MXQFWLRQV� %� 	� &� RU� )� 	� *�� )LJXUH� ����� VKRZV� WKH� UHVSRQVH� IURP� RQH� VXFK

H[SHULPHQW��FRQILUPLQJ� WKDW� WKHUH� LV� LQGHHG�VLJQLILFDQW�FRXSOLQJ�YLD� WKH� VXEVWUDWH��$

VLPLODU�UHVSRQVH�ZDV�DOVR�REVHUYHG� IRU�DOO�FRQILJXUDWLRQV�ZKLFK�JDYH�D� UHVSRQVH�IRU

WKH�VLQJOH�FRPPRQ�HOHFWURGH�YDULDQW��H�J��GHWHFWRU�$�� LQMHFWRU�&�RU�'�� ,Q�DGGLWLRQ��D

UHVSRQVH� IRU� D� FRQILJXUDWLRQ� ZLWK� WKH� GHWHFWRU� DQG� LQMHFWRU� MXQFWLRQV� GLDJRQDOO\
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)LJXUH������1RUPDOLVHG�GHWHFWRU�HIILFLHQF\�IRU�WKH�LQMHFWRU�DQG�GHWHFWRU�RQ�VHSDUDWH�QRUPDO�PHWDO
HOHFWURGHV�
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RSSRVLWH�HDFK�RWKHU�EHWZHHQ� WKH� WZR�HOHFWURGHV� �L�H��GHWHFWRU�%�DQG� LQMHFWRU�*��ZDV

PHDVXUHG�

:H� KDYH� GHPRQVWUDWHG� WKDW� FRXSOLQJ� EHWZHHQ� WKH� LQMHFWRU� DQG� GHWHFWRU� YLD

VXEVWUDWH�SKRQRQV�LV�WKH�GRPLQDQW�FRXSOLQJ�SURFHVV��:H�KDYH�DOVR�VKRZQ�WKDW�WKHUH�LV

VLJQLILFDQW� DQLVRWURS\� LQ� WKH� FRXSOLQJ�� :H� ZHUH� XQDEOH� WR� PHDVXUH� DQ\� UHVSRQVH

DFURVV� WKH�GHYLFH�HYHQ�ZKHQ�WKH�GLVWDQFH�EHWZHHQ�WKH�LQMHFWRU�DQG�GHWHFWRU�ZDV�OHVV

WKDQ� ZKHQ� D� UHVSRQVH� ZDV� REVHUYHG� DORQJ� WKH� OHQJWK� RI� WKH� GHYLFH�� 2QH� SRVVLEOH

H[SODQDWLRQ� WR� EH� HOLPLQDWHG�ZRXOG� EH� DQLVRWURS\� LQ� WKH� SKRQRQ�SURSDJDWLRQ� LQ� WKH

VXEVWUDWH�� 7R� GR� WKLV� GHYLFHV� ZHUH� IDEULFDWHG� RQ� D� YDULHW\� RI� GLIIHUHQW� VXEVWUDWHV�

LQFOXGLQJ�D�DQG�F�SODQH�VDSSKLUH��VLOLFD��VLOLFRQ�DQG�6L
�

1
�

�FRDWHG�VLOLFRQ�VXEVWUDWHV��1R

VLJQLILFDQW� GLIIHUHQFHV� LQ� WKH� EHKDYLRXU� RI� WKH� GHYLFHV� ZHUH� REVHUYHG� FRPSDUHG� WR

WKRVH�IDEULFDWHG�RQ�U�SODQH�VDSSKLUH��7KH�REVHUYHG�DQLVRWURS\�LQ�WKH�UHVXOWV��WKHUHIRUH�

PXVW� EH� GXH� WR� WKH� GHVLJQ� RI� WKH� GHYLFH�� 7KH� SUHVHQFH� RI� WKH� FRPPRQ� HOHFWURGH

DSSHDUHG�WR�EORFN�WKH�LQMHFWRU�IURP�WKH�GHWHFWRU�

������ ,QMHFWRU�%LDV�'HSHQGHQFH

,Q�WKH�SUHYLRXV�VHFWLRQ��ZH�KDYH�EHHQ�GLVFXVVLQJ�WKH�UHVSRQVH�RI�WKH�GHWHFWRU

LQ�WHUPV�RI�D�VLJQLILFDQW�FKDQJH�LQ�HLWKHU�WKH�VXE�JDS�FRQGXFWDQFH�DW�]HUR�ELDV�RU�WKH

VXE�JDS�FXUUHQW�DV�WKH�LQMHFWRU�ZDV�ELDVHG��:H�QRZ�FRQVLGHU�WKH�IRUP�RI�WKH�UHVSRQVH

ZLWK�UHVSHFW�WR�WKH�SURFHVVHV�RFFXUULQJ�DW�WKH�LQMHFWRU�LQ�PRUH�GHWDLO�

�������� 6XPPDU\�RI�5HVXOWV

,Q�ILJXUH������ZH�VKRZHG�WKH�IRUP�RI�WKH�UHVSRQVH�DV�D�IXQFWLRQ�RI�WKH�LQMHFWRU

MXQFWLRQ� ELDV�� ,W� VKRZV� D� UDSLG�� DSSUR[LPDWHO\� OLQHDU�� LQFUHDVH� LQ� WKH� VXE�JDS

FRQGXFWDQFH�DV�WKH�LQMHFWRU�ELDV�LV�LQFUHDVHG�XS�WR�DURXQG�&�H��DIWHU�ZKLFK�WKH�UDWH�DW

ZKLFK� WKH� VXE�JDS� FRQGXFWDQFH� LQFUHDVHV� UDSLGO\� GHFUHDVHV�� WR� JLYH� D� FKDUDFWHULVWLF

VWHS� VKDSH�� )RU� YHU\� KLJK� LQMHFWRU� ELDVHV� �9
LQM

.���P9�� WKH� VXE�JDS� FRQGXFWDQFH

LQFUHDVHV�� LUUHVSHFWLYH�RI� WKH� H[SHULPHQWDO�FRQILJXUDWLRQ��:H�DWWULEXWH� WKLV�KLJK�ELDV

FKDQJH�WR�VLPSOH�VDPSOH�KHDWLQJ�� ,Q�RUGHU� WR�DFKLHYH� WKLV�ELDV�FXUUHQWV�RI�RUGHU�P$

ZHUH� UHTXLUHG� �WKH� QRUPDO� VWDWH� UHVLVWDQFH� RI� WKH� GHYLFH� LV� RI� RUGHU� ��W��� :H� DUH

WKHUHIRUH�GHSRVLWLQJ�WHQV�RI��:�LQWR�WKH�GHYLFH��,Q�WKH�OLPLW�RI�H[FHVV�FRROLQJ�SRZHU�
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ZH�FDQ� ILQG� WKH�DSSUR[LPDWH� WHPSHUDWXUH� LQFUHDVH�E\�FDOFXODWLQJ� WKH� VROXWLRQ�RI� WKH

DSSURSULDWH� KHDW� GLIIXVLRQ� HTXDWLRQ� IRU� D� VHPL�LQILQLWH� VODE� RI� VDSSKLUH�� 7KH� WKUHH

GLPHQVLRQDO�KHDW�GLIIXVLRQ�HTXDWLRQ�LV�JLYHQ�E\�&DUVODZ�������

� �¶ -
�
�

�
��

�
�� =� &
W
7 U W 3 U

LQM
� � � 1 6 �����

ZKHUH� 3
LQM

� LV� WKH� LQMHFWHG� SRZHU�� k� WKH� WKHUPDO� FRQGXFWLYLW\�� &� WKH� VSHFLILF� KHDW

FDSDFLW\� DQG� d� WKH� 'LUDF� GHOWD�� 7KLV� HTXDWLRQ� KDV� EHHQ� VROYHG� E\� /HPNH�/HPNH

�������ZKR�JLYHV�

7 U
3

U
7LQM1 6 = +

� �

� �
�����

ZKHUH�7
�

�LV�WKH�EDVH�WHPSHUDWXUH��7KLV�JLYHV�D�WHPSHUDWXUH�ULVH�RI�RUGHU�RI����P.�IRU

RXU�JHRPHWU\� �WDNLQJ�k ���:P��.���:KLWH���������(YHQ�DW� WKH�EDVH� WHPSHUDWXUH�RI

����P.� WKLV� LV� D� FRPSDUDWLYHO\� VPDOO� WHPSHUDWXUH� ULVH�� 8QIRUWXQDWHO\�� WKH� FRROLQJ

SRZHU�DYDLODEOH�RQ�WKH�+HOLR[��SUREH�XVHG�ZDV�UHODWLYHO\�VPDOO��DQG�FRPELQHG�ZLWK

WKH�SRZHU�GHSRVLWHG�RQ�WKH��+H�SRW�E\�WKH�FRSSHU�ZLUHV�FRQQHFWLQJ�WR�WKH�VDPSOH�WKH

EDVH� WHPSHUDWXUH� RI� WKH� V\VWHP� ZDV� REVHUYHG� WR� ULVH� UDSLGO\� IRU� LQMHFWLRQ� FXUUHQWV

JUHDWHU�WKDQ�DSSUR[LPDWHO\���P$��)RU�LQMHFWRU�ELDVHV�DURXQG�&�H�WKH�FXUUHQW�UHTXLUHG

ZDV�RI�RUGHU�RI������$��DQG�VR�IURP�������WKH�H[SHFWHG�WHPSHUDWXUH�ULVH�ZRXOG�EH�OHVV

WKDQ���P.��7KH�VDPSOH�WHPSHUDWXUH�ZDV�QRW�PHDVXUHG�WR�LQFUHDVH��LQGLFDWLQJ�WKDW�WKH

KHDW�ORDG�ZDV�ZLWKLQ�WKH�OLPLWV�WKDW�WKH�+HOLR[��FRXOG�VXVWDLQ�

�������� /RZ�%LDV�5HJLPH��9LQM�3�H�

,I�ZH�FRQVLGHU�WKH�QRUPDOLVHG�FKDQJH�LQ�FRQGXFWDQFH�DW�]HUR�GHWHFWRU�ELDV�DV

RXU�PHDVXUH�RI�GHYLFH�UHVSRQVH��������WKHQ�XVLQJ�HTXDWLRQ��������ZH�VKRXOG�EH�DEOH�WR

DVVLJQ� D� WHPSHUDWXUH�GHSHQGHQFH� WR� WKH� UHVSRQVH�� ,Q�SUDFWLFH� WKLV� LV� FRPSOLFDWHG�E\

WZR�IDFWRUV��)LUVWO\���������DVVXPHV�D�%&6�GHQVLW\�RI�VWDWHV�LQ�WKH�VXSHUFRQGXFWRU��2XU

GHYLFHV�KDYH�D�1E�$O�SUR[LPLW\�VWUXFWXUH��ZKLFK�DFFRUGLQJ�WR�WKH�DYDLODEOH�PRGHOV�RI

WKH�SUR[LPLW\�HIIHFW�ZLOO�QRW�KDYH�D�%&6�GHQVLW\�RI�VWDWHV��6HFRQGO\��WKH�GHYLFHV�DUH

VRPHZKDW� OHDN\�� VR� WKH� PLQLPXP� FRQGXFWDQFH� LV� UDWKHU� KLJKHU� WKDQ� ZRXOG� EH

H[SHFWHG�
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,I�ZH�GR�DSSO\��������WR�UHDO�GDWD��XVLQJ�DQ�DVVXPHG�&�H�RI������PH9��WKHQ�ZH

ILQG�WKDW�WKH�WHPSHUDWXUH�RI�WKH�GHYLFH�LV�DURXQG�����.��7KLV�LV�FOHDUO\�QRW�UHDOLVWLF�±

ZH� ZRXOG� VXVSHFW� WKDW� ZH� KDYH� D� VLJQLILFDQW� GHQVLW\� RI� VWDWHV� ZLWKLQ� WKH� VXE�JDS

UHJLRQ�LQ�WKH�6�HOHFWURGH��,I�ZH�VXSSRVH��KRZHYHU��WKDW�WKH�IRUP�RI�WKH�GHSHQGHQF\�RI

VXE�JDS�FRQGXFWDQFH�RQ� WHPSHUDWXUH� LQ� ������� LV�DSSUR[LPDWHO\�FRUUHFW�� WKHQ�ZH�VHH

WKDW�WKH�WHPSHUDWXUH�LQFUHDVH�LV�OLQHDU�ZLWK�WKH�LQMHFWLRQ�FXUUHQW�DQG�ELDV�

�������� $QDO\VLV

7KH� LQFUHDVH� LQ� WKH�GHWHFWRU� VXE�JDS�FXUUHQW�ZDV�REVHUYHG� WR�RFFXU�XS� WR�DQ

LQMHFWRU�ELDV�WKDW�FRUUHVSRQGHG�ZLWK�WKH�HQHUJ\�JDS�&��,W�PLJKW�EH�VXSSRVHG�WKDW�WKLV�LV

GXH�WR�WKH�VKDUS�LQFUHDVH�LQ�ERWK�WKH�FXUUHQW�DQG�LQMHFWHG�SRZHU�DW�WKH�HQHUJ\�JDS�LQ

WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� RI� D�6,1� WXQQHO� MXQFWLRQ��+RZHYHU�� LI�ZH� SORW� WKH

QRUPDOLVHG�VXE�JDS�FRQGXFWDQFH�DJDLQVW�WKH�LQMHFWRU�ELDV��FXUUHQW�DQG�SRZHU��ILJXUHV

����D��E��DQG�F���WKHQ�ZH�REVHUYH�WKDW�ZH�UHWDLQ�WKH�VWHS�IHDWXUH��7KHUHIRUH�� WKH�VXE�

JDS�FRQGXFWDQFH�LV�QRW�VFDOLQJ�ZLWK�DQ\�VLPSOH�PHDVXUHPHQW�RI�WKH�LQMHFWRU�MXQFWLRQ�

)XUWKHUPRUH�� E\� WHVWLQJ� GHYLFHV� ZLWK� D� UDQJH� RI� QRUPDO� VWDWH� UHVLVWDQFHV� WKH� VWHS

IHDWXUH�ZDV�DOZD\V�ORFDWHG�DW�D�ELDV�RI�&�H��DQG�QRW�D�FRQVLVWHQW�FXUUHQW�RU�SRZHU��7KLV

LQGLFDWHV� WKDW� WKH� VWHS� IHDWXUH� LV� DVVRFLDWHG�ZLWK� D� SURFHVV� RFFXUULQJ� DW� WKH� LQMHFWRU

MXQFWLRQ�DW�WKLV�ELDV�
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:H�FRQVLGHU�WKH�VLWXDWLRQ�DW�WKH�LQMHFWRU�IRU�ELDVHV�FORVH�WR�&�H��ILJXUH�������

$W�WKLV�SRLQW��VLJQLILFDQW�QXPEHU�RI�TXDVLSDUWLFOHV�ZLOO�WXQQHO�IURP�WKH�VXSHUFRQGXFWRU

WR� WKH� QRUPDO� HOHFWURGH�� UHVXOWLQJ� LQ� DQ� LQFUHDVH� LQ� µKRW¶� HOHFWURQV� �RU� KROHV�� LQ� WKH

QRUPDO� PHWDO�� 7KHVH� ZLOO� UHOD[� WR� D� WKHUPDO� GLVWULEXWLRQ� RI� HOHFWURQV� E\� HPLWWLQJ

SKRQRQV� RI� HQHUJ\�W N
%

7�� 7KH\�� KRZHYHU�� FDQQRW� EH� GLUHFWO\� UHVSRQVLEOH� IRU� WKH
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3RZHU��Q:�
)LJXUH������'LIIHUHQWLDO�FRQGXFWDQFH�YHUVXV�LQMHFWRU�ELDV��FXUUHQW�DQG�SRZHU�IRU�WKH�VDPH�GHYLFH�
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REVHUYHG�KHDWLQJ�DW�WKH�GHWHFWRU�MXQFWLRQ��RWKHUZLVH�D�UHVSRQVH�ZRXOG�EH�REVHUYHG�IRU

DQ�6�1�FRQWDFW��)XUWKHUPRUH��WKH�UHVSRQVH�ZRXOG�FRQWLQXH�WR�VFDOH�ZLWK�FXUUHQW��,Q�WKH

VXSHUFRQGXFWRU�� WKH� SRSXODWLRQ� RI� TXDVLSDUWLFOHV� ZLOO� EH� LQFUHDVHG�� 7KHVH

TXDVLSDUWLFOHV�ZLOO�EH�RI�SUHGRPLQDWHO\�RQH�FKDUDFWHU��HLWKHU�HOHFWURQ�OLNH�RU�KROH�OLNH

GHSHQGLQJ�RQ�WKH�ELDV�RI�WKH�MXQFWLRQ���EXW�WKLV�ZLOO�EH�UHOD[HG�E\�EUDQFK�PL[LQJ�DQG

UHFRPELQDWLRQ�� 7KH� UHFRPELQDWLRQ� UDWH�ZLOO�� KRZHYHU�� ULVH� VWHHSO\� VLQFH� HYHQ� IRU� D

UHODWLYHO\�VPDOO�LQMHFWLRQ�FXUUHQW��WKH�GHQVLW\�RI�TXDVLSDUWLFOHV�ZLOO�EH�PDQ\�RUGHUV�RI

PDJQLWXGH�JUHDWHU�WKDQ�WKH�WKHUPDO�SRSXODWLRQ�DW�WKH�EDVH�WHPSHUDWXUH�RI������.�

)URP� HTXDWLRQ� ������� ZH� ILQG� WKDW� WKH� WKHUPDO� GHQVLW\� RI� TXDVLSDUWLFOHV� LV

���������P����DQG�DVVXPLQJ�D�WXQQHOOLQJ�WLPH�IRU�TXDVLSDUWLFOHV�ZKLFK�LV�VLPLODU�WR�WKDW

IRU�WKH�6,6�GHYLFHV�RI�FKDSWHU����ZRXOG�HVWLPDWH�WKH�LQMHFWHG�TXDVLSDUWLFOH�GHQVLW\�IRU

D�W\SLFDO�LQMHFWLRQ�FXUUHQW�RI������$�WR�EH�RI�RUGHU������P����7KH�UHFRPELQDWLRQ�UDWH�LV

WKHUHIRUH�LQ�DQ�H[WUHPH�QRQ�HTXLOLEULXP�FRQGLWLRQ�

)LJXUH������6HPLFRQGXFWRU�UHSUHVHQWDWLRQ�RI�D�GHYLFH�ELDVHG�QHDU�WR�&�
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�������� 4XDVLSDUWLFOH�5HFRPELQDWLRQ�5DWH�DQG��3�3KRQRQ

3RSXODWLRQ

:H�FDQ�HPSOR\� WKH�5RWKZDUI�7D\ORU� HTXDWLRQV� WR�HVWLPDWH� WKH�SRSXODWLRQ�RI

�&�SKRQRQV�IRU�WKH�LQMHFWLRQ�FXUUHQWV�WKDW�ELDV�WKH�LQMHFWRU�FORVH�WR�&�H��,I�ZH�FRQVLGHU

�������DQG����������VLQFH�ZH�RSHUDWH�LQ�WKH�VWHDG\�VWDWH�ZH�FDQ�ZULWH�

� �

� � �

� �

� � �

= - +

= - -
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-
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1 SDLU EUHDNLQJ

SDLU EUHDNLQJ SKRQRQ ORVV

�

� � �
������

+HUH�ZH�DVVXPH� WKDW�ZH�KDYH�QR��&� SKRQRQ� LQMHFWLRQ� �H�J�� IURP� WKH� FXUUHQW�UHWXUQ

MXQFWLRQ� YLD� WKH� VXEVWUDWH�� DQG� WKDW� WKH� UDWH� RI� TXDVLSDUWLFOH� WXQQHOOLQJ� LV� VORZ

FRPSDUHG�WR�RWKHU�SURFHVVHV��:H�FDQ�HOLPLQDWH�WKH�TXDVLSDUWLFOH�UHFRPELQDWLRQ�UDWH�

DQG�ILQG�

, 3
1 SKRQRQ ORVV
=

-

-� �� � ������

1RZ��ZH�FDQ�ILQG�,1�IURP�WKH�LQMHFWLRQ�FXUUHQW�XVLQJ��������DQG�KHQFH�VKRZ�WKDW�WKH

UDWH�RI�H[FHVV��&�SKRQRQ�HVFDSH�LQWR�WKH�VXEVWUDWH�VKRXOG�VFDOH�ZLWK�WKH�FXUUHQW�

7KH�GLVDGYDQWDJH�RI�XVLQJ� WKH�5RWKZDUI�7D\ORU�HTXDWLRQV� LV� WKDW� WKH\�GR�QRW

WDNH�DFFRXQW�RI�WKH�DFWXDO�TXDVLSDUWLFOH�DQG�SKRQRQ�GLVWULEXWLRQV��+RZHYHU��HYHQ�LI�ZH

HPSOR\HG� WKH� PRUH� VRSKLVWLFDWHG� FRXSOHG� NLQHWLF� HTXDWLRQV� RI� &KDQJ� DQG

6FDODSLQR�&KDQJ� ������ ZH� ZRXOG� LQHYLWDEO\� ILQG� WKDW� WKH� QXPEHU� RI� �&� SKRQRQV

EHLQJ�HPLWWHG�IURP�WKH�MXQFWLRQ�ZRXOG�LQFUHDVH�ZLWK�FXUUHQW��:H�DUH�IRUFHG��WKHUHIRUH�

WR�FRQFOXGH�WKDW�DOWKRXJK�ODUJH�HQHUJ\��DWKHUPDO��SKRQRQV�DUH�UHTXLUHG�WR�REVHUYH�WKH

UHVSRQVH��WKH�VWHS�IHDWXUH�LV�QRW�VROHO\�H[SOLFDEOH�LQ�WHUPV�RI�WKH�SURFHVVHV�RFFXUULQJ

DW�WKH�LQMHFWRU�MXQFWLRQ�

���� 3RVW�0HDVXUHPHQW�)DEULFDWLRQ�([SHULPHQWV

:H�UHWXUQ�WR�FRQVLGHULQJ�WKH�UROH�RI�WKH�GHYLFH�GHVLJQ�LQ�RXU�PHDVXUHPHQWV��,Q

WKLV�VHFWLRQ��ZH�UHSRUW�D�VHULHV�RI�H[SHULPHQWV�LQYROYLQJ�PRGLILFDWLRQ�RI�WKH�IDEULFDWHG

GHYLFHV�IROORZLQJ�LQLWLDO�PHDVXUHPHQWV��7KH�DOWHUDWLRQV�WKDW�ZH�FDUULHG�RXW�ZHUH�HLWKHU

WKH�DGGLWLRQ�RI�YDULRXV�PHWDO�EDUULHUV�DQG�H[WHQVLRQV�WR�WKH�FRPPRQ�HOHFWURGHV��RU�WKH
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UHPRYDO�RI�WKH�EXON�RI�WKH�VXEVWUDWH�LQ�WKH�UHJLRQ�FRQWDLQLQJ�WKH�FRPPRQ�HOHFWURGHV

DQG�MXQFWLRQV�

������ 1RUPDO�0HWDO�%DUULHU

,W� LV� DSSDUHQW� IURP� WKH�ZRUN� RQ� WKH� JHRPHWULFDO� GHSHQGHQFLHV� LQ� WKH� UHVXOWV

WKDW� WKH� FRPPRQ� QRUPDO� PHWDO� HOHFWURGH� ZDV� VHUYLQJ� WR� EORFN� WKH� WUDQVPLVVLRQ� RI

VXEVWUDWH�SKRQRQV�IURP�WKH�LQMHFWRU�WR�WKH�GHWHFWRU��$Q�REYLRXV�H[SHULPHQW�WR�DWWHPSW�

WKHUHIRUH��ZDV�WR�FRQVWUXFW�DQ�DGGLWLRQDO�EDUULHU�EHWZHHQ�DQ�LQMHFWRU�GHWHFWRU�SDLU�WKDW

SUHYLRXVO\�VKRZHG�D�UHVSRQVH�

5DWKHU�WKDQ�KDYH�D�QHZ�PDVN�VHW�PDGH�XS�WR�IDEULFDWH�WKH�EDUULHU�VWUXFWXUHV�RQ

WKH� H[LVWLQJ� GHYLFHV�� ZH� XVHG� DQ� RSWLFDO� PLFURVFRSH� DV� D� PDNH�VKLIW� VFDQQLQJ

OLWKRJUDSK\�PDFKLQH�DV�GHVFULEHG�LQ�VHFWLRQ����������,Q�RUGHU�WR�IDEULFDWH�WKH�EDUULHUV

ZH�ZHUH�UHTXLUHG� ILUVW� WR� VHOHFWLYHO\� UHPRYH�DUHDV�RI�EDVH�HOHFWURGH��7KLV�ZDV�GRQH

VLPSO\� E\� GHILQLQJ� DQ� HWFK�PDVN�ZLWK� WKH�PLFURVFRSH� DQG� XVLQJ� WKH� VWDQGDUG� EDVH

HOHFWURGH�GHILQLWLRQ�HWFK�SURFHVV��7KH�EDUULHUV�ZHUH�GHSRVLWHG�E\�XVLQJ� WKH� VWDQGDUG

OLIW�RII�SURFHVV�DV�XVHG�IRU�WKH�HOHFWURGHV�

)LJXUH������3ODQ�RI�D�VLQJOH�LVODQG�GHYLFH�ZLWK�D�SURMHFWLQJ�EDUULHU��GDUN�VKDGLQJ�
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7KH� GHYLFHV� ZHUH� UH�WHVWHG� DW� D� WHPSHUDWXUH� RI� �����.� LQ� WKH� VDPH

LQMHFWLRQ�GHWHFWLRQ� FRQILJXUDWLRQV� DV� SUHYLRXVO\� WHVWHG�� 6RPH� GHWHULRUDWLRQ� RI� WKH

MXQFWLRQ�TXDOLW\�SDUDPHWHUV�ZDV�REVHUYHG��WKLV�VHHPHG�WR�DIIHFW�MXQFWLRQV�DW�UDQGRP�

VR�LW�EHFDPH�D�PDWWHU�RI�OXFN�ZKHWKHU�WKH�SDUWLFXODU�MXQFWLRQV�RQ�D�GHYLFH�WKDW�RQH�ZDV

LQWHUHVWHG� LQ� VXUYLYHG�� 7KLV� VHHPHG� WR� EH� D� FRPPRQ� IHDWXUH� RI� WKH� H[SHULPHQWV� LQ

PRGLI\LQJ� GHYLFHV� DQG� DOWKRXJK� QRW� DWWULEXWDEOH� WR� DQ\� SDUWLFXODU� VWDJH� RI� WKH

SURFHVVLQJ��LW�ZDV�IRXQG�WKDW�WKH�GHWHULRUDWLRQ�VFDOHG�ZLWK�WKH�QXPEHU�RI�UH�SURFHVVLQJ

VWDJHV�FDUULHG�RXW�

7R� DOOHYLDWH� WKH� SUREOHP� SRVHG� E\� MXQFWLRQ� GHJUDGDWLRQV� ZH� XVHG� WZR

DSSURDFKHV�� )LUVWO\�� ZH� UH�RSWLPLVHG� WKH� HWFKLQJ� SURFHVVLQJ� SDUDPHWHUV� WR� WU\� WR

UHGXFH�WKH�WLPH�DQG�SRZHU�RI�HWFKLQJ�WR�WKH�PLQLPXP�UHTXLUHG��6HFRQGO\��ZH�VRXJKW�D

JHRPHWU\� RI� EDUULHU� WKDW�PD[LPLVHG� WKH� QXPEHU� RI� SRWHQWLDO� MXQFWLRQ� SDLUV� WKDW� ZH

FRXOG�XVH�

7ZR�GLIIHUHQW�FRQILJXUDWLRQV�RI�EDUULHU�ZHUH�XVHG��ILUVW�ZH�DGGHG�D��������P

EDUULHU� SURMHFWLQJ� IURP� WKH� VLGH� RI� D� VLQJOH� FRPPRQ� HOHFWURGH� GHYLFH� �ILJXUH� ������

7KLV� GHVLJQ� RIIHUHG� OLWWOH� UHGXQGDQF\� LI� RQH� MXQFWLRQ� FKDUDFWHULVWLF� ZDV� DGYHUVHO\

DIIHFWHG� E\� WKH� H[WUD� SURFHVVLQJ�� 7KH� VROXWLRQ� ZDV� WR� PRGLI\� WKH� WZR� FRPPRQ

HOHFWURGH�GHVLJQ�ZH�KDG�XVHG�SUHYLRXVO\��'XH� WR� WKH�HUURU� LQ�PDVN�GHVLJQ��ZH�ZHUH

DOUHDG\� UHTXLUHG� WR�SHUIRUP� WZR� H[SRVXUHV� WR�GHILQH� WKH� WZR� FRPPRQ�HOHFWURGHV�� ,W

)LJXUH������3ODQ�RI�&$0���WZR�HOHFWURGH�GHYLFH�ZLWK�EDUULHU�EHWZHHQ�WKHP��VKDGHG�GDUN��
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ZDV�WKHQ�D�VLPSOH�PDWWHU�WR�LQFUHDVH�WKH�VHSDUDWLRQ�RI�WKH�WZR�HOHFWURGHV�E\�ODWHUDOO\

GLVSODFLQJ� WKH� PDVN� E\� RQH� VHW� RI� EDVH� HOHFWURGH� OHDGV�� WR� OHDYH� D� JDS� RI� ����P

EHWZHHQ� WKH� LVODQGV� �VHH� ILJXUH������� LQWR�ZKLFK�ZH� FRXOG� GHSRVLW� D� �����������P

EDUULHU�VWUXFWXUH�

)LJXUHV�����D�DQG�E�VKRZ�D�W\SLFDO�UHVSRQVH�EHIRUH�DQG�DIWHU�WKH�H[WUD�ILQJHU

ZDV�DGGHG�WR�WKH�GHYLFH��:H�ZHUH�XQDEOH�WR�PHDVXUH�D�VLJQLILFDQWO\�GLIIHUHQW�UHVSRQVH

WKDW�FRXOG�QRW�EH�VROHO\�GXH�WR�WKH�GHJUDGHG�MXQFWLRQ�FKDUDFWHULVWLFV��LQGHHG��IRU�VRPH

FRQILJXUDWLRQV�WKH�PDJQLWXGH�RI�WKH�UHVSRQVH�HYHQ�LQFUHDVHG�

,Q� WKH� H[SHULPHQWV� ZLWK� WKH� QRUPDO� PHWDO� EDUULHUV�� WKH� EDUULHU� FURVV�VHFWLRQ

ZDV�QRW�WKH�VDPH�DV�WKH�HOHFWURGH�VLQFH�LW�ODFNHG�WKH�VXSHUFRQGXFWLQJ�WRS�OD\HU��%RWK

WKH� WRS� OD\HU�DQG�EDVH�HOHFWURGH�ZHUH�QLRELXP��DQG� WKHUHIRUH�RQH�ZRXOG�H[SHFW� WKDW

PDMRULW\� RI� �&� SKRQRQV� DEVRUEHG� ZRXOG� EH� UH�HPLWWHG� DV� �&� SKRQRQV� IROORZLQJ� D

QXPEHU� RI� SDLU� EUHDNLQJ� DQG� UHFRPELQDWLRQ� HYHQWV�� 7KH� WRS� OD\HU�� KRZHYHU�� ZDV

GHSRVLWHG� LQ� D� UHODWLYHO\� GLUW\� V\VWHP�� VR� PLJKW� EH� H[SHFWHG� WR� KDYH� GHJUDGHG

�

����

���

����

���

����

� � � � � �

%HIRUH�$X�%DUULHU
$IWHU�$X�%DUULHU

,QMHFWRU�%LDV��P9�

5
HO
DW
LY
H�
1
RU
P
DO
LV
HG
�'
LI
IH
UH
QW
LD
O�&

RQ
GX
FW
DQ
FH

)LJXUH������5HVSRQVH�RI�D�GHYLFH�EHIRUH�DQG�DIWHU�QRUPDO�PHWDO�EDUULHU�GHSRVLWLRQ�
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VXSHUFRQGXFWLQJ�SURSHUWLHV��LQGHHG�WKH�FULWLFDO�FXUUHQW�RI�WKH�WRS�OD\HU�ZDV�DW�OHDVW�DQ

RUGHU�RI�PDJQLWXGH�OHVV�WKDQ�WKH�EDVH�HOHFWURGH���:H�H[SHFW�WKHQ�WKDW�WKH�HQHUJ\�JDS

LQ�WKH�WRS�HOHFWURGH�ZDV�VLJQLILFDQWO\�OHVV�WKDQ�WKH�EXON�1E�YDOXH��,W� LV� WKHQ�SRVVLEOH

WKDW�WKH��&�SKRQRQV�HPLWWHG�IURP�WKH�LQMHFWRU�FRXOG�LQWHUDFW�ZLWK�WKH�1E�WRS�OD\HU�RI

WKH� FRPPRQ� HOHFWURGH��+RZHYHU�� LW�ZRXOG� VWLOO� EH� H[SHFWHG� WKDW� SKRQRQV� RI� HQHUJ\

�&GHJUDGHG�ZRXOG�EH�HPLWWHG�HYHQWXDOO\��DQG�DOWKRXJK�XQDEOH� WR�EUHDN�SDLUV�ZRXOG�EH

DWKHUPDO��LQ�WKDW�W!!N%7��

7R�LQYHVWLJDWH�WKLV�ZH�SUHSDUHG�D�GHYLFH�ZLWK�D�QLRELXP�EDUULHU�EHWZHHQ�WZR

FRPPRQ� HOHFWURGHV� DQG� SHUIRUPHG� LQMHFWLRQ�GHWHFWLRQ� H[SHULPHQWV� ZLWK� LW�� 7\SLFDO

UHVXOWV�DUH�VKRZQ�LQ�ILJXUH�������$V�LV�UHDGLO\�VHHQ��WKH�PDJQLWXGH�DQG�QDWXUH�RI� WKH

UHVSRQVH� LV�EURDGO\� VLPLODU�±� WKH�SUHVHQFH�RI� WKH�1E�EDUULHU� VHHPLQJO\�KDYLQJ� OLWWOH

HIIHFW�RQ�WKH�SKRQRQ�SURSDJDWLRQ�IURP�LQMHFWRU�WR�GHWHFWRU�

,Q� VXPPDU\�� ZH� ZHUH� XQDEOH� WR� UHSURGXFH� WKH� VXEVWUDWH� SKRQRQ� EORFNLQJ

HIIHFW�E\�LQWURGXFLQJ�DGGLWLRQDO�PHWDO�EDUULHUV�EHWZHHQ�WKH�LQMHFWRU�DQG�GHWHFWRU�
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)LJXUH������5HVSRQVH�EHIRUH�DQG�DIWHU�D�1E�EDUULHU�GHSRVLWLRQ�
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������ 0HPEUDQH�)DEULFDWLRQ

)RU� DOPRVW� DOO� RI� WKH� GHYLFHV� WKDW� ZH� KDYH� UHSRUWHG� KHUH�� ZH� KDYH� XVHG

VDSSKLUH�VXEVWUDWHV��$V�ZH�KDYH�GHPRQVWUDWHG�FOHDUO\��VLJQLILFDQW�DPRXQWV�RI�KHDW�FDQ

HVFDSH�IURP�WKH�GHYLFH�WKURXJK�WKH�VXEVWUDWH��7KLV�ZLOO�KDYH�D�PDMRU�GHJUDGLQJ�HIIHFW

RQ�DQ\�GHYLFH� WKDW�DLPV� WR� DEVRUE� DQG�PHDVXUH� DFFXUDWHO\� WKH�KHDW�GHSRVLWHG� LQ� WKH

QRUPDO�PHWDO�HOHFWURGH��)RU�SDUWLFOH�GHWHFWRU�DSSOLFDWLRQV��PDQ\�ZRUNHUV�KDYH�SODFHG

WKH�DEVRUEHU�RQ�D�WKLQ�PHPEUDQH�LQ�RUGHU�WR�UHGXFH�WKH�KHDW�ORVV�WR�WKH�VXUURXQGLQJV�

7RZDUGV� WKH� HQG� RI� WKH�ZRUN� SUHVHQWHG� LQ� WKLV� FKDSWHU�� FR�ZRUNHUV� LQ� WKH� UHVHDUFK

JURXS� GHYHORSHG� WHFKQLTXHV� WR� SURGXFH�PHPEUDQHV� RI� 6L�1�� RI� DUHDV� XS� WR� VHYHUDO

PP���$V�D�GHPRQVWUDWLRQ� WKDW� WKH�JHRPHWULFDO�DQG� LQMHFWRU�ELDV�GHSHQGHQFLHV�RI� WKH

PHDVXUHG�UHVSRQVH�ZHUH�VWURQJO\�LQIOXHQFHG�E\�WKH�VXEVWUDWH�PDWHULDO��ZH�IDEULFDWHG

RQH�GHYLFH�RQ�VXFK�D�PHPEUDQH�

5DWKHU�WKDQ�DWWHPSW�WR�GHSRVLW�DQG�IDEULFDWH�WKH�GHYLFH�RQ�D�ZDIHU�LQ�ZKLFK�D

PHPEUDQH�KDG�DOUHDG\�EHHQ�PDGH��ZH�RSWHG�WR�IDEULFDWH�WKH�GHYLFH�ILUVW�DQG�WKHQ�WKH

PHPEUDQH��7KH�VXEVWUDWHV�XVHG�ZHUH�6L�1��GRXEOH�VLGHG�FRDWHG�6L�ZDIHUV��7KH�6L�1�

FRDWLQJ� �GHSRVLWHG� XVLQJ� ORZ� SUHVVXUH� &9'� E\� WKH� VXSSOLHU�� ZDV� ���P� WKLFN�� 7KH

SURFHVVLQJ�WHFKQLTXHV�GHVFULEHG�HDUOLHU�ZHUH�IROORZHG�WR�IDEULFDWH�WKH�GHYLFH�ZLWK�WKH

H[FHSWLRQ�RI�DQ�DGGLWLRQDO�&)��HWFK�IRU����PLQXWHV�DW�����:�RQ� WKH�EDFNVLGH�RI� WKH

VXEVWUDWH�� 7KLV� HWFK� ZDV� XVHG� WR� UHPRYH� DSSUR[LPDWHO\� ��PP�� RI� 6L�1�� ZKHUH� WKH

PHPEUDQH� ZRXOG� HYHQWXDOO\� EH� IRUPHG�� 7KH� GHYLFH� ZDV� WHVWHG� DW� �����.� SULRU� WR

PHPEUDQH�IDEULFDWLRQ�WR�DVVHVV�WKH�TXDOLW\�RI�WKH�MXQFWLRQV�

7R�PDNH�WKH�PHPEUDQH��D�ZHW�HWFKLQJ�SURFHVV�XVLQJ�����.2+�VROXWLRQ�DW�D

WHPSHUDWXUH�RI����&�ZDV�HPSOR\HG��8QGHU�WKHVH�FRQGLWLRQV�6L�1��LV�QRW�VLJQLILFDQWO\

HWFKHG� ZKLOVW� PDQ\� RWKHU� PDWHULDOV�� VLOLFRQ� LQFOXGHG�� DUH�� 7KH� 6L� LV� HWFKHG

DQLVRWURSLFDOO\��HWFKLQJ�DORQJ�����!�LV�����WLPHV�VORZHU�WKDQ�����!�=DYUDFN\�������

ZKLFK� PDNHV� LW� SDUWLFXODUO\� VXLWDEOH� IRU� SURGXFLQJ� ZHOO� GHILQHG� UHFWDQJXODU

PHPEUDQHV��%\�H[SRVLQJ� WKH�EDFNVLGH�RI� WKH� VXEVWUDWH� WR� WKH� HWFK�� 6L�ZDV� UHPRYHG

IURP� WKH� DUHD� ZKHUH� WKH� 6L�1�� PHPEUDQH� KDG� EHHQ� UHPRYHG� GXULQJ� WKH� LQLWLDO

IDEULFDWLRQ�
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7KH�HQG�SRLQW�RI�WKH�UHDFWLRQ�LV�UHDFKHG�DIWHU�DSSUR[LPDWHO\��ò�KRXUV��WKH�HWFK�KDYLQJ

UHDFKHG�WKH�6L�1��RI�WKH�IURQW�VLGH�RI�WKH�VXEVWUDWH�RQ�ZKLFK�WKH�GHYLFH�LV�IDEULFDWHG�

7KH�UHVXOW�LV�D�PHPEUDQH�RI�WKLFNQHVV����P�DQG�VL]H���������PP��,Q�ILJXUH������ZH

VKRZ� D� SLFWXUH� RI� D� VLPLODU� GHYLFH� DQG� PHPEUDQH� �WKH� GHYLFH� SKRWRJUDSKHG� ZDV

SURGXFHG� E\� 5�:�� 0RVHOH\� �� WKH� GHYLFH� UHSRUWHG� KHUH� KDG� D� WZR� HOHFWURGH

FRQILJXUDWLRQ��

'XULQJ�WKH�PHPEUDQH�IDEULFDWLRQ��FDUH�KDV�WR�EH�WDNHQ�WR�HQVXUH�WKDW�WKH�.2+

VROXWLRQ�GRHV�QRW�UHDFK�WKH�WRSVLGH�RI�WKH�FKLS�OHVW�WKH�DFWXDO�GHYLFH�LV�HWFKHG�DZD\�

7R� SUHYHQW� WKLV� WKH� FKLS� ZDV� SODFHG� LQ� D� 37)(� KROGLQJ� FODPS�� GHVLJQHG� E\� 5�:�

0RVHOH\��DQG�VHDOHG�XVLQJ�WZR�2�ULQJV��'HVSLWH�WKH�SUHFDXWLRQV��VRPH�LQJUHVV�RI�.2+

RFFXUUHG� DQG� WKH� GHYLFH� RXWVLGH� WKH� 2� ULQJ� ZDV� GDPDJHG�� )RUWXQDWHO\� WKLV� RQO\

GHVWUR\HG�FRQWDFW�SDGV�DQG� LW�ZDV�SRVVLEOH� WR�ZLUH�ERQG�GLUHFWO\� WR� WKH�����P�ZLGH

WUDFNV�

)LJXUH������3LFWXUH�RI�D�GHYLFH�RQ�D�PHPEUDQH��3KRWRJUDSK�LV�WDNHQ�IURP�WKH�EDFN�VLGH�RI�WKH
PHPEUDQH��ORRNLQJ�DW�WKH�XQGHUVLGH�RI�WKH�GHYLFH��7KH�GHQGULWH�OLNH�GDUN�PDWHULDO�LV�6L�ZKLFK�KDV�QRW
EHHQ�IXOO\�UHPRYHG�GXULQJ�WKH�HWFK��3LFWXUH�FRXUWHV\�RI�5�:��0RVHOH\�



&KDSWHU���±�1RUPDO�0HWDO�%DVH�6,1�'HYLFHV

���

,Q� ILJXUH� ������ZH� VKRZ� D� W\SLFDO� UHVXOW� RI� WKH� LQMHFWRU�GHWHFWRU� H[SHULPHQWV

FDUULHG�RXW�DIWHU�WKH�PHPEUDQH�ZDV�PDGH��7KH�FRQILJXUDWLRQ�FKRVHQ�ZDV�RQH�ZLWK�WKH

LQMHFWRU�DQG�JURXQG�MXQFWLRQV�RSSRVLWH�WKH�GHWHFWRU��VR�WKDW�ZLWK�WKH�VXEVWUDWH�SUHVHQW

RQO\� D� ZHDN� UHVSRQVH� ZDV� REVHUYHG�� :LWK� WKH� PHPEUDQH� SUHVHQW�� KRZHYHU�� WKH

UHVSRQVH� LV� YHU\� SURQRXQFHG�� ,Q� DGGLWLRQ�� WKHUH� LV� QR� HYLGHQFH� RI� WKH� UHVSRQVH

VDWXUDWLQJ� DV� ZH� KDYH� UHSRUWHG� IRU� DOO� WKH� RWKHU� GHYLFHV�� :H� IRXQG� WKDW� D� VLPLODU

UHVSRQVH� ZDV� REWDLQHG� IRU� DOO� FRQILJXUDWLRQV� ZLWK� WKH� LQMHFWRU� DQG� GHWHFWRU� RQ� WKH

VDPH� FRPPRQ� HOHFWURGH�� 8QIRUWXQDWHO\�� WKH� TXDOLW\� RI� WKH� MXQFWLRQV� RQ� WKH� VHFRQG

HOHFWURGH�RQ�WKH�GHYLFH�ZDV�VXEVWDQWLDOO\�GHJUDGHG�GXULQJ� WKH�PHPEUDQH�IDEULFDWLRQ

VR�LW�ZDV�QRW�SRVVLEOH�WR�PHDVXUH�WKH�FRXSOLQJ�EHWZHHQ�WKH�WZR�FRPPRQ�HOHFWURGHV�

7KH� LPSOLFDWLRQV� RI� WKHVH� UHVXOWV� DUH� FOHDU�� ZLWKRXW� WKH� KHDW� ORVV� YLD� WKH

VXEVWUDWH��D�PXFK�JUHDWHU�IUDFWLRQ�RI�WKH�HQHUJ\�GHSRVLWHG�E\�WKH�LQMHFWRU�LV�UHWDLQHG�LQ

WKH� HOHFWURQ� V\VWHP� RI� WKH� QRUPDO� PHWDO�� ,Q� DGGLWLRQ� WKH� HOHFWURQ� V\VWHP� LV� PRUH

XQLIRUPO\�KHDWHG�DQG�VR�ZH� ORVH� WKH�JHRPHWULFDO�GHSHQGHQFLHV�SUHYLRXVO\�REVHUYHG�
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)LJXUH������5HVSRQVH�IRU�D�GHYLFH�RQ�D�PHPEUDQH�
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6LQFH�WKH�UHVSRQVH�GLG�QRW�VDWXUDWH�IRU�WKLV�GHYLFH��ZH�GHGXFH�WKDW�WKH�VDWXUDWLRQ�LV�D

UHVXOW�RI�KHDW�ORVV�WR�WKH�VXEVWUDWH�DQG�KHQFH�WR�WKH�HQYLURQPHQW�

���� 6XPPDU\�DQG�&RQFOXVLRQV

,Q� WKLV� FKDSWHU��ZH� KDYH� UHSRUWHG� H[SHULPHQWV� WR�PHDVXUH� WKH� FKDQJH� LQ� WKH

HOHFWURQ�WHPSHUDWXUH�GXULQJ�LQMHFWLRQ�RI�KHDW�LQ�D�WKLQ�QRUPDO�PHWDO�ILOP��'XH�WR�KHDW

ORVV�WR�WKH�VXEVWUDWH��WKH�WHPSHUDWXUH�LQ�WKH�QRUPDO�PHWDO�ILOP�LV�QRW�XQLIRUP��DQG�GRHV

QRW�VFDOH�ZLWK�HLWKHU�WKH�LQMHFWHG�FXUUHQW�LQ�WKH�6,1�MXQFWLRQ�XVHG�WR�KHDW�WKH�ILOP�RU

WKH�LQMHFWHG�SRZHU�

2XU� ZRUN� RQ� WKH� GHWHFWLRQ� RI� D� UHVSRQVH� IURP� D� GHWHFWRU� MXQFWLRQ� WKDW� LV

FRXSOHG�RQO\� WR� WKH� LQMHFWRU�YLD� WKH�VXEVWUDWH� LQGLFDWHV� WKDW� WKH� WUDQVSRUW�PHFKDQLVP

RYHU� GLVWDQFHV� RI� WHQV� RI� PLFURQV� LV� GRPLQDWHG� E\� VXEVWUDWH� SKRQRQV�� 7KLV� LV

FRQILUPHG� E\� WKH�PHDVXUHPHQWV� RI� GHWHFWRU� UHVSRQVH� DV� D� IXQFWLRQ� RI� WKH� LQMHFWRU�

GHWHFWRU�GLVWDQFH��:H�KDYH� VKRZQ� WKDW� WKH� UHVSRQVH� LV� LQGHSHQGHQW�RI� WKLV�GLVWDQFH�

LPSO\LQJ� WKDW� HLWKHU� WKH� SURSDJDWLRQ� PHFKDQLVP� KDV� D� GHFD\� OHQJWK� VXEVWDQWLDOO\

ORQJHU�WKDQ�WHQV�RI�PLFURQV�RU�WKH�KHDWLQJ�LV�XQLIRUP��2XU�UHVXOWV�RQ�WKH�JHRPHWULFDO

GHSHQGHQF\� ZRXOG� SUHFOXGH� WKH� ODWWHU�� DQG� VXEVWUDWH� SKRQRQV� DUH� WKH� PRVW� OLNHO\

FDQGLGDWH�IRU�WKH�IRUPHU�

)RU� FRQILJXUDWLRQV�ZKHUH� WKH� LQMHFWRU� DQG� GHWHFWRU� DUH� VHSDUDWHG� ODWHUDOO\� E\

WKH� QRUPDO� PHWDO� ILOP�� ZH� GR� QRW� VHH� D� VLJQLILFDQW� LQFUHDVH� LQ� WHPSHUDWXUH�� :H

DWWULEXWH� WKLV� WR� VXEVWUDWH� SKRQRQV� EHLQJ� DEVRUEHG� E\� WKH� QRUPDO�PHWDO�� WKH� HQHUJ\

ORFDOO\�KHDWLQJ�WKH�PHWDO��EHIRUH�EHLQJ�ORVW�RQFH�DJDLQ�WR�WKH�VXEVWUDWH�DV�SKRQRQV�RI

HQHUJ\�N%7�

:H� ZRXOG� FRQFOXGH� WKDW� RXU� GHWHFWRUV� DUH� SULPDULO\� VHQVLWLYH� WR� DWKHUPDO

VXEVWUDWH�SKRQRQV��HYHQWXDOO\�YLUWXDOO\�DOO�WKH�KHDW�GHSRVLWHG�E\�WKH�LQMHFWRU�PXVW�EH

ORVW� WR� WKH� VXEVWUDWH�� \HW� RXU� GHWHFWRUV� RQO\� UHVSRQGHG�ZKHQ� WKHUH� ZDV� D� VRXUFH� RI

DWKHUPDO��&�SKRQRQV�LQ�µOLQH�RI�VLJKW¶�±L�H��ZLWKRXW�D�VLJQLILFDQW�WKLFNQHVV�RI�DEVRUEHU

EHWZHHQ�LQMHFWRU�DQG�GHWHFWRU��7KLV�W\SH�RI�EHKDYLRXU�LV�FRQVLVWHQW�ZLWK�WKDW�UHSRUWHG

�DOEHLW�IRU�ORZHU�WHPSHUDWXUHV��LQ�VXSHU�FRQGXFWLQJ�SKDVH�WKHUPRPHWHUV�3UREVW�������

LQ�ZKLFK�DWKHUPDO�SKRQRQV�JHQHUDWHG�E\�DEVRUSWLRQ�RI�D����NH9�SKRWRQ�LQ�6L�UHVXOWHG
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LQ�D�UHVSRQVH�DW�D�$X�,U�SKDVH�WUDQVLWLRQ�WKHUPRPHWHU�FRPSRVHG�RI�ERWK�DQ�DWKHUPDO

DQG�D�WKHUPDO�SKRQRQ�FRPSRQHQW�

2XU�UHVXOWV�ZLWK�WKH�GHYLFH�RQ�WKH�PHPEUDQH�ZRXOG�VXJJHVW�WKDW�WKH�VDWXUDWLRQ

LQ� WKH� UHVSRQVH� LV� DVVRFLDWHG�ZLWK�KHDW� ORVV� WR� WKH� VXEVWUDWH�ZKHQ� WKH� ORFDO� HOHFWURQ

WHPSHUDWXUH�UHDFKHV�D�OLPLWLQJ�YDOXH��+HDW�WUDQVIHU�IURP�WKH�PHWDO�HOHFWURQ�V\VWHP�WR

WKH� ODWWLFH� ZLOO� EH� OLPLWHG� ERWK� E\� WKH� WKHUPDO� FRQGXFWDQFH� EHWZHHQ� HOHFWURQV� DQG

SKRQRQV� LQ� WKH�PHWDO� �ZKLFK� VLQFH� WKHUPDO� FRQGXFWDQFH� LV� WKH�GLIIHUHQWLDO� RI� SRZHU

IORZ�Z�U�W�� WHPSHUDWXUH�� E\� ������� VFDOHV� DV� 7��� DQG� WKH�.DSLW]D� UHVLVWDQFH� EHWZHHQ

PHWDO� DQG� VXEVWUDWH� SKRQRQV� �ZKLFK� VFDOHV� DV� 7���� 8VLQJ� YDOXHV� IRU� WKH� .DSLW]D

UHVLVWDQFH�EHWZHHQ�$X�DQG�VDSSKLUH�IURP�3UREVW�������DQG�WKH�WKHUPDO�FRQGXFWLYLW\

FRQVWDQW�EHWZHHQ� WKH�HOHFWURQV� DQG�SKRQRQV� LQ�$X� IURP�:HOOVWRRG��������ZH� VKRZ

WKHVH� WKHUPDO� FRQGXFWLYLWLHV� LQ� ILJXUH� ������ %HORZ� D� FHUWDLQ� WHPSHUDWXUH� �����.� LQ

ILJXUH��������WKH�WKHUPDO�UHVLVWDQFH�LV�GRPLQDWHG�E\�WKH�HOHFWURQ�SKRQRQ�FRXSOLQJ��DQG

DERYH�LW�E\�WKH�.DSLW]D�UHVLVWDQFH��+HQFH�DV�ZH�LQMHFW�SRZHU�LQWR�WKH�V\VWHP��DW�ILUVW

WKH� HOHFWURQ� WHPSHUDWXUH� ZLOO� ULVH� VXEVWDQWLDOO\�� XQWLO� WKH� FURVV�RYHU� WHPSHUDWXUH� LV
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7HPSHUDWXUH��.�

)LJXUH������.DSLW]D�UHVLVWDQFH�DQG�HOHFWURQ�SKRQRQ�SRZHU�IORZ
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UHDFKHG�� ZKHUHXSRQ� WKH� .DSLW]D� UHVLVWDQFH� GRPLQDWHV� DQG� WKH� SKRQRQ� WHPSHUDWXUH

ULVHV�VXEVWDQWLDOO\�

,GHDOO\�� RQH� ZRXOG� ZLVK� WR� PRGHO� WKLV� DFFXUDWHO\� E\� VROYLQJ� WKH� UHOHYDQW

FRXSOHG� KHDW� IORZ� HTXDWLRQV�� ,Q� SUDFWLFH� WKLV� LV� GLIILFXOW� DV� WKH� LQSXW� SRZHU� WR� WKH

V\VWHP� DQG� WKH� UHJLRQ� EHLQJ� KHDWHG� DUH� QRW� ZHOO� GHILQHG� LQ� WKLV� H[SHULPHQWDO

FRQILJXUDWLRQ�



&KDSWHU���

6XSHUFRQGXFWRU�%DVH�6,1�'HYLFHV
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���� ,QWURGXFWLRQ

,Q� WKLV� FKDSWHU�� ZH� SUHVHQW� WKH� UHVXOWV� IURP� RXU� ZRUN� RQ� VWXG\LQJ� FRXSOHG

6XSHUFRQGXFWRU�,QVXODWRU�1RUPDO�PHWDO� WXQQHO� MXQFWLRQ� LQ� ZKLFK� SDLUV� RI� MXQFWLRQV

VKDUH�D�FRPPRQ�VXSHUFRQGXFWLQJ�HOHFWURGH�

,Q� VHFWLRQV� ������ DQG� ������� ZH� VDZ� WKDW� D� FULWLFDO� OLPLWLQJ� IDFWRU� LQ� WKH

SHUIRUPDQFH�RI�6,1�WXQQHO�MXQFWLRQV�LQ�%RORPHWHU�UHDGRXWV�ZDV�WKH�VHOI�KHDWLQJ�RI�WKH

GHYLFH� GXH� WR� EDFN�WXQQHOOLQJ� TXDVLSDUWLFOHV� DQG� UHFRPELQDWLRQ� SKRQRQ� DEVRUSWLRQ�

%RWK�RI�WKHVH�SURFHVVHV�ZLOO�EH�PLQLPLVHG�LI�TXDVLSDUWLFOHV�DUH�UHPRYHG�TXLFNO\�IURP

WKH� MXQFWLRQ� UHJLRQ�� ,Q� FKDSWHU� ��ZH� VKRZHG� WKDW�ZLWK� DQ� HSLWD[LDO� VXSHUFRQGXFWLQJ

OD\HU�� LQ�ZKLFK� WKH�PHDQ�IUHH�SDWK�RI�TXDVLSDUWLFOHV� LV� UHODWLYHO\� ORQJ��TXDVLSDUWLFOHV

PD\� GLIIXVH� WHQV� RI�PLFURQV� EHIRUH� EHLQJ� ORVW�� )RU� WKH� GHYHORSPHQW� RI� ERORPHWHUV�

KRZHYHU�� HSLWD[LDO� EDVH� OD\HUV� DUH� QRW� SRVVLEOH� GXH� WR� FRQVWUDLQWV� RQ� WKH� FKRLFH� RI

VXEVWUDWH� UHTXLUHG� WR� IRUP� PHPEUDQHV�� 7KHUHIRUH�� ZH� QHHG� WR� PD[LPLVH� WKH

TXDVLSDUWLFOH�OLIHWLPH��,Q�EDODQFH�ZLWK�WKLV��ZH�DOVR�ZLVK�WR�UHWDLQ�D�UHDVRQDEOH�FULWLFDO

WHPSHUDWXUH�DQG�HQHUJ\�JDS�WR�PD[LPLVH�WHPSHUDWXUH�VHQVLWLYLW\�DW�RXU�UHODWLYHO\�KLJK

RSHUDWLQJ�WHPSHUDWXUH�RI�����P.�

7KH�PRWLYDWLRQ�� WKHUHIRUH�� LQ� FDUU\LQJ� RXW� WKLV� ZRUN� KDV� EHHQ� WR� GHYHORS� D

GHYLFH� VWUXFWXUH� WKDW�ZLOO�JLYH�DQ�RSWLPXP�TXDVLSDUWLFOH� OLIHWLPH�ZKLOVW� UHWDLQLQJ� DQ

HQHUJ\�JDS�DQG�FULWLFDO�WHPSHUDWXUH�VXIILFLHQW�WR�DOORZ�RXU�GHYLFHV�WR�EH�PHDVXUHG�LQ

WKH�DYDLODEOH�DSSDUDWXV�

������ 4XDVLSDUWLFOH�6FDWWHULQJ�LQ�3UR[LPLW\�6WUXFWXUHV

,Q�VHFWLRQ�����ZH�SUHVHQWHG�WKH�HTXDWLRQV�LQWURGXFHG�E\�.DSODQ�.DSODQ������

WR�FDOFXODWH�WKH�TXDVLSDUWLFOH�DQG�SKRQRQ�OLIHWLPHV�LQ�D�KRPRJHQHRXV�VXSHUFRQGXFWRU

LQ� WKHUPDO� HTXLOLEULXP�� DQG� WKH� PRGHO� RI� WKH� SUR[LPLW\� HIIHFW� GHYHORSHG� E\

*ROXERY�*ROXERY�������� ,Q� D� IXUWKHU�ZRUN��*ROXERY�*ROXERY� ������ KDV� FRPELQHG

KLV� SUR[LPLW\� HIIHFW�PRGHO�ZLWK� FDOFXODWLRQV� RI� TXDVLSDUWLFOH� OLIHWLPHV� WR� GHYHORS� D

PRGHO�RI�TXDVLSDUWLFOH� OLIHWLPHV�LQ�LQKRPRJHQHRXV�VXSHUFRQGXFWRUV��8VLQJ� WKH�VDPH

IRUPDOLVP�DV�.DSODQ��*ROXERY�JLYHV�WKH�TXDVLSDUWLFOH�OLIHWLPHV�DV�
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ZKHUH� 5H^*�U�#�`� DQG� 5H^)�U�#�`� DUH� WKH� VSDWLDOO\� GHSHQGHQW� GHQVLW\� RI� VWDWHV� RI

TXDVLSDUWLFOHV� DQG� SDLUV�� ,Q� WKH� KRPRJHQHRXV� FDVH�� &�U�Å&� DQG� 5H^*�U�#�`� DQG

5H^)�U�#�`�DUH�JLYHQ�E\�
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DQG� WKH� HTXDWLRQV� JLYHQ� E\� .DSODQ�.DSODQ� ������� �������� ������� DQG� �������� DUH

REWDLQHG��,Q�WKH�SUR[LPLW\�PRGHO�*�DQG�)�QHHG�WR�EH�FDOFXODWHG�EHIRUH�EHLQJ�LQVHUWHG

LQWR�������������DQG�������

*ROXERY� HW� DO�� ZHUH� SULPDULO\� LQWHUHVWHG� LQ� WKH� SURFHVV� RI� TXDVLSDUWLFOH

WUDSSLQJ� LQ� D� SUR[LPLW\� VWUXFWXUH� LQ� RUGHU� WR� PRGHO� WKH� SHUIRUPDQFH� RI� WKHLU� 67-

GHWHFWRUV� PRUH� DFFXUDWHO\�� 7KH\� KDYH� FRQFHQWUDWHG� WKHUHIRUH�� LQ� DGGLWLRQ� WR� WKH

WXQQHOOLQJ�WLPH�IRU�TXDVLSDUWLFOHV��RQ�WKH�SURFHVVHV�RI�TXDVLSDUWLFOH�VFDWWHULQJ��ERWK�RI

TXDVLSDUWLFOHV�DW�DQ�HQHUJ\�RI�&�UÅ���HPLWWLQJ�D�SKRQRQ�WR�HQWHU�WKH�WUDS�DQG�WKRVH

DOUHDG\�LQ�WKH�WUDS�DEVRUELQJ�SKRQRQV�WR�GH�WUDS�
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:H�DUH�PRUH�LQWHUHVWHG�LQ� WKH�TXDVLSDUWLFOH� OLIHWLPH�DJDLQVW� UHFRPELQDWLRQ� LQ

WKH�SUR[LPLW\�VWUXFWXUH�LQ�RUGHU�WR�FDOFXODWH�DQ�HIIHFWLYH�OLIHWLPH�IRU�TXDVLSDUWLFOHV�DW

WKH� JDS� HGJH� LQ� WKH� SUR[LPLWLVHG� OD\HU�� ,Q� RXU� SDUWLFXODU� DSSOLFDWLRQV�� TXDVLSDUWLFOHV

PD\�EH�WDNHQ�WR�EH�LQMHFWHG�LQWR�WKH�VWUXFWXUH�SULPDULO\�DW�WKH�JDS�HGJH��VLQFH�WKH�6,1

WXQQHO�MXQFWLRQ�ZLOO�JHQHUDOO\�EH�ELDVHG�VR�WKDW�H9-&�

$� VLPSOHU� DSSURDFK� WR� HVWLPDWLQJ� WKH� TXDVLSDUWLFOH� OLIHWLPHV� LQ� D� SUR[LPLW\

VWUXFWXUH� ZDV� WDNHQ� E\� :DUEXUWRQ�:DUEXUWRQ� ����D��� +H� DYRLGHG� WKH� QHHG� WR

FDOFXODWH�WKH�GHQVLW\�RI�VWDWHV�5H^)�U�#�`�DQG�5H^*�U�#�`�E\�XVLQJ�DQ�H[SHULPHQWDOO\

GHWHUPLQHG�TXDVLSDUWLFOH�GHQVLW\�RI�VWDWHV�DQG�UHSODFLQJ�WKH�%&6�GHQVLW\�RI�VWDWHV� LQ

������������ ZLWK� WKLV� HPSLULFDO� GHQVLW\� RI� VWDWHV�� 7KLV� LV� VWULFWO\� LQFRUUHFW�� VLQFH� WKH

GHQVLW\�RI�TXDVLSDUWLFOH� VWDWHV� DQG�GHQVLW\� RI� SDLU� VWDWHV� DUH� IRXQG� IURP� WKH�*UHHQ
V

IXQFWLRQ�RI�D�VXSHUFRQGXFWRU�DQG�VKRXOG�VDWLVI\�
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+RZHYHU�� WKH� DGYDQWDJH� LV� WKDW� LW� GRHV� QRW�PDNH� DQ\� DVVXPSWLRQV� RQ� WKH�PRGHO� RI

SUR[LPLW\�HIIHFW�XVHG��:DUEXUWRQ�XVHG�6,6
6�WXQQHO�MXQFWLRQV�LQ�KLV�H[SHULPHQWV�DQG

VR� HPSOR\HG� D� QXPHULFDO� PHWKRG� GHYHORSHG� E\� %ODPLUH�%ODPLUH� ������ WR� GH�

FRQYROXWH� WKH�GHQVLW\�RI�TXDVLSDUWLFOH�VWDWHV� LQ� WKH�6
6�HOHFWURGH�� ,Q�RXU�GHYLFHV��ZH

XVH� D� 66
,1� WXQQHO� MXQFWLRQ� DQG� E\� PHDVXULQJ� D� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� DW

VXIILFLHQWO\� ORZ� WHPSHUDWXUH�� FDQ� H[WUDFW� WKH� GHQVLW\� RI� VWDWHV� GLUHFWO\� IURP� WKH

GLIIHUHQWLDO�FRQGXFWDQFH�

8VLQJ� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� GDWD� WR� H[WUDFW� D� GHQVLW\� RI� VWDWHV�

KRZHYHU��RQO\�JLYHV�XV�RQH�GHQVLW\�RI�VWDWHV�LQ�D�VLWXDWLRQ�ZKHUH�ZH�H[SHFW�WKHUH�WR�EH

D�VSDWLDO�YDULDWLRQ��:H�DVVXPH�WKDW�RXU�PHDVXUHG�WXQQHOOLQJ�GHQVLW\�RI�VWDWHV�LV�LQ�IDFW

WKH�GHQVLW\� RI� VWDWHV� WKURXJKRXW� WKH� WUDS� UHJLRQ��7KLV�ZRXOG� VHHP� ORJLFDO� VLQFH� RQH

H[SHFWV�WXQQHOOLQJ�SDUWLFOHV�WR�WXQQHO�WR�VWDWHV�FORVH�WR�WKH�EDUULHU��)XUWKHUPRUH��LQ�WKH

WKLQ� WUDS� OLPLW� WKDW� ZH� H[SHFW� WR� EH� ZRUNLQJ� LQ�� WKH� GLPHQVLRQV� DUH� OHVV� WKDQ� WKH

FRKHUHQFH� OHQJWK� DQG� VR� WKH� VXSHUFRQGXFWLQJ�SURSHUWLHV� DUH� H[SHFWHG� WR�EH� FRQVWDQW

RYHU�WKH�WUDS�WKLFNQHVV�
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������ 4XDVLSDUWLFOH�7UDQVSRUW�LQ�3UR[LPLW\�6WUXFWXUHV

:H� KDYH� WKH� IROORZLQJ� PRGHO� RI� TXDVLSDUWLFOH� WUDQVSRUW� LQ� RXU� GHYLFHV�

4XDVLSDUWLFOHV�DUH�LQMHFWHG�YLD�D�WXQQHO�MXQFWLRQ�DW�RU�FORVH�WR�WKH�UHGXFHG�HQHUJ\�JDS

GXH�WR�WKH�SUHVHQFH�RI�D�SUR[LPLWLVHG� OD\HU��)URP�WKH�PRGHO�RI�*ROXERY��ZH�H[SHFW

WKH� JDS� SDUDPHWHU� WR� YDU\� DV� VKRZQ� VFKHPDWLFDOO\� LQ� ILJXUH� ������ 7KH� YDOXH� RI� WKH

HQHUJ\�JDS�LQ�WKH�WUDS�OD\HU�LV�GHWHUPLQHG�E\�WKH�SUR[LPLW\�SDUDPHWHUV�g
P
�DQG�g

E
��VHH

VHFWLRQ���������)RU�VLPSOLFLW\��ZH�ZLOO�DVVXPH�WKDW�WKH�LQWHUIDFLDO�EDUULHU�JLYHQ�E\�g
E
�LV

VPDOO�� 7KLV� LV� H[SHFWHG� WR� EH� WKH� FDVH� LQ� D� 1E�$O� V\VWHP� GHSRVLWHG� XQGHU� FOHDQ

FRQGLWLRQV��VXFK�DV�ZH�KDYH�XVHG�

4XDVLSDUWLFOHV� DUH� WKHQ� IUHH� WR� GLIIXVH� LQ� WKH� VWUXFWXUH�� KRZHYHU� WKH\� DUH

FRQILQHG�FORVH�WR�WKH�EDUULHU�OD\HU�E\�WKH�IDFW�WKDW�WKH\�ZRXOG�QHHG�WR�DEVRUE�D�SKRQRQ

LQ� RUGHU� WR� HVFDSH� WKH� WUDS�� $W� WKH� ORZ� WHPSHUDWXUHV� �-����P.�� ZH� H[SHFW� LQ� RXU

V\VWHP�� WKH� QXPEHU� RI� SKRQRQV�ZLWK� VXIILFLHQW� HQHUJ\� WR� GH�WUDS� D� TXDVLSDUWLFOH� LV

YHU\� ORZ�� 7KH� TXDVLSDUWLFOHV� WKHUHIRUH� GLIIXVH� WKURXJK� WKH� OD\HU�� EHLQJ� ORVW� E\

UHFRPELQDWLRQ� DQG� WXQQHOOLQJ� HYHQWV��*LYHQ� WKH� GLVSDULW\� EHWZHHQ� WKH� FKDUDFWHULVWLF

TXDVLSDUWLFOH�OLIHWLPHV�LQ�RXU�WZR�PDWHULDOV��1E�DQG�$O���ZH�H[SHFW�DQ\�TXDVLSDUWLFOHV

WKDW� HQWHU� WKH�1E� UHJLRQ� WR� EH� ORVW� VXEVWDQWLDOO\� IDVWHU� WKDQ� WKRVH� LQ� WKH� $O� UHJLRQ�

3KRQRQV� SURGXFHG� E\� UHFRPELQDWLRQ� HYHQWV� PD\� EUHDN� SDLUV� WR� FUHDWH� IXUWKHU

TXDVLSDUWLFOHV��+RZHYHU�� WKLV� LV� OHVV� OLNHO\� XQOHVV� H[FHOOHQW� SKRQRQ� WUDSSLQJ� FDQ� EH

DFKLHYHG� DV� WKH� FKDUDFWHULVWLF� SKRQRQ� OLIHWLPH� LV� ORQJ� LQ� $O� DQG� WKH� UHFRPELQDWLRQ

SKRQRQV�DUH�VXE��&�SKRQRQV�RXWVLGH�WKH�WUDS��7KLV�SKRQRQ�WUDSSLQJ�LV�DFWXDOO\�HDV\�WR

SURYLGH��VLQFH�D�6,1�GHWHFWRU�VKRXOG�EH�PRXQWHG�RQ�D�PHPEUDQH�WR�HQVXUH�WKDW�DOO�WKH

GHSRVLWHG�HQHUJ\�LV�DEVRUEHG�DQG�WKHUPDOLVHG�LQ�WKH�QRUPDO�PHWDO�UHJLRQ��VR�SKRQRQ

ORVV�WR�WKH�VXEVWUDWH�LV�PLQLPDO��7KH�RQO\�GLIILFXOW\�LV�WKDW�WKH�UHFRPELQDWLRQ�SKRQRQV

DUH�OLNHO\�WR�FRXSOH�EDFN�WR�WKH�QRUPDO�PHWDO�UHJLRQ�
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,Q� VRPH� VLWXDWLRQV�� WKH� ODWHUDO� GLIIXVLRQ� RI� TXDVLSDUWLFOHV� LQ� D� SUR[LPLW\

VWUXFWXUH� PD\� EH� KLQGHUHG�� 7KLV� RFFXUV� LQ� FDVHV� ZKHUH� WKH� PHDQ� IUHH� SDWK� RI

TXDVLSDUWLFOHV� LQ� WKH� WUDS� OD\HU� LV�PXFK� ORQJHU� WKDQ� WKH� WKLFNQHVV� RI� WKH� WUDS� OD\HU�

8QGHU� WKHVH� FLUFXPVWDQFHV�� TXDVLSDUWLFOHV� PD\� XQGHUJR� $QGUHHY� UHIOHFWLRQ� DW� WKH

LQWHUIDFH�ZLWK�WKH�WUDS�DQG�EXON�VXSHUFRQGXFWRU�UDWKHU� WKDQ�VSHFXODU� UHIOHFWLRQ��6XFK

TXDVLSDUWLFOHV�ZLOO�EH� UHIOHFWHG�DORQJ�D� WLPH�UHYHUVHG� WUDFN��� L�H��EDFN� WR�ZKHUH� WKH\

RULJLQDWHG�IURP��ILJXUH�������7KXV��TXDVLSDUWLFOHV�WHQG�WR�EH�FRQILQHG�WR�FORVH�WR�WKHLU

SRLQW� RI� LQMHFWLRQ� WR� WKH� VXSHUFRQGXFWRU�� 7KLV� HIIHFW� KDV� EHHQ� GHPRQVWUDWHG� E\

:DUEXUWRQ��XVLQJ�HSLWD[LDO�7D�WUDSV�RQ�1E�OD\HUV��,Q�RXU�FDVH�KRZHYHU��ZH�H[SHFW�WKH

PHDQ� IUHH�SDWK�RI�TXDVLSDUWLFOHV� WR�EH�RI�RUGHU�RI����QP� �ZKLFK� LV� QHDUO\� WKH� VDPH

WKLFNQHVV�DV�WKH�WUDS��DV�WKH�$O�WUDSV�DUH�QRW�HSLWD[LDO�

7KH� FRQFOXVLRQ� WKHQ�� ZRXOG� EH� WKDW� DOWKRXJK� VXFK� D� GHYLFH� VWUXFWXUH� ZLOO

HQKDQFH�WKH�TXDVLSDUWLFOH�OLIHWLPHV��WKH�WUDSSLQJ�RI�TXDVLSDUWLFOHV�FORVH�WR�WKH�MXQFWLRQ

LQ� D� WKLQ� OD\HU� ZLOO� HQFRXUDJH� EDFN�WXQQHOOLQJ� DQG� DEVRUSWLRQ� RI� UHFRPELQDWLRQ

SKRQRQV�� 7KLV� GHYLFH� VWUXFWXUH� LV�� KRZHYHU�� XVHIXO� IRU� VWXG\LQJ� TXDVLSDUWLFOH

G\QDPLFV�LQ�D�SUR[LPLW\�VWUXFWXUH�ZKHUH�ZH�ZLOO�XVH�D�VHFRQG�6,1�WXQQHO�MXQFWLRQ�WR

DWWHPSW� WR� REVHUYH� SKRQRQV� SURGXFHG� IURP� UHFRPELQDWLRQ� HYHQWV� DW� VRPH� GLVWDQFH

IURP�WKH�TXDVLSDUWLFOH�LQMHFWLRQ�SRLQW�

)LJXUH�����$QGUHHY�UHIOHFWLRQ�OLPLWHG�TXDVLSDUWLFOH�GLIIXVLRQ�LQ�D�VXSHUFRQGXFWRU�ELOD\HU�LQ�WKH�FOHDQ
DQG�GLUW\�OLPLWV�
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���� 'HYLFH�SURGXFWLRQ

������ )LOP�'HSRVLWLRQ

7KH� ILOPV� GHSRVLWHG� WR� SURGXFH� WKH� GHYLFHV� UHSRUWHG� LQ� WKLV� FKDSWHU� ZHUH

GHSRVLWHG�E\� WKH� DXWKRU�XVLQJ� WKH�XOWUD�KLJK�YDFXXP�GHSRVLWLRQ�V\VWHP�GHVFULEHG� LQ

FKDSWHU���

$V� IRU� WKH� ILOPV� XVHG� LQ� WKH� GHYLFHV� LQ� WKH� SUHYLRXV� FKDSWHU�� WKH

VXSHUFRQGXFWLQJ�OD\HU�ZDV�SRO\FU\VWDOOLQH��8QOLNH�WKH�GHYLFHV�LQ�WKH�SUHYLRXV�FKDSWHU

WKH�FRXQWHU�HOHFWURGH�ZDV�FRPSRVHG�RI�D� WKLQ������QP��$O�OD\HU�DQG�D� UDWKHU� WKLFNHU

WXQJVWHQ�OD\HU��7KLV�FKDQJH�LQ�WKH�GHYLFH�VWUXFWXUH�ZDV�PDGH�WR�RYHUFRPH�D�SUREOHP

ZLWK� WKH� SUHYLRXV� VWUXFWXUH�� $Q� LQFRPSOHWH� PLOOLQJ� RI� WKH� 1E� FDSSLQJ� OD\HU� FRXOG

UHVXOW� LQ� WKH� WKLQ� OD\HU�RI�$O� LQ� WKH�FRXQWHU�HOHFWURGH�KDYLQJ�D� WUXH� VXSHUFRQGXFWLQJ

FKDUDFWHU�UDWKHU�WKDQ�KDYLQJ�SUR[LPLWLVHG�7
F
�ORZHU�WKDQ�WKH�PHDVXUHPHQW�WHPSHUDWXUH�

DQG�WKH�UHVXOWDQW�MXQFWLRQ�WKHUHIRUH�KDYLQJ�D�GHJUHH�RI�6,6�FKDUDFWHULVWLF�WR�LW�

,QLWLDO�H[SHULPHQWV�WR�GHSRVLW�:�GLUHFWO\�RQ�WKH�$O2
[
�EDUULHU�ZHUH�FDUULHG�RXW�

KRZHYHU�LW�ZDV�IRXQG�WKDW�LW�ZDV�QRW�SRVVLEOH�WR�SURGXFH�KLJK�TXDOLW\�MXQFWLRQV��,W�LV

QRW�FOHDU�ZKHWKHU�WKLV�ZDV�GXH�WR�GDPDJH�RI�WKH�EDUULHU�GXULQJ�GHSRVLWLRQ��RU�GXULQJ

SURFHVVLQJ�� DW� WKH� WLPH� WKHVH� H[SHULPHQWV� ZHUH� PDGH�� D� QHZ� SKRWRUHVLVW� KDG� EHHQ

LQWURGXFHG� DQG� WKH� SURFHVVLQJ� SDUDPHWHUV� KDG� QRW� EHHQ� IXOO\� RSWLPLVHG�� 7KH� ILQDO

GHSRVLWLRQ�VHTXHQFH�XVHG�ZDV�DV�IROORZV�

�� ��PLQXWHV�DW����:�1E��DUJRQ�SUHVVXUH�����3D

�� ���PLQXWHV�DW����:�1E��SUHVVXUH�����3D

�� 9DULDEOH�WLPH�DW������:�$O��SUHVVXUH�����3D

�� ��KRXU�R[LGDWLRQ�DW���N3D�SXUH�2
�

�� ��PLQXWHV�DW����:�$O��SUHVVXUH������3D

�� ���PLQXWHV�DW����:�:��SUHVVXUH�����3D

7KH� VXEVWUDWH� PDWHULDO� XVHG� IRU� WKHVH� H[SHULPHQWV� ZDV� U�SODQH� VDSSKLUH�

$OWKRXJK�LW�ZDV�LQWHQGHG�WR�PRYH�WR�6L
�
1

�
�PHPEUDQHV��GXH�WR�IDEULFDWLRQ�GLIILFXOWLHV
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RI� ERWK� GHYLFHV� DQG� PHPEUDQHV�� WKLV� ZDV� QRW� SRVVLEOH�� 3ULRU� WR� GHSRVLWLRQ�� WKH

VXEVWUDWHV� ZHUH� FOHDQHG� DV� KDV� EHHQ� GHVFULEHG� LQ� WKH� SUHYLRXV� FKDSWHUV� DQG� WKHQ

PRXQWHG�RQ�D�VSXWWHU�GHSRVLWLRQ� IODQJH�ZLWK�D� URWDWLQJ�VDPSOH� VWDJH��7KH�VWDJH�ZDV

URWDWHG�DW���USP�GXULQJ�DOO�EXW�WKH�EDVH�HOHFWURGH�$O�GHSRVLWLRQ�VWDJH��7KH�VWDJH�ZDV

GULYHQ�E\�D�VWHSSHU�PRWRU�FRQWUROOHG�E\�FRPSXWHU�ZLWK�D�VRIWZDUH�SURJUDP�ZULWWHQ�E\

0�*��%ODPLUH�DQG�PRGLILHG�VOLJKWO\�E\�WKH�DXWKRU��7KLV�SURJUDP�DOORZHG�WKH�VSHHG�RI

WKH� VWDJH� WR� EH� YDULHG� ZLWKLQ� RQH� UHYROXWLRQ�� VR� WKDW� VDPSOHV� SODFHG� DW� GLIIHUHQW

DQJXODU�SRVLWLRQV�ZRXOG�EH�H[SRVHG�WR�D�VSXWWHU�WDUJHW�IRU�GLIIHUHQW�OHQJWKV�RI�WLPH��%\

XVLQJ� WKLV� WHFKQLTXH�� LW� ZDV� SRVVLEOH� WR� JURZ� EDWFKHV� RI� ILOPV� LQ� ZKLFK� DOO� WKH

FRQGLWLRQV� ZHUH� WKH� VDPH� EDU� WKH� WKLFNQHVV� RI� WKH� ORZHU� $O� OD\HU�� $W� WKH� VWDQGDUG

URWDWLRQ�UDWH�RI���USP�� WKH�GHSRVLWLRQ�UDWHV�ZHUH�����QP:��PLQ��� IRU�1E�������QP:�

�PLQ���IRU�$O��7KH�UDWH�ZDV�QRW�PHDVXUHG�IRU�:��EXW�ZDV�DVVXPHG�WR�EH�VLPLODU�WR�7D

ZKLFK�ZDV�NQRZQ�WR�EH�DSSUR[LPDWHO\�WZLFH�WKDW�RI�1E�

7KH�ILOPV�WKHQ�KDG�1E�EDVH�WKLFNQHVV�RI����QP��ORZHU�$O�OD\HU�WKLFNQHVVHV�RI

�������DQG���QP��EDUULHU�WKLFNQHVV�RI�RUGHU���QP��XSSHU�$O�WKLFNQHVVHV�RI���QP�DQG�:

WKLFNQHVVHV�RI�DURXQG����QP�

������ 'HYLFH�)DEULFDWLRQ

:H�UHIHU�WR�WKH�GHWDLOHG�GHVFULSWLRQV�RI�WKH�IDEULFDWLRQ�VWDJHV�JLYHQ�LQ�FKDSWHU

��� /LNH� WKH� GHYLFHV� GHVFULEHG� LQ� FKDSWHU� ��� WKH� GHYLFHV� XVHG� IRU� WKLV� ZRUN� ZHUH

SURGXFHG� XVLQJ� WKH� &$0���� PDVN� VHW� �ILJXUH� ����� GHVLJQHG� E\� 3�$�� :DUEXUWRQ�

KRZHYHU� WKH� IDEULFDWLRQ� VWDJHV� ZHUH� VOLJKWO\� GLIIHUHQW�� ,W� ZDV� IRXQG� GXULQJ

GHYHORSPHQW� RI� WKH� IDEULFDWLRQ� IRU� WKHVH� GHYLFHV� WKDW� LW� ZDV� QRW� SRVVLEOH� WR� GHILQH

MXQFWLRQV�VXFFHVVIXOO\�E\�VHOHFWLYH�DQRGLVDWLRQ�RI�WKH�WXQJVWHQ�FRXQWHU�HOHFWURGH�OD\HU�

,W� LV� EHOLHYHG� WKDW� WKLV� ZDV� GXH� WR� WKH� H[FHVV� FRPSUHVVLYH� VWUDLQ� H[HUWHG� E\� WKH

LQFUHDVH�LQ�ODWWLFH�SDUDPHWHU�EHWZHHQ�WKH�R[LGH�DQG�PHWDO��,W�VKRXOG�EH�QRWHG�WKDW�WKH

GHSRVLWLRQ�FRQGLWLRQV�XVHG�DOUHDG\�JDYH�D�FRPSUHVVLYH�VWUHVV�LQ�WKH�:�ILOP�0RVHOH\

�������5DWKHU�WKDQ�XVH�WKH�PHVD�GHILQLWLRQ�PDVN�GHYHORSHG�E\�WKH�DXWKRU�DQG�XVHG�LQ

IRU�WKH�GHYLFHV�LQ�FKDSWHU����D�VHPL�VHOI�DOLJQHG�WHFKQLTXH�ZDV�HPSOR\HG��)RU�DOO�WKH

GHYLFHV� UHSRUWHG� KHUH� WKH� VSDFLQJ� EHWZHHQ� WKH� SDLUV� RI� MXQFWLRQV� RQ� HDFK� RI� WKH

FRPPRQ�HOHFWURGHV�ZDV����P��7KH�VWDJHV�LQ�WKH�SURFHVVLQJ�ZHUH�DV�IROORZV�
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�� %DVH�GHILQLWLRQ�DQG�HWFK��������

�� 5HVLVW�UHPRYDO

�� 5HDSSOLFDWLRQ�RI�WKH�EDVH�GHILQLWLRQ�PDVN��EXW�RIIVHW�E\������P��VHH�ILJXUH

����� DQG� D� FRXQWHU�HOHFWURGH�PHVD� GHILQLWLRQ� HWFK� �������� DQG� DQRGLVDWLRQ

RI�WKH�H[SRVHG�$O�1E�HGJH�

�� 5HVLVW�UHPRYDO

�� :LULQJ�OD\HU�GHILQLWLRQ

�� :LULQJ� OD\HU� GHSRVLWLRQ� ��� PLQXWHV� $X� VSXWWHU� GHSRVLWLRQ� LQ� WKH� KLJK� YDFXXP

GHSRVLWLRQ�V\VWHP�DW�DSSUR[LPDWHO\����:��������3D�$U��WKHQ����VHF��1E�GHSRVLWLRQ

DW�����:������3D�$U��

�� :LULQJ�OD\HU�OLIW�RII�DQG�UHVLVW�UHPRYDO

�� &RXQWHU�HOHFWURGH�UHPRYDO

7KH� ILQDO� VWDJH�� FRXQWHU�HOHFWURGH� UHPRYDO�� ZDV� WR� HQVXUH� WKDW� WKH� SDLUV� RI

MXQFWLRQV�RQ�HDFK�FRPPRQ�HOHFWURGH�ZHUH�RQO\� FRQQHFWHG� WKRXJK� WKH�FRPPRQ�EDVH

HOHFWURGH� DQG� QRW� WKURXJK� WKH� FRXQWHU�HOHFWURGH�� ,QLWLDO� WULDOV� XVLQJ� D� &)
�
� SODVPD

)LJXUH�����'HWDLO�RI�D�FRPSOHWHG�GHYLFH�VKRZLQJ�WKH�&$0���PDVN�RIIVHW�IURP�EDVH�E\����P�WR�DOORZ
HWFKLQJ�DQG�DQRGLVDWLRQ�RI�RQH�HGJH�
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HWFKHU�ZHUH�XQDEOH�WR�SUHYHQW�WKH�WZR�MXQFWLRQV�IURP�EHLQJ�FRXSOHG�YLD�WKH�FRXQWHU�

HOHFWURGH��7KLV�ZDV�EHOLHYHG� WR�EH�GXH� WR� WKH�SUHVHQFH�RI� WKH���QP�RI�$O� DERYH� WKH

EDUULHU�LQ�WKH�FRXQWHU�HOHFWURGH��$O�LV�DQ�HIIHFWLYH�HWFK�VWRS�IRU�&)
�
���5DWKHU�WKDQ�XVH

D�PRUH�UHDFWLYH�HWFKLQJ�JDV�VXFK�DV�6L&O
�
�WR�UHPRYH�WKLV�$O��WKH�FRXQWHU�HOHFWURGH�ZDV

UHPRYHG�E\�$U�LRQ�PLOOLQJ��,W�ZDV�IRXQG�WKDW�XVLQJ�RQO\�D�IHZ�VHFRQGV�PLOOLQJ��EHDP

YROWDJH� ����9�� EHDP� FXUUHQW� GHQVLW\� DSSUR[LPDWHO\� ��P$� FP���� VDPSOH�LRQ� JXQ

GLVWDQFH� ���FP�� WKDW� WKH� FRXQWHU�HOHFWURGH� FRXOG� EH� HQWLUHO\� UHPRYHG� DQG� \HW� OHDYH

VXIILFLHQW�EDVH�OD\HU�$O�WR�EH�RSWLFDOO\�YLVLEOH�HYHQ�IRU�WKH�WKLQQHVW�$O�OD\HUV�

'XULQJ� WKLV� SURFHVV� VRPH� RI� WKH� 1E� GHSRVLWHG� GXULQJ� WKH� ZLULQJ� OD\HU

GHSRVLWLRQ�ZDV� DOVR� UHPRYHG��KRZHYHU� WKLV� OD\HU�ZDV� VXIILFLHQWO\� WKLFN� WKDW� HQRXJK

1E� UHPDLQHG� WKDW� LWV� FULWLFDO� FXUUHQW� GHQVLW\� DW� ����.� ZDV� ODUJHU� WKDQ� WKH� W\SLFDO

PD[LPXP� FXUUHQW� XVHG� �RI� WKH� RUGHU� RI� D� IHZ� P$��� 7KH� IXQFWLRQ� RI� WKLV

VXSHUFRQGXFWLQJ�OD\HU�ZDV�WR�UHGXFH�WKH�VHULHV�UHVLVWDQFH�RI�WKH�GHYLFH�DQG�WR�HQVXUH

WKDW�DQ\�MRXOH�KHDWLQJ�RI�WKH�GHYLFH�ZDV�PLQLPLVHG�DQG�ORFDOLVHG�WR�WKH�DFWXDO�MXQFWLRQ

DUHD�

$�VFKHPDWLF�RI�WKH�FRPSOHWHG�GHYLFH�VWUXFWXUH�LV�VKRZQ�LQ�ILJXUH�����

���� &KDUDFWHULVDWLRQ

)ROORZLQJ� IDEULFDWLRQ�� WKH� GHYLFHV� ZHUH� LQLWLDOO\� FKDUDFWHULVHG� DW� ����.� WR

YHULI\� WKH� VXFFHVV� RI� IDEULFDWLRQ�� ,W� ZDV� IRXQG� WKDW� IRU� VXFFHVVIXO� GHYLFHV� WKH

)LJXUH�����6FKHPDWLF�RI�RQH�FRPPRQ�EDVH�HOHFWURGH�DQG�SDLU�RI�MXQFWLRQV�RQ�D�FRPSOHWHG�&$0���6,1
GHYLFH�
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GLIIHUHQWLDO� FRQGXFWDQFH� DW� ]HUR� ELDV� WR� WKDW� DW� KLJK� ELDV� �L�H�� WKH� QRUPDOLVHG

GLIIHUHQWLDO�FRQGXFWDQFH�JLYHQ�E\��������ZDV�WKHUPDOO\�OLPLWHG��)ROORZLQJ�WKLV�LQLWLDO

WHVWLQJ�� WKH�GHYLFHV�ZHUH� UH�PHDVXUHG�XVLQJ� WKH�+HOLR[���+H�SUREH�DW� WHPSHUDWXUHV

EHWZHHQ�����P.�DQG���.�

������ &XUUHQW�9ROWDJH�&KDUDFWHULVWLFV

7\SLFDO� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� IRU� GHYLFHV� ZLWK� WKH� WKUHH� GLIIHUHQW

WKLFNQHVVHV�RI�ORZHU�$O�OD\HU�DQG�DW�D�WHPSHUDWXUH�RI�DSSUR[LPDWHO\�����.�DUH�VKRZQ

LQ�ILJXUH������3ULRU� WR�PHDVXULQJ�WKHVH�GHYLFHV��ZH�KDG� LPSURYHG� WKH�5)�ILOWHULQJ� LQ

RXU�PHDVXUHPHQW�VHW�XS��DQG�WKLV�JDYH�D�QRWLFHDEOH�LQFUHDVH�LQ�WKH�VXE�JDS�UHVLVWDQFH

WKDW�ZH�ZHUH�DEOH�WR�PHDVXUH��$V�RQH�ZRXOG�H[SHFW��WKH�LQFUHDVH�LQ�SUR[LPLW\�HIIHFW

GXH� WR� WKLFNHU� $O� OD\HUV� JDYH� ORZHU� PHDVXUHG� HQHUJ\� JDSV� DQG� KLJKHU� VXE�JDS

FXUUHQWV�

����

����

����

�

���

���

���

�� �� �� � � � �

�QP�$O
��QP�$O
��QP�$O

%LDV�9ROWDJH��P9�

/RZHU�$O�OD\HU�WKLFNQHVV

&
XU
UH
QW
��m
$
�

)LJXUH�����&XUUHQW�YROWDJH�FKDUDFWHULVWLFV�IRU�GHYLFHV�ZLWK�GLIIHULQJ�ORZHU�$O�OD\HU�WKLFNQHVVHV�
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,Q� SUDFWLFH�� ZH� IRXQG� WKDW� WKH� VXE�JDS� UHVLVWDQFH� �L�H�� GLIIHUHQWLDO� UHVLVWDQFH

PHDVXUHG� DW� ]HUR� ELDV�� ZDV� OLPLWHG� WR� DSSUR[LPDWHO\� ���� WLPHV� WKH� QRUPDO� VWDWH

UHVLVWDQFH��$PRQJ�WKH�IDFWRUV�WKDW�FDQ�UHGXFH�WKH�VXE�JDS�UHVLVWDQFH�DUH�PLFUR�VKRUWV

LQ�WKH�WXQQHO�EDUULHU��IOX[�WKUHDGLQJ�WKH�MXQFWLRQ�WR�FUHDWH�$EULVNRY�YRUWLFHV�LQ�WKH�6

HOHFWURGH��DQ�LQKRPRJHQHRXV�HQHUJ\�JDS�RU�VHOI�KHDWLQJ�HIIHFWV��7KH�ODWWHU�IDFWRU�ZLOO

EH�GLVFXVVHG�ODWHU�LQ�WKLV�FKDSWHU��RI�WKH�ILUVW�WZR��PLFUR�VKRUWV�KDYH�EHHQ�D�SUREOHP�LQ

IDEULFDWLQJ�WKH�WHVW�GHYLFHV�IRU�WKLV�ZRUN�DQG�PD\�ZHOO�EH�UHVSRQVLEOH�IRU�WKH�XOWLPDWH

OLPLW�LQ�VXE�JDS�UHVLVWDQFH�

������ 'HQVLW\�RI�6WDWHV

7KH� GHQVLW\� RI� VWDWHV� LQ� WKH� VXSHUFRQGXFWLQJ� HOHFWURGH� RI� DQ� 6,1� WXQQHO

MXQFWLRQ� GHYLFH�PD\�EH� IRXQG�GLUHFWO\� IURP� WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� LI� WKH

WHPSHUDWXUH� LV� VXIILFLHQWO\� ORZ� XVLQJ� �������� $W� ILQLWH� WHPSHUDWXUHV�� WKH� GHQVLW\� RI

VWDWHV� LV�VPHDUHG�E\�FRQYROXWLRQ�ZLWK�D�JDXVVLDQ�OLNH� IXQFWLRQ�RI�ZLGWK� ��N
%
7��$W

WKH� EDVH� WHPSHUDWXUH� RI� RXU� PHDVXUHPHQW� V\VWHP� WKLV� VPHDULQJ� LV� DSSUR[LPDWHO\

�����PH9�� :H� H[WUDFWHG� WKH� GHQVLW\� RI� VWDWHV� IRU� RXU� GHYLFHV�� WKHUHIRUH�� IURP� WKH

GLIIHUHQWLDO�FRQGXFWDQFH�DV�D�IXQFWLRQ�RI�WKH�ELDV�YROWDJH�DW�EDVH�WHPSHUDWXUH� �ILJXUH

�����

:H� FRPSDUHG� RXU� PHDVXUHG� GHQVLW\� RI� VWDWHV� ZLWK� WKRVH� IRU� WKH� *ROXERY

PRGHO� RI� WKH� SUR[LPLW\� HIIHFW� IRU� ERWK� 6�6
� DQG� 6�1� VWUXFWXUHV� DV� SXEOLVKHG� LQ� WKH

OLWHUDWXUH��*ROXERY�������/H�*UDQG�����D���DOVR�VKRZQ�LQ�ILJXUH������7KH�WKHRUHWLFDO

GHQVLWLHV�RI�VWDWHV�WKDW�KDYH�EHHQ�SORWWHG�DUH�IRU�WKH�VXSHUFRQGXFWRU�6�DW�WKH�6�1�RU�6�

6
�OD\HU��,Q�WKH�DEVHQFH�RI�D�SRWHQWLDO�EDUULHU�DW�WKH�LQWHUIDFH��ZKLFK�DV�ZH�KDYH�VWDWHG

SUHYLRXVO\�LV�H[SHFWHG�WR�EH�WKH�FDVH�LQ�WKH�1E�$O�V\VWHP��WKH�QRUPDOLVHG�GHQVLW\�RI

VWDWHV� LQ� WKH� WZR� OD\HUV�DW� WKH� LQWHUIDFH�DUH�HTXDO��:H�KDYH� IXUWKHU�DVVXPHG� WKDW� WKH

PHDVXUHG�WXQQHO�FXUUHQW�LV�GHWHUPLQHG�E\�WKH�GHQVLW\�RI�VWDWHV�LQ�WKH�$O�OD\HU��ZKLFK

FRUUHVSRQGV�WR�WKH�6
�RU�1�OD\HU���WKXV�ZH�FDQ�GLUHFWO\�FRPSDUH�WKH�H[SHULPHQWDO�GDWD

DQG�WKHRUHWLFDO�GHQVLWLHV�RI�VWDWHV�

$V� VWDWHG� DERYH�� ZH� REVHUYH� DQ� HIIHFWLYH� HQHUJ\� JDS� WKDW� GHFUHDVHV� ZLWK

LQFUHDVLQJ�WKLFNQHVV�RI�$O�������PH9�IRU���QP�$O�������PH9�IRU����QP�DQG������PH9

IRU���QP���7KH�PHDVXUHG�GHQVLW\�RI� VWDWHV�KDV�RQO\�RQH�SHDN�� DQG� WKDW� DW� DQ� HQHUJ\
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FORVH�WR�WKH�PHDVXUHG�HQHUJ\�JDS��8QGHU�WKH�0F0LOODQ�PRGHO�RI�WKH�SUR[LPLW\�HIIHFW

WKHUH�DUH�WZR�SHDNV�LQ�WKH�GHQVLW\�RI�VWDWHV��RQH�DW�WKH�HIIHFWLYH�HQHUJ\�JDS�DQG�RQH�DW

WKH�QRQ�SUR[LPLWLVHG�HQHUJ\�JDS��6LQFH�ZH�RQO\�REVHUYH� WKH�RQH�SHDN��ZH�FRQFOXGH

WKDW� WKH�*ROXERY�PRGHO� LV�PRUH� DSSURSULDWH�� DV� ZH� ZRXOG� H[SHFW� JLYHQ� WKH� KLJKO\

WUDQVSDUHQW� LQWHUIDFH� EHWZHHQ� 1E� DQG� $O�� 7KH� H[SHULPHQWDO� GDWD� KDYH� 
WDLOV
� WKDW

H[WHQG�EHORZ�WKH�VWHHSHVW�GURS�LQ�WKH�GHQVLW\�RI�VWDWHV��:KLOVW�WKLV�FRXOG�EH�GXH�WR�JDS

LQKRPRJHQHLW\�� WKH� ZLGWK� RI� WKH� 
WDLOV
� DUH� DURXQG� ����PH9� ZKLFK� LV� FORVH� WR� WKH

VPHDULQJ�HIIHFW�GXH�WR�WKH�QRQ�]HUR�EDVH�WHPSHUDWXUH�DW�ZKLFK�WKH�GDWD�ZDV�PHDVXUHG�

2XU� H[SHULPHQWDO� GDWD� VKRZV� DQ� LQFUHDVH� LQ� WKH� KHLJKW� RI� WKH� SHDN� LQ� WKH

GHQVLW\�RI�VWDWHV�DV�WKH�SUR[LPLW\�HIIHFW�LV�UHGXFHG��L�H��IRU�WKLQQHU�OD\HUV�RI�$O���7KLV
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LQFUHDVH� LV� QRW� DV� SURQRXQFHG�� KRZHYHU�� DV� ZRXOG� EH� H[SHFWHG� IURP� WKH� *ROXERY

PRGHO�IRU�HLWKHU�6�6
�RU�6�1�W\SH�LQWHUIDFHV��,Q�DGGLWLRQ��LQ�RXU�GDWD�WKH�VKDSH�RI�WKH

SHDN�LQ�WKH�GHQVLW\�RI�VWDWHV�LV�PRUH�UHPLQLVFHQW�RI�WKH�6�1�W\SH�FXUYHV�WKDQ�WKH�6�6


FXUYHV��7KLV�LV�GHVSLWH�WKH�IDFW�WKDW�WKH�7
F
�RI�$O�OD\HUV�RI�WKHVH�WKLFNQHVVHV�VKRXOG�EH

DSSUR[LPDWHO\���WLPHV�JUHDWHU�WKDQ�WKH�H[SHULPHQWDO�WHPSHUDWXUH��$�VLPLODU�UHVXOW�KDV

EHHQ�UHSRUWHG�E\�RWKHU�ZRUNHUV�=KDR�������DOVR�XVLQJ�6,1�WXQQHO�MXQFWLRQV�WR�GLUHFWO\

PHDVXUH�WKH�GHQVLW\�RI�VWDWHV�LQ�D�1E�$O�SUR[LPLW\�VWUXFWXUH�

,I�ZH�DVVXPH�WKDW�WKH�$O�OD\HU�LQ�RXU�GHYLFHV�LV�JHQXLQHO\�DFWLQJ�DV�D�QRUPDO

PHWDO� OD\HU�� DV� RSSRVHG� WR� WKH� *ROXERY� PRGHO� IRU� 6�6
� OD\HUV� EHLQJ� VXEVWDQWLDOO\

LQFRUUHFW��WKHQ�ZH�FDQ�DGYDQFH�WZR�SRVVLEOH�UHDVRQV�IRU�LW�EHLQJ�LQ�WKH�QRUPDO�VWDWH�

)LUVWO\�� ZH� PLJKW� VXVSHFW� WKH� SXULW\� RI� WKH� ILOP� �� WKH� LQFOXVLRQ� RI� HYHQ� D� WUDFH

PDJQHWLF�LPSXULW\�LQ�WKH�$O�OD\HUV�FRXOG�KDYH�VXIILFLHQW�HIIHFW�WR�VXSSUHVV�7
F
�RI�WKH�$O

WR�EHORZ�RXU�PHDVXUHPHQW�WHPSHUDWXUH�� ,Q�WKDW�FDVH��KRZHYHU��RQH�ZRXOG�H[SHFW�WKH

HQHUJ\�JDS� LQ�RXU�GHYLFHV� WR�EH� VLJQLILFDQWO\� UHGXFHG�� DV� WKH�1E�ZRXOG� DOVR�KDYH� D

UHGXFHG�HQHUJ\�JDS�GXH�WR�WKH�PDJQHWLF� LPSXULWLHV�� ,I�ZH�DVVXPHG� WKDW� WKLV�ZDV�QRW

WKH� FDVH�� DQG� WKDW� RXU� GHYLFHV� ZHUH� DEOH� WR� EH� GHVFULEHG� E\� WKH� WKHRU\� RI� 6�1

SUR[LPLW\�VWUXFWXUHV�ZLWK�D�EXON��SXUH�1E�&��WKHQ�ZH�ZRXOG�ILQG�WKDW�g
P
�G

$O
 �����QP�

���ZKLFK�LV� UHPDUNDEO\�FORVH� WR� WKH�YDOXH�RI�������QP��� UHSRUWHG� LQ� WKH� OLWHUDWXUH� IRU

6,6�GHYLFHV�*ROXERY��������6HFRQGO\��ZH�PLJKW�LPDJLQH�WKDW�RXU�GHYLFH�LV�VXIIHULQJ

IURP�VXIILFLHQWO\� H[WUHPH� VHOI�KHDWLQJ� WKDW� WKH�$O� LV� KHOG� DERYH� LWV�7
F
�� 7KLV� KHDWLQJ

FRXOG� UHVXOW� IURP� EDFN� WXQQHOOLQJ� RI� TXDVLSDUWLFOHV�� UH�DEVRUSWLRQ� RI� UHFRPELQDWLRQ

SKRQRQV�RU�IURP�VLPSOH�-RXOH�KHDWLQJ�GXH�WR�QRQ�LGHDO�MXQFWLRQ�FKDUDFWHULVWLFV��,Q�DOO

WKHVH�FDVHV��WKH�QRUPDO�PHWDO�HOHFWURQ�V\VWHP�LV�EHLQJ�GLUHFWO\�KHDWHG��ZKLFK�LQ�WXUQ

FRXSOHV�WR�WKH�SKRQRQ�V\VWHP��,I�VHOI�KHDWLQJ�LV�WKH�OLPLWLQJ�IDFWRU�WKHQ�WKLV�VKRXOG�EH

DSSDUHQW� IURP� WKH� VXE�JDS� UHVLVWDQFH� �RU� HTXDOO\� FRQGXFWDQFH�� DV� D� IXQFWLRQ� RI

WHPSHUDWXUH�

������ 'LIIHUHQWLDO�&RQGXFWDQFH

7KH�GLIIHUHQWLDO�FRQGXFWDQFH�RI�DQ�6,1�WXQQHO�MXQFWLRQ�ZKHQ�QRUPDOLVHG�WR�WKH

QRUPDO� VWDWH� UHVLVWDQFH� FDQ�EH� IRXQG� IRU� D�%&6�GLVWULEXWLRQ�RI� VWDWHV� IURP�HTXDWLRQ

��������)RU�&!!N
%
7�
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VR� WKDW� D� SORW� RI� ORJ�*
6,1
�� YHUVXV� ��7�ZLOO� JLYH� D� VWUDLJKW� OLQH�� )RU� D� GHYLFH� WKDW� LV

OLPLWHG� E\� D� OHDNDJH� FXUUHQW� �H�J�� GXH� WR� DQ� RKPLF� PLFUR�VKRUW�� EHORZ� D� FHUWDLQ

WHPSHUDWXUH�WKH�FRQGXFWDQFH�LV�FRQVWDQW��,Q�WKH�FDVH�RI�D�GHYLFH�WKDW�LV�EHLQJ�VWURQJO\

VHOI�KHDWHG� WKHQ� DJDLQ� WKH� FRQGXFWDQFH�ZRXOG� EH� FRQVWDQW�� ,Q� JHQHUDO�� KRZHYHU��ZH

ZRXOG�H[SHFW�WKDW�DQ\�VHOI�KHDWLQJ�PHFKDQLVP�ZRXOG�EH�WHPSHUDWXUH�GHSHQGHQW�VLQFH

WKH� WKHUPDO� FRQGXFWLYLW\� LV� D� IXQFWLRQ� RI� WHPSHUDWXUH� DQG� WKDW� ZLOO� GHWHUPLQH� WKH

DFWXDO�ORFDOLVHG�HOHFWURQ�WHPSHUDWXUH�DW�WKH�MXQFWLRQ�

,Q� ILJXUH�����ZH�SORW� WKH�GLIIHUHQWLDO�FRQGXFWDQFH�DW�]HUR�ELDV� �QRUPDOLVHG� WR

WKH� QRUPDO� VWDWH� FRQGXFWDQFH�� DJDLQVW� ��7� IRU� UHSUHVHQWDWLYH� GHYLFHV� IRU� WKH� WKUHH

GLIIHUHQW�WKLFNQHVVHV�RI�$O�XVHG�� ,W�LV�LPPHGLDWHO\�REYLRXV�IURP�WKH�FXUYDWXUH�LQ�WKH

SORWV� �JLYHQ� WKDW� WKH� FRQGXFWDQFH� LV� SORWWHG� RQ� D� ORJDULWKPLF� VFDOH�� WKDW� WKH

FRQGXFWDQFH�LV�QRW�WKHUPDOO\�OLPLWHG�IRU�PRVW�RI�WKH�WHPSHUDWXUH�UDQJH��7KH�XOWLPDWH

�����

����

���

�

� ��� � ��� � ��� � ���

�QP
��QP
��QP

1
RU
P
DO
LV
HG
�&
RQ
GX
FW
DQ
FH

��7��.���

7KLFNQHVV�RI�ORZHU�$O�OD\HU

)LJXUH�����'LIIHUHQWLDO�FRQGXFWDQFH�YHUVXV���7��PRGHOOHG�DQG�H[SHULPHQWDO�IRU�WKH�WKUHH�$O
WKLFNQHVVHV�
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OLPLW� JLYHV� XV� WKH� PD[LPXP� VXE�JDS� UHVLVWDQFH� WR� QRUPDO� VWDWH� UHVLVWDQFH� UDWLR� RI

DSSUR[LPDWHO\������7KH�IDFW�WKDW�WKH�OLPLW�LV�QHDUO\�WKH�VDPH�IRU�DOO�WKH�GHYLFHV�ZRXOG

VXJJHVW� WKDW� LW� LV� QRW� GXH� WR� SURFHVVLQJ� LQWURGXFHG� GHIHFWV� LQ� WKH� ILOP�� EXW� LV� D

FRQVHTXHQFH� RI� LQWULQVLF� SLQKROHV� LQ� WKH� EDUULHU� RU� VHOI�KHDWLQJ� RU� WUDSSHG� IOX[�� )RU

ZKDWHYHU� UHDVRQ� ZH� DUH� XOWLPDWHO\� OLPLWHG�� WKH� YHU\� IDFW� WKDW� ZH� VHH� D� PRQRWRQLF

GHFUHDVH�LQ�WKH�VXE�JDS�FRQGXFWDQFH�GRZQ�WR�D�VDPSOH�KROGHU� WHPSHUDWXUH�RI�����.�

LQGLFDWHV�WKDW�WKH�MXQFWLRQ�DUHD�LV�EHLQJ�FRROHG�XQWLO�WKLV�SRLQW��2Q�WKH�RWKHU�KDQG�WKH

FXUYDWXUH�LQGLFDWHV�WKDW� WKH�PHDVXUHG�VDPSOH�KROGHU� WHPSHUDWXUH�DQG�DFWXDO� MXQFWLRQ

WHPSHUDWXUH�DUH�QRW�LGHQWLFDO��L�H��WKHUH�LV�VHOI�KHDWLQJ�

7R� H[DPLQH� WKLV�� ZH� XVHG� WKH� GHQVLW\� RI� VWDWHV� WKDW� ZH� KDG� H[WUDFWHG� IURP

FXUUHQW�YROWDJH� FKDUDFWHULVWLF� PHDVXUHPHQWV� WR� FDOFXODWH� FXUUHQW�YROWDJH

FKDUDFWHULVWLFV� RI� NQRZQ� QRUPDO� HOHFWURGH� WHPSHUDWXUH�� 7KLV� PHUHO\� LQYROYHG

VXEVWLWXWLQJ�WKH�H[SHULPHQWDOO\�PHDVXUHG�GHQVLW\�RI�VWDWHV�IRU�WKH�EFV�GHQVLW\�RI�VWDWHV

LQ���������7R�IDFLOLWDWH� WKH�FDOFXODWLRQV�LW�ZDV�QHFHVVDU\�WR�FRQVWUXFW�DQ�LQWHUSRODWLRQ

WDEOH�� VR� WKDW� WKH� GHQVLW\� RI� VWDWHV� FRXOG� EH� HYDOXDWHG� DW� DUELWUDU\� HQHUJLHV�

)XUWKHUPRUH��LW�ZDV�DVVXPHG�WKDW�IRU�TXDVLSDUWLFOH�HQHUJLHV�JUHDWHU�WKDQ�WKH�UDQJH�RI

WKH� H[SHULPHQWDO� GDWD� WKH� QRUPDOLVHG� GHQVLW\� RI� VWDWHV� ZDV� H[DFWO\� RQH�� 'HVSLWH

VPRRWKLQJ� WKH�H[SHULPHQWDO�GDWD�XVLQJ�D�6DYLW]N\�*ROD\� ILOWHU�� UHVLGXDO�QRLVH� LQ� WKH

GDWD�UHVXOWHG�LQ�DQ�RFFDVLRQDO�ODFN�RI�DFFXUDF\�LQ�WKH�QXPHULFDO�LQWHJUDWLRQ��OHDGLQJ�WR

D� QXPEHU� RI� REYLRXV� 
JOLWFKHV
� LQ� WKH� FDOFXODWHG� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV�

1RUPDOLVHG�GLIIHUHQWLDO�FRQGXFWDQFH�IRU�WKH�FDOFXODWHG�FXUUHQW�YROWDJH�FKDUDFWHULVWLFV

ZHUH�IRXQG�DQG�KDYH�EHHQ�SORWWHG�LQ�ILJXUH������ ,W� LV�DSSDUHQW� WKDW� WKH�ORFDO�HOHFWURQ

WHPSHUDWXUH� DW� WKH� MXQFWLRQ� LV� VXEVWDQWLDOO\� JUHDWHU� WKDQ� WKH� PHDVXUHG� VDPSOH

WHPSHUDWXUH�

,Q� ILJXUH� ���� ZH� SORW� WKH� PHDVXUHG� VDPSOH� KROGHU� WHPSHUDWXUH� DJDLQVW� WKH

LQIHUUHG�HOHFWURQ�WHPSHUDWXUH�IURP�WKH�FDOFXODWHG�FXUUHQW�YROWDJH�FKDUDFWHULVWLFV��7KH

GHYLFH�ZLWK�D����QP�$O�ILOP�FOHDUO\�KDV�D�ORZHU�OLPLWLQJ�MXQFWLRQ�WHPSHUDWXUH�UHODWLYH

WR�WKH���QP�$O�GHYLFH�������.�Y������.���7KLV�DORQH�FRXOG�MXVW�EH�GXH�WR�WKH�IDFW�WKDW

IRU�D�JLYHQ�FRQGXFWDQFH��H�J��GXH�WR�OHDNDJH��WKH�GHYLFH�ZLWK�WKH�VPDOOHU�HQHUJ\�JDS

ZLOO�EH�DW�WKH�ORZHU�WHPSHUDWXUH��,Q�RXU�GDWD��KRZHYHU��WKH����QP�$O�GHYLFH�GHYLDWHV

IURP�WKH�OLQH�RI�HTXDO�VDPSOH�DQG�MXQFWLRQ�WHPSHUDWXUHV�OHVV�IRU�DOO� WHPSHUDWXUHV�� ,Q
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RWKHU�ZRUGV��WKH����QP�$O�GHYLFH�VHHPV�QRW�WR�EH�VHOI�KHDWLQJ�WR�WKH�VDPH�H[WHQW�DV

WKH���QP�$O�GHYLFH��,I�WKLV�LV�WKH�FDVH�WKHQ�LQ�WKH�GHYLFHV�ZLWK�WKLFNHU�$O�OD\HUV�WKHUH

DUH�IHZHU�TXDVLSDUWLFOHV�EDFN�WXQQHOOLQJ�RU�XQGHUJRLQJ�UHFRPELQDWLRQ�HYHQWV�ZLWK�WKH

UHFRPELQDWLRQ�SKRQRQV�EHLQJ�DEVRUEHG�LQ�WKH�QRUPDO�PHWDO��7KLV�QDWXUDOO\�OHDGV�XV�WR

DVN�KRZ�WKH�TXDVLSDUWLFOH�OLIHWLPHV�GLIIHU�EHWZHHQ�WKH�GHYLFHV�

������ &DOFXODWLRQ�RI�4XDVLSDUWLFOH�6FDWWHULQJ�5DWHV

$V�ZH�GLVFXVVHG� LQ� VHFWLRQ�������� LW� LV� SRVVLEOH� WR� FDOFXODWH� WKH� TXDVLSDUWLFOH

VFDWWHULQJ� WLPHV� IRU� WKHUPDO� HTXLOLEULXP� SRSXODWLRQV� RI� TXDVLSDUWLFOHV� E\� XVLQJ� WKH

WKHRU\� RI� .DSODQ�.DSODQ� ������ EXW� LQVHUWLQJ� WKH� DSSURSULDWH� VSDWLDOO\� YDU\LQJ

IXQFWLRQV� IRU� WKH� QRUPDO� DQG� DQRPDORXV� *UHHQ
V� IXQFWLRQV� IRU� WKH� VXSHUFRQGXFWLQJ

HOHFWURGH�� $� VLPSOHU�� DOEHLW� QRW� VWULFWO\� FRUUHFW�� DSSURDFK� LV� WR� VXEVWLWXWH� RQO\� WKH

TXDVLSDUWLFOH�GHQVLW\�RI�VWDWHV�DQG�XVH�.DSODQ
V�HTXDWLRQV� LQ� WKHLU�RULJLQDO� IRUP��VHH

VHFWLRQ� ������ ,Q� WKLV� FDVH� RQH� LV� HIIHFWLYHO\� DVVXPLQJ� WKDW� WKH� UHDO� SDUW� RI� WKH

�
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)LJXUH�����6DPSOH�WHPSHUDWXUH�YHUVXV�LQIHUUHG�MXQFWLRQ�WHPSHUDWXUH�IRU�WKH�WKUHH�$O�OD\HU�WKLFNQHVVHV�
7KH�OLQH�LQGLFDWHV�WKH�QR�VHOI�KHDWLQJ�OLPLW�ZKHUH�WKH�MXQFWLRQ�DQG�PHDVXUHG�WHPSHUDWXUH�DUH�HTXDO�
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DQRPDORXV�*UHHQ
V� IXQFWLRQ� LV�GLUHFWO\� UHODWHG� WR� WKH� UHDO�SDUW�RI� WKH�QRUPDO�*UHHQ
V

IXQFWLRQ�ZKLFK�GHVFULEHV� WKH�TXDVLSDUWLFOH�GHQVLW\�RI� VWDWHV��)RU� VLPSOLFLW\��ZH�KDYH

XVHG�WKLV�PHWKRG�WR�HVWLPDWH�WKH�TXDVLSDUWLFOH�OLIHWLPHV�LQ�RXU�GHYLFHV�

:H� KDYH� FDOFXODWHG� WKH� TXDVLSDUWLFOH� OLIHWLPH� DJDLQVW� SKRQRQ� HPLVVLRQ� DQG

DEVRUSWLRQ� DQG� DJDLQVW� UHFRPELQDWLRQ� E\� GLUHFW� VXEVWLWXWLRQ� RI� RXU� H[SHULPHQWDO

GHQVLW\�RI� VWDWHV� H[WUDFWHG� IURP� WKH� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� RI� RXU� GHYLFHV� DW

ORZ� WHPSHUDWXUHV� LQWR� �������� ������� DQG� �������� 7KHVH� HTXDWLRQV� DOVR� LQFOXGH

FRKHUHQFH�WHUPV�OLNH�

�
�

-
-

�
��

�
��

&

8! !1 6 �����

IRU�ZKLFK�ZH�UHSODFHG�WKH�&�WHUP�ZLWK�WKH�HIIHFWLYH�HQHUJ\�JDS�DV�PHDVXUHG�IURP�WKH

GHQVLW\� RI� VWDWHV�� /LNHZLVH�� WKH� OLPLWV� IRU� FDOFXODWLQJ� WKH� SKRQRQ� HPLVVLRQ� DQG

UHFRPELQDWLRQ�WLPHV�LQFOXGH�D�IDFWRU�RI�&��UHIOHFWLQJ�WKH�IDFW�WKDW�D�TXDVLSDUWLFOH�FDQ

RQO\�VFDWWHU�WR�WKH�JDS�HGJH�DQG�FDQ�RQO\�UHFRPELQH�ZLWK�DQRWKHU�TXDVLSDUWLFOH�DERYH

WKH� HQHUJ\� JDS�� WKDW� ZH� UHSODFHG� ZLWK� WKH� HIIHFWLYH� HQHUJ\� JDS�� 6LQFH� ZH� DUH

LQWHUHVWHG� SULPDULO\� LQ� WKH� OLIHWLPHV� IRU� TXDVLSDUWLFOHV� ZLWKLQ� RQO\� D� IHZ� &� RI� WKH

HQHUJ\�JDS��ZH� OLPLWHG�RXU� LQYHVWLJDWLRQ� WR�TXDVLSDUWLFOHV�ZLWK�HQHUJLHV�RI� OHVV� WKDQ

��PH9�

)LJXUH� ���� VKRZV� WKH� UHVXOWV� RI� WKH� FDOFXODWLRQV� IRU� RXU� GHYLFHV� IRU

WHPSHUDWXUHV� RI� ����.�� WR� ����.�� 2XU� FDOFXODWHG� OLIHWLPHV� DUH� LQ� WHUPV� RI� WKH

FKDUDFWHULVWLF� OLIHWLPH� IRU� TXDVLSDUWLFOHV� t
�
�� ZKLFK� LV� GHSHQGHQW� RQ� PDWHULDO

SDUDPHWHUV��6LQFH�ZH�KDYH�DVVXPHG�WKDW�WKH�GHQVLW\�RI�VWDWHV�LQ�WKH�$O�LV�WKH�VDPH�DV

WKH�GHQVLW\�RI�VWDWHV�DW�WKH�1E�$O�LQWHUIDFH��ZH�QRUPDOLVH�RXU�UHVXOWV�DJDLQVW�t
�
�$O��IRU

TXDVLSDUWLFOHV� LQ� WKH� $O� OD\HU� DQG� DJDLQVW� t
�
�1E�� IRU� TXDVLSDUWLFOHV� DW� WKH� 1E�$O

LQWHUIDFH�
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:H�VHH�WKDW�WKH�OLIHWLPH�DJDLQVW�SKRQRQ�DEVRUSWLRQ�LV�QRW�VWURQJO\�DIIHFWHG�E\

HLWKHU�WKH�FKDQJH�LQ�WKH�GHQVLW\�RI�VWDWHV��EH\RQG�WKH�REYLRXV�IDFW�WKDW�WKH�PLQLPXP

HQHUJ\�RI�TXDVLSDUWLFOHV�PXVW�LQFUHDVH�ZLWK�LQFUHDVLQJ�HQHUJ\�JDS��RU�WKH�TXDVLSDUWLFOH

HQHUJ\�� 7KLV� LV� UHDGLO\� XQGHUVWRRG� E\� FRQVLGHULQJ� WKDW� WKH� OLPLWLQJ� IDFWRU� LQ� WKH

OLIHWLPH� DJDLQVW� DEVRUSWLRQ� LV� WKH� SRSXODWLRQ� RI� WKHUPDO� SKRQRQV� WR� EH� DEVRUEHG�

ZKLFK� LV� RQO\� GHSHQGHQW� RQ� WKH� WHPSHUDWXUH� �VLQFH� WKH� SKRQRQ� GHQVLW\� RI� VWDWHV� LV

UROOHG�XS�LQWR�t
�
���,Q�FRQWUDVW��WKH�OLIHWLPH�DJDLQVW�SKRQRQ�HPLVVLRQ�LV�GHWHUPLQHG�E\

WKH�GHQVLW\�RI�VWDWHV�LQWR�ZKLFK�D�TXDVLSDUWLFOH�FDQ�VFDWWHU��7KXV��WKH�OLIHWLPH�DJDLQVW

)LJXUH�����&DOFXODWHG�TXDVLSDUWLFOH�OLIHWLPHV�IRU�WHPSHUDWXUHV�RI����������DQG�����.�
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SKRQRQ�HPLVVLRQ�LQFUHDVHV�IRU�TXDVLSDUWLFOHV�QHDUHU�WKH�HQHUJ\�JDS�VLQFH�WKHUH�DUH�QR

VWDWHV� WR� ZKLFK� WKH� TXDVLSDUWLFOHV� FRXOG� VFDWWHU�� 7KH� UHFRPELQDWLRQ� OLIHWLPH� LV

GRPLQDWHG� E\� WKH� GHQVLW\� RI� TXDVLSDUWLFOHV� DW� WKH� JDS� HGJH�� 7KLV� LV� VHQVLWLYH� WR� WKH

GHQVLW\�RI�VWDWHV��SDUWLFXODUO\�DW�ORZ�WHPSHUDWXUHV��VLQFH�HYHQ�D�VPDOO�UHGXFWLRQ�LQ�WKH

PLQLPXP� HQHUJ\� WKDW� D� TXDVLSDUWLFOH� FDQ� RFFXS\� ZLOO� GUDPDWLFDOO\� LQFUHDVH� WKH

RFFXSDWLRQ� IUDFWLRQ� RI� TXDVLSDUWLFOHV� DQG� WKXV� UHGXFH� WKH� UHFRPELQDWLRQ� WLPH�� $W

����.��ZH�VHH�WKDW�WKHUH�LV�D�GLIIHUHQFH�RI�HLJKW�RUGHUV�RI�PDJQLWXGH�EHWZHHQ�WKH���QP

$O�GHYLFH�DQG�WKH����QP�$O�GHYLFH� LQ� UHFRPELQDWLRQ� OLIHWLPH��$V� WKH� WHPSHUDWXUH� LV

LQFUHDVHG�WKLV�GLIIHUHQFH�LV�UHGXFHG�DV�WKH�GLIIHUHQFH�LQ�HQHUJ\�JDSV�EHFRPHV�VPDOOHU

UHODWLYH�WR�N
%
7��$W�����.�WKH�GLIIHUHQFH�LV�OHVV�WKDQ���RUGHUV�RI�PDJQLWXGH�DQG�DW�����.

OHVV�WKDQ�RQH�

*LYHQ� WKHVH� UHVXOWV�� KRZ�GR�ZH� H[SODLQ� RXU� UHVXOW� WKDW� WKH� ���QP�$O� GHYLFH

VKRZHG�OHVV�VHOI�KHDWLQJ�WKDQ�WKH���QP�$O�"�$IWHU��DOO�WKH�UHFRPELQDWLRQ�UDWHV�ZRXOG

VHHP� WR� VXJJHVW� WKDW� UHFRPELQDWLRQ� SKRQRQ� UH�DEVRUSWLRQ� VKRXOG� EH� ZRUVH� IRU� WKH

WKLFNHU�$O� OD\HU�GHYLFHV��6LQFH� WKH�FKDUDFWHULVWLF� OLIHWLPH� IRU�TXDVLSDUWLFOHV� LQ�1E� LV

RUGHUV�RI�PDJQLWXGH� IDVWHU� WKDQ�IRU�$O��PRVW�RI� WKH� UHFRPELQDWLRQ�HYHQWV�ZLOO�RFFXU

IRU� TXDVLSDUWLFOHV� WKDW� KDYH� OHIW� WKH� $O� UHJLRQ�� 7KHUHIRUH�� WKH� OLPLWLQJ� IDFWRU� IRU

UHFRPELQDWLRQ�LV�OLNHO\�WR�EH�WKH�ORVV�IURP�WKH�$O�OD\HU�DQG�QRW�WKH�UHFRPELQDWLRQ�UDWH

ZLWKLQ�WKH�$O��7KH�ORVV�UDWH�IURP�D�OD\HU�RI�WKLFNQHVV�G�VKRXOG�VFDOH�DV�G���� WKHUHIRUH

WKH� WKLFNHU�$O� OD\HU�GHYLFHV� VKRXOG� LQ� IDFW� VKRZ� OHVV� UHFRPELQDWLRQ� HYHQWV� WKDQ� WKH

WKLQQHU� RQHV�� VR� ORQJ� DV� WKH� WHPSHUDWXUH� LV� VXIILFLHQWO\� KLJK� WKDW� TXDVLSDUWLFOH

UHFRPELQDWLRQ�LV�UDSLG�

���� ,QMHFWLRQ�'HWHFWLRQ�([SHULPHQWV

7KH� PRWLYDWLRQ� LQ� FDUU\LQJ� RXW� WKHVH� H[SHULPHQWV� ZDV� WR� GHWHUPLQH� LI� DQ\

FRPSRQHQW�RI�WKH�KHDWLQJ�DW�D�MXQFWLRQ�FRXOG�EH�DWWULEXWHG�WR�ORFDOLVHG�UHFRPELQDWLRQ

RI�TXDVLSDUWLFOHV� LQMHFWHG�IURP�D�VHFRQG�MXQFWLRQ�FORVH�E\�� ,Q� WKLV�VHFWLRQ��ZH�UHSRUW

WKH�UHVXOWV�RI�WKHVH�H[SHULPHQWV�
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������ ([SHULPHQWDO

7KH� LQMHFWLRQ�GHWHFWLRQ� H[SHULPHQWV� ZHUH� FDUULHG� RXW� LQ� RXU� 2[IRUG

,QVWUXPHQWV� +HOLR[�� SUREH� DW� D� WHPSHUDWXUH� RI� �����.�� 7KH� PHWKRG� RI� WKH

H[SHULPHQWV� ZDV� VLPLODU� WR� WKDW� GHVFULEHG� LQ� SUHYLRXV� FKDSWHUV�� WKH� FXUUHQW�YROWDJH

FKDUDFWHULVWLF�RI�RQH�MXQFWLRQ�EHLQJ�PRQLWRUHG�ZKLOVW�D�FRQVWDQW�FXUUHQW�ZDV�LQMHFWHG

YLD�D�VHFRQG�MXQFWLRQ��7KH�GHWHFWRU�FXUUHQW�YROWDJH�FKDUDFWHULVWLFV�ZHUH�DFTXLUHG�DQG

UHFRUGHG�XVLQJ�D�/DE9,(:��SURJUDP�DQG�DQDO\VHG�RII�OLQH�

,Q�DGGLWLRQ�WR�WKHVH�PHDVXUHPHQWV��ZH�VRXJKW�D�PHWKRG�WR�DOORZ�D�PRUH�UDSLG

DFTXLVLWLRQ�RI�GDWD�WR�FKDUDFWHULVH�WKH�UHVSRQVH�RI�RXU�GHYLFHV�WR�DQ�LQMHFWLRQ�FXUUHQW�

7R� WKLV� HQG�� ZH� DOVR�PHDVXUHG� WKH� YROWDJH� DFURVV� WKH� GHWHFWRU� MXQFWLRQ� ZKLFK� ZDV

ELDVHG�XVLQJ�D�VPDOO�FRQVWDQW�FXUUHQW��VXFK�WKDW�WKH�GHWHFWRU�ZDV�ELDVHG�LQ�WKH�VXE�JDS

UHJLRQ���ZKLOVW�VZHHSLQJ�D�ODUJH�FXUUHQW�WKURXJK�WKH�LQMHFWRU��,Q�WKH�OLPLW�WKDW�WKH�VXE�

JDS� SRUWLRQ� RI� WKH� GHWHFWRU� FXUUHQW�YROWDJH� FKDUDFWHULVWLF� ZDV� OLQHDU�� WKLV� YROWDJH

PHDVXUHPHQW�ZDV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�VXE�JDS�UHVLVWDQFH��WKXV�ZH�FDQ�UHDGLO\

FRQYHUW�RXU�PHDVXUHPHQWV�WR�: ��GHILQHG�LQ���������7KLV�PHWKRG�KDG�WKH�DGYDQWDJH�WKDW

WKH� IRUP� RI� WKH� UHVSRQVH� FRXOG� EH� VHHQ� ZKLOVW� WKH� DFTXLVLWLRQ� ZDV� SHUIRUPHG� LQ

DGGLWLRQ�WR�UHTXLULQJ�VLJQLILFDQWO\�OHVV�VWRUDJH�VSDFH�
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������ 5HVXOWV

$� W\SLFDO� UHVXOW�RI�QRUPDOLVHG� FRQGXFWDQFH� �: �� DV� D� IXQFWLRQ�RI� WKH� LQMHFWRU

ELDV�LV�VKRZQ�LQ�ILJXUH������4XDOLWDWLYHO\�VLPLODU�UHVXOWV�ZHUH�REWDLQHG�LQGHSHQGHQWO\

RI�WKH�FRQILJXUDWLRQ���L�H��ZKHWKHU�WKH�LQMHFWRU�ZDV�WKH�MXQFWLRQ�RQ�WKH�VDPH�FRPPRQ

EDVH� DV� WKH� GHWHFWRU� RU� QRW�� DQG� LQGHSHQGHQWO\� RI� WKH�$O� OD\HU� WKLFNQHVV�� 7KH�PRVW

VWULNLQJ� HOHPHQW� RI� WKHVH� UHVXOWV� LV� WKDW� XQOLNH� WKH� VLPLODU� UHVXOWV� UHSRUWHG� LQ� WKH

SUHYLRXV�FKDSWHU��WKHUH�LV�QR�HYLGHQFH�RI�VDWXUDWLRQ�LQ� : �DW�KLJK�ELDV��:H�UHWDLQ�WKH

VKDUS�LQFUHDVH�DV�WKH�LQMHFWRU�LV�ELDVHV�SDVW�WKH�HQHUJ\�JDS�IRU�WKH�PHDVXUHPHQW�VKRZQ

LQ�ILJXUH������WKLV�ZDV�QRW�FRQVLVWHQWO\�REVHUYHG�IRU�DOO�FRQILJXUDWLRQV�PHDVXUHG�

)LJXUH� ����� VKRZV� D� SORW� RI� WKH� VKLIW� LQ� GHWHFWRU� ELDV� IRU� D� FRQVWDQW� ELDVHG

GHWHFWRU� DV� WKH� LQMHFWRU� MXQFWLRQ� LV� ELDVHG� RYHU� D� UDQJH� RI� ����P9�� $V� GLVFXVVHG

DERYH�� ZH� FDQ� XVH� WKLV� GDWD� WR� REWDLQ� DQ� HVWLPDWH� RI� WKH� QRUPDOLVHG� FRQGXFWDQFH

FKDQJHV��7KH�FXUYDWXUH�LQ�ILJXUH������VXJJHVWV� WKDW� WKH�QRUPDOLVHG�FRQGXFWDQFH�ZDV

VFDOLQJ�ZLWK� WKH� LQMHFWRU� SRZHU�� VR� IRU� WKH� UHPDLQGHU� RI� WKH� UHVXOWV�ZH� SORW� DJDLQVW

�����

����

�����

����

�����

����

�����

����

�����

��� �� � � ��
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)LJXUH�����1RUPDOLVHG�FRQGXFWDQFH�YHUVXV�LQMHFWRU�ELDV��/RZHU�$O�OD\HU�WKLFNQHVV�ZDV����QP�
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LQMHFWRU�SRZHU� UDWKHU� WKDQ�ELDV��:H�VWDWHG�DERYH� WKDW�ZH�ZHUH�XQDEOH� WR�GLVWLQJXLVK

EHWZHHQ� WKH� LQMHFWRU� LPPHGLDWHO\� DGMDFHQW� WR� WKH� GHWHFWRU� DQG� RQ� D� GLIIHUHQW� EDVH

HOHFWURGH� DUHD�� ,Q� ILJXUH� ����� ZH� SORW� WKH� QRUPDOLVHG� FRQGXFWDQFH� DJDLQVW� LQMHFWRU

SRZHU�D�UDQJH�RI�WKH�LQMHFWRU�DQG�GHWHFWRU�GLVWDQFHV��L�H��LQMHFWRU�RQ�HDFK�RI�WKH�IRXU

FRPPRQ�EDVH�DUHDV�RQ�HDFK�GHYLFH���$V�LV�UHDGLO\�DSSDUHQW��QRQH�RI�WKH�GHYLFHV�ZHUH

VHQVLWLYH�WR�DQ\�HIIHFW�RI�ORFDO�LQMHFWLRQ�RI�VLJQLILFDQW�QXPEHUV�RI�TXDVLSDUWLFOHV�

&OHDUO\�� WKH� GHYLFHV� PXVW� KDYH� EHHQ� UHVSRQGLQJ� RQO\� WR� VXEVWUDWH� PHGLDWHG

SKRQRQV�VLQFH�WKH\�UHVSRQG�HTXDOO\�WR�LQMHFWLRQ�LQ�WKH�VDPH�FRPPRQ�HOHFWURGH�DQG�WR

LQMHFWLRQ�DW�VRPH�GLVWDQFH��)URP�RXU�ZRUN�LQ�WKH�SUHYLRXV�FKDSWHU��ZH�KDYH�VHHQ�WKDW

RXU�6,1�WXQQHO�MXQFWLRQV�DUH�YHU\�VHQVLWLYH�WR�DWKHUPDO��&�SKRQRQV�ZKLFK�SURSDJDWH

WKURXJK�WKH�VXEVWUDWH��DQG�ZH�VXJJHVW�WKDW�WKH�GHYLFHV�UHVSRQG�WR�WKHVH�UDWKHU�WKDQ�WR

DQ� LQFUHDVH� LQ� WKH� VDPSOH� WHPSHUDWXUH�� 7KLV� IROORZV� DV� WKH� VROXWLRQ� WR� WKH� WKUHH

GLPHQVLRQDO�KHDW�IORZ�HTXDWLRQ�IRU�D�VHPL�LQILQLWH�VODE�IRU�D�FRQWLQXRXV�KHDWLQJ�DW�D

SRLQW�JLYHV�D�WHPSHUDWXUH�ULVH�WKDW�LV�LQYHUVHO\�SURSRUWLRQDO�WR�GLVWDQFH�IURP�WKH�SRLQW

����

���

����

���

����

���

����

��� ��� �� � � �� ��
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)LJXUH������'HWHFWRU�YROWDJH��GHWHFWRU�FXUUHQW ��m$��YHUVXV�LQMHFWRU�ELDV��/RZHU�$O�OD\HU�WKLFNQHVV�IRU
WKLV�GHYLFH�ZDV����QP�
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RI�KHDWLQJ��������)RU�RXU�GHYLFHV��DQ\�HIIHFW�RI�GLVWDQFH�LV�PXFK�OHVV�WKDQ�WKH�LQWULQVLF

YDULDWLRQ� EHWZHHQ� GHYLFHV� �� L�H�� VRPH� GHWHFWRUV� FRQVLVWHQWO\� JDYH� D� VWURQJHU� VLJQDO�

7KH�VRXUFH�RI�WKLV�LQWULQVLF�YDULDWLRQ�ZDV�QRW�IXOO\�XQGHUVWRRG�EXW�ZDV�EHOLHYHG�WR�EH�D

GHYLFH�SURGXFWLRQ�LVVXH�

������ 5DQGRP�:DON�0RGHO

+DYLQJ�FRQFOXGHG�WKDW�RXU�GHYLFHV�GLG�QRW�UHVSRQG�WR�ORFDOLVHG�UHFRPELQDWLRQ

QHDU� WKH� GHWHFWRU� MXQFWLRQ�� ZH� XVHG� WKH� UDQGRP� ZDON� PRGHO� WKDW� ZH� GHYHORSHG� LQ

FKDSWHU� �� WR� LQYHVWLJDWH� WKH� QXPEHUV� RI� TXDVLSDUWLFOHV� OLNHO\� WR� UHDFK� WKH� GHWHFWRU

MXQFWLRQ�

7R�UHFDSLWXODWH��WKH�PRGHO�VLPXODWHV�D�TXDVLSDUWLFOH�LQMHFWHG�DW�D�UDQGRP�SRLQW

ZLWKLQ�WKH�DUHD�FRYHUHG�E\�WKH�LQMHFWRU�MXQFWLRQ��WKHQ�DOORZLQJ�LW�WR�VFDWWHU�UDQGRPO\

)LJXUH������1RUPDOLVHG�FRQGXFWDQFH�YHUVXV�LQMHFWHG�SRZHU�IRU�PDQ\�GLIIHUHQW�PHDVXUHPHQW
FRQILJXUDWLRQV�
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IRU� D� IL[HG� QXPEHU� RI� VFDWWHULQJ� VWHSV� RI� IL[HG� OHQJWK�� $W� HDFK� VFDWWHU� VWDJH�� WKH

ORFDWLRQ�RI�WKH�TXDVLSDUWLFOH�LV�QRWHG�DQG�D�FRXQW�RI�WKH�QXPEHU�RI�WLPHV�LW�KDG�EHHQ�LQ

WKDW�DUHD�RI�WKH�EDVH�HOHFWURGH�LQFUHPHQWHG��7KH�IUHH�SDUDPHWHUV�LQ�WKH�PRGHO�DUH�WKH

VFDWWHULQJ�VWHS�OHQJWK��ZKLFK�LV�HTXLYDOHQW�WR�WKH�PHDQ�IUHH�SDWK�RI�WKH�TXDVLSDUWLFOHV��

DQG�WKH�WRWDO�QXPEHU�RI�VWHSV�WKDW�DUH�WDNHQ�E\�D�TXDVLSDUWLFOH��ZKLFK�LV�HTXLYDOHQW�WR

WKH�OLIHWLPH�RI�WKH�TXDVLSDUWLFOH���7KH�GHQVLW\�RI�TXDVLSDUWLFOHV�FDQ�EH�IRXQG�IURP�WKH

PHDQ�QXPEHU�RI�WLPHV�D�TXDVLSDUWLFOH�SDVVHV�WKURXJK�D�UHJLRQ�ZLWKLQ�LWV�OLIHWLPH�DQG

WKH�QXPEHU�RI�TXDVLSDUWLFOHV�LQMHFWHG�LQWR�WKH�HOHFWURGH�

,Q� RUGHU� WR� ILQG� WKH� PHDQ� IUHH� SDWK� RI� TXDVLSDUWLFOHV� LQ� WKHVH� GHYLFHV� ZH

PHDVXUHG� D� UHVLGXDO� UHVLVWDQFH� UDWLR� �555�� RI� WKH� EDVH� HOHFWURGH� RI� D� FRPSOHWHG

GHYLFH��7KH� FRXQWHU�HOHFWURGH� KDG� EHHQ� UHPRYHG� IURP� WKH�ZKROH� RI� WKH� DUHD� RI� WKH

FKLS� ZKRVH� UHVLVWDQFH� ZH�PHDVXUHG�� WKXV� WKH� 555� LV� IRU� WKH� EDVH� HOHFWURGH� DORQH�

)URP�WKLV�ZH�IRXQG�WKDW�WKH�PHDQ�IUHH�SDWK�ZDV���QP���WKLV�LV�FRPSDUDEOH�ZLWK�PHDQ

IUHH� SDWKV� IRU� VLPLODU� SRO\FU\VWDOOLQH� 1E� GHYLFHV� UHSRUWHG� LQ� WKH� OLWHUDWXUH

��*LMVEHUWVHQ�����E����8QOLNH�RXU�SUHYLRXV� VLPXODWLRQV�� WKH�PHDQ� IUHH�SDWK� LV�PXFK

VPDOOHU�WKDQ�WKH�ILOP�WKLFNQHVV��)RU�WKLV�UHDVRQ��ZH�XVHG�D�WUXH��'�VLPXODWLRQ�UDWKHU

WKDQ� D� �'� RQH� DV� LQ� SUHYLRXV� FDVHV�� :KLOVW� WKLV� ZRXOG� WHQG� WR� XQGHUHVWLPDWH� WKH

QXPEHU� RI� TXDVLSDUWLFOHV� DEOH� WR� WXQQHO� DW� WKH� GHWHFWRU�� ZH� ZHUH� LQWHUHVWHG� LQ� WKH

QXPEHU�RI�UHFRPELQDWLRQ�HYHQWV�XQGHU�WKH�GHWHFWRU�MXQFWLRQ��$VVXPLQJ�WKH�GHQVLW\�RI

TXDVLSDUWLFOHV� WR� EH� IDU� IURP� WKHUPDO� HTXLOLEULXP� SRSXODWLRQV�� WKH� UDWH� RI

UHFRPELQDWLRQ�SKRQRQ�SURGXFWLRQ��DV�JLYHQ�E\�WKH�5RWKZDUI�7D\ORU�(TXDWLRQV��������

DQG���������ZLOO�VFDOH�DV�WKH�GHQVLW\�RI�TXDVLSDUWLFOHV�VTXDUHG��6LQFH�ZH�GR�QRW�NQRZ

WKH�OLIHWLPHV�RI�TXDVLSDUWLFOHV�LQ�WKLV�VWUXFWXUH��ZH�FDQ�XVH�WKH�ILJXUH�ZH�IRXQG�IRU�1E

LQ� FKDSWHU��� �����QV�� DV� D� ORZHU� ERXQG� HVWLPDWH��$Q�XSSHU� ERXQG� WR� WKH� OLIHWLPH� LV

GLIILFXOW�WR�HVWLPDWH��KRZHYHU�ZH�FRXOG�DVVXPH�WKDW�WKH�XSSHU�OLPLW�LV�UHSUHVHQWHG�E\

WKH�HIIHFWLYH�OLIHWLPH�LQ�$O��7KLV�LWVHOI�LV�QRW�DV�ZHOO�FKDUDFWHULVHG�DV�PLJKW�EH�GHVLUHG�

KRZHYHU� DQ� HIIHFWLYH� OLIHWLPH� RI� RUGHU� ��� WLPHV� WKH� TXDVLSDUWLFOH� OLIHWLPH� DJDLQVW

UHFRPELQDWLRQ�ZRXOG�QRW�EH�XQUHDVRQDEOH��7KLV�ZRXOG�JLYH�DQ�XSSHU�ERXQG� OLPLW�RI

DURXQG����V�
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,I�ZH� DVVXPH� WKDW� WKH� TXDVLSDUWLFOH� YHORFLW\� LV� DSSUR[LPDWHO\� KDOI� WKH� IHUPL

YHORFLW\� �� VHH� �������� IRU� D� MXVWLILFDWLRQ� RI� WKLV�� WKHQ� WKH� HODVWLF� OLIHWLPH�� t
HOV
 ����

IHPWR�VHFRQGV�� 7KXV�� RXU� VLPXODWLRQ� UHTXLUHV� EHWZHHQ� ��� PLOOLRQ� DQG� ���� PLOOLRQ

VFDWWHULQJ� HYHQWV�� +RZHYHU�� WKH� PHDQ�IUHH� SDWK� LV� YHU\� VKRUW�� VR� ZH� H[SHFW� PXFK

KLJKHU�TXDVLSDUWLFOH�GHQVLWLHV��LQ�ZKLFK�FDVH�WKH�UHFRPELQDWLRQ�UDWH�ZRXOG�EH�H[SHFWHG

WR� EH� YHU\� KLJK�� DQG� VR� WKH� HIIHFWLYH� OLIHWLPH� �ZKLFK� LV� JLYHQ� E\� �������� ZLOO� EH

FRUUHVSRQGLQJO\�VKRUWHU��7KHUHIRUH��RXU�ORZHU�OLIHWLPH�LV�UDWKHU�WRR�ORQJ�

$V� ZH� GLG� LQ� FKDSWHU� ��� ZH� GLYLGHG� WKH� FRPPRQ� EDVH� HOHFWURGH� DUHD� LQWR

��������QP� UHJLRQV� WR� FDOFXODWH� WKH� UHODWLYH� GHQVLW\� RI� TXDVLSDUWLFOHV�� $� W\SLFDO

GLVWULEXWLRQ�RI�TXDVLSDUWLFOHV�DIWHU����PLOOLRQ�VFDWWHUV�LV�VKRZQ�LQ�IDOVH�FRORXU�LQ�ILJXUH

������7KH�SHDN�GHQVLW\�LV�DURXQG������SHU�LQMHFWHG�TXDVLSDUWLFOH�SHU�������������QP

YROXPH��%\�VXPPLQJ�WKH�GHQVLW\�RYHU�WKH�LQMHFWRU�DQG�GHWHFWRU� MXQFWLRQ�UHJLRQV��ZH

ZHUH� DEOH� WR� ILQG� WKH� UHODWLYH� GHQVLW\� RI� TXDVLSDUWLFOHV� DV� WKH� HIIHFWLYH� OLIHWLPH� LV

LQFUHDVHG��)URP�WKH�5RWKZDUI�7D\ORU�HTXDWLRQV��ZH�VHH�WKDW�WKH�UHFRPELQDWLRQ�UDWH�LV

SURSRUWLRQDO� WR� WKH� VTXDUH�RI� WKH�TXDVLSDUWLFOH�GHQVLW\�� WKXV�ZH�FDQ� ILQG� WKH� UHODWLYH

UHFRPELQDWLRQ�UDWHV�DW�WKH�LQMHFWRU�DQG�GHWHFWRU��ZKLFK�ZH�SORW�LQ�ILJXUH�������)RU�YHU\

VKRUW� OLIHWLPHV�� RI� RUGHU� ���QV�� QR� TXDVLSDUWLFOHV� JHW� DV� IDU� DV� WKH� GHWHFWRU� MXQFWLRQ�

VRPH����P�IURP�WKH�LQMHFWRU��(YHQ�DIWHU����PLOOLRQ�VFDWWHUV��WKH�UDWH�RI�TXDVLSDUWLFOH

UHFRPELQDWLRQ� DW� WKH� GHWHFWRU� LV� D� IDFWRU� ���� OHVV� WKDQ� WKH� UDWH� DW� WKH� LQMHFWRU�

7KHUHIRUH�� XQOHVV� ZH� DUH� DEOH� WR� LVRODWH� WKH� GHWHFWRU� IURP� WKH� SKRQRQV� SURGXFHG

GXULQJ� UHFRPELQDWLRQ� DW� WKH� LQMHFWRU�� ZH� DUH� XQOLNHO\� WR� EH� DEOH� WR� REVHUYH

UHFRPELQDWLRQ� DW� WKH� GHWHFWRU�� *LYHQ� WKDW� WKH� DWKHUPDO� UHFRPELQDWLRQ� SKRQRQV� DUH

)LJXUH������5DQGRP�ZDON�PRGHO�DIWHU����PLOOLRQ�VFDWWHUV��6WHS�OHQJWK�ZDV���QP�
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UHODWLYHO\�ORQJ�OLYHG�LQ�WKH�VDSSKLUH�VXEVWUDWH��DQG�DVVXPLQJ�WKDW�WKH�FRXSOLQJ�EHWZHHQ

WKH� LQMHFWRU� DQG� GHWHFWRU� ZKHQ� RQ� WKH� VDPH� FRPPRQ� EDVH� LV� YLD� WKH� VXEVWUDWH�� LW

IROORZV�WKDW�ZH�DUH�DOVR�XQOLNHO\�WR�EH�DEOH�WR�GLIIHUHQWLDWH�EHWZHHQ� LQMHFWRUV�RQ� WKH

VDPH�FRPPRQ�EDVH�HOHFWURGH�DQG�RQ�GLIIHUHQW�RQHV�

���� 6XPPDU\�DQG�&RQFOXVLRQV

,Q�WKLV�FKDSWHU��ZH�KDYH�SUHVHQWHG�PHDVXUHPHQWV�RQ�GHYLFHV�ZLWK�D�FRPPRQ

VXSHUFRQGXFWLQJ�HOHFWURGH� DQG�6,1� WXQQHO� MXQFWLRQV�� LQ�ZKLFK� WKH� VXSHUFRQGXFWRU� LV

FRPSRVHG�RI�D�SUR[LPLWLVHG�1E�$O�VWUXFWXUH�

:H� KDYH� VKRZQ� WKDW� IRU� RXU� GHYLFHV� WKH� SUR[LPLWLVHG� VWUXFWXUH� LV� EHWWHU

GHVFULEHG� E\� D�PRGHO� RI� DQ� 6�1� OD\HU� UDWKHU� WKDQ� DQ� 6�6
� OD\HU�� HYHQ� DW� D� FU\RVWDW

WHPSHUDWXUH�WKDW�LV�ZHOO�EHORZ�WKH�7
F
�RI�$O��%\�PHDVXUHPHQW�RI�WKH�QRUPDOLVHG�VXE�

JDS� FRQGXFWDQFH� RI� RXU� GHYLFHV��ZH� KDYH� VKRZQ� WKDW� WKH� GHYLFHV� DUH� QRW� WKHUPDOO\

OLPLWHG� EHORZ� D� WHPSHUDWXUH� RI� DURXQG� ��.�� GHSHQGHQW� VOLJKWO\� XSRQ� WKH� GHYLFH

�

�

�

�

�

�

� �� ��� ��� ���
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)LJXUH������5HODWLYH�UHFRPELQDWLRQ�UDWH�DW�LQMHFWRU�DQG�GHWHFWRU�
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VWUXFWXUH��+RZHYHU�� WKH� VXE�JDS� FRQGXFWDQFH� GRHV� QRW� VDWXUDWH� XQWLO� D� UDWKHU� ORZHU

FU\RVWDW� WHPSHUDWXUH�� W\SLFDOO\� ����.�� ,Q� EHWZHHQ� WKHVH� UHJLPHV�� WKH� VXE�JDS

UHVLVWDQFH� FRQWLQXHV� WR� GHFUHDVH�� DOEHLW� DW� D� OHVVHU� H[WHQW� WKDQ� D� VLPSOH� FDOFXODWLRQ

EDVHG�XSRQ� WKH�PHDVXUHG�GHQVLW\�RI� VWDWHV�ZRXOG� VXJJHVW��:H� DWWULEXWH� WKLV� WR� VHOI�

KHDWLQJ� RI� WKH� GHYLFHV� GXH� WR� UHDEVRUSWLRQ� RI� UHFRPELQDWLRQ� SKRQRQV� DQG� EDFN

WXQQHOOLQJ�RI�TXDVLSDUWLFOHV��%\�FRPSDULQJ�WKH�PHDVXUHG�VDPSOH�WHPSHUDWXUH�ZLWK�WKDW

LQIHUUHG� IURP� WKH� PHDVXUHG� VXE�JDS� FRQGXFWDQFH� DQG� FDOFXODWHG� FXUUHQW�YROWDJH

FKDUDFWHULVWLFV��ZH�KDYH�VKRZQ�WKDW�WKH�GHJUHH�RI�VHOI�KHDWLQJ�LV�OHVV�LQ�GHYLFHV�ZLWK�D

WKLFNHU�SUR[LPLWLVHG�$O�OD\HU�

2XU� DWWHPSW� WR� PHDVXUH� D� ORFDOLVHG� UHFRPELQDWLRQ� UDWH� RI� TXDVLSDUWLFOHV� E\

PHDQV� RI� DQ� LQMHFWLRQ�GHWHFWLRQ� H[SHULPHQW� KDV� EHHQ� KDPSHUHG� E\� WKH� LQDELOLW\� WR

GLVFULPLQDWH�EHWZHHQ�UHFRPELQDWLRQ�HYHQWV�WKDW�PLJKW�EH�RFFXUULQJ�GLUHFWO\�XQGHU�RXU

GHWHFWRU� MXQFWLRQ� DQG� WKH� VXEVWUDWH� PHGLDWHG� SKRQRQV� IURP� GLVWDQW� UHFRPELQDWLRQ

HYHQWV��$�VLPSOH�UDQGRP�ZDON�PRGHO�KDV�GHPRQVWUDWHG�WKDW�RXU�GHYLFHV�DUH�OLNHO\�WR

H[SHULHQFH� D� YHU\� KLJK� UDWH� RI� VHOI�UHFRPELQDWLRQ� RI� TXDVLSDUWLFOHV� FORVH� WR� WKH

LQMHFWRU��ZKLFK� XQOHVV� LVRODWHG� IURP� WKH� GHWHFWRU� LV� OLNHO\� WR� RYHUZKHOP� DQ\� VLJQDO

IURP�WKH�GHWHFWRU��,W�LV�SRVVLEOH�WKDW�IDEULFDWLQJ�VXFK�GHYLFHV�RQ�D�PHPEUDQH�DQG�WKXV

UHGXFLQJ�WKH�OLNHOLKRRG�RI�VLJQLILFDQW�VXEVWUDWH�SKRQRQ�FRXSOLQJ�EHWZHHQ�LQMHFWRU�DQG

GHWHFWRU�ZRXOG�HQDEOH�D�GLUHFW�PHDVXUH�RI�WKH�UHFRPELQDWLRQ�OHQJWK�LQ�RXU�GHYLFHV��,Q

DGGLWLRQ�� VXFK� D� JHRPHWU\� ZRXOG� FORVHO\� UHVHPEOH� WKH� LQWHQGHG� JHRPHWU\� RI� D� 6,1

WXQQHO�MXQFWLRQ�GHWHFWRU�RU�HOHFWURQ�UHIULJHUDWRU�



&KDSWHU���

&RQFOXVLRQV

$QG�IXUWKHUPRUH��P\�VRQ��EH�DGPRQLVKHG��RI�WKH�PDNLQJ�RI�PDQ\�ERRNV

WKHUH�LV�QR�HQG��DQG�PXFK�VWXG\�LV�D�ZHDULQHVV�RI�WKH�IOHVK�

�(FFOHVLDVWHV�������
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:H�KDYH�DOUHDG\�JLYHQ�VRPH�FRQFOXVLRQV� IURP� WKH�H[SHULPHQWDO�ZRUN� DW� WKH

HQGV�RI� WKH� UHOHYDQW�FKDSWHUV��VR� LQ� WKLV�FKDSWHU�ZH�EULQJ� WRJHWKHU� WKHVH�FRQFOXVLRQV

LQWR� RQH� VXPPDU\�� :KHUH� DSSURSULDWH�� LQGLFDWLRQV� DUH� JLYHQ� RI� RWKHU� DYHQXHV� RI

LQYHVWLJDWLRQ�

���� 4XDVLSDUWLFOH�/LIHWLPHV�LQ�1LRELXP

,Q�FKDSWHU���ZH�UHSRUWHG�RXU�PHDVXUHPHQWV�RI�WKH�OLIHWLPH�RI�TXDVLSDUWLFOHV�LQ

QLRELXP��:H� IRXQG�DQ� HIIHFWLYH� OLIHWLPH�RI� EHWZHHQ� ����QV����QV� DQG����QV����QV�

7KLV�LV�LQ�JRRG�DJUHHPHQW�ZLWK�PHDVXUHPHQWV�PDGH�E\�RWKHU�ZRUNHUV� LQ�WKH�ILHOG�LQ

VLPLODU�H[SHULPHQWV��7KLV�OLIHWLPH�LV�PXFK�VKRUWHU�WKDQ�WKDW�ZKLFK�ZRXOG�EH�SUHGLFWHG

E\� WKH�5RWKZDUI�7D\ORU� HTXDWLRQV� IRU� UHFRPELQDWLRQ� DORQH��:H�FRQFOXGH�� WKHUHIRUH�

WKDW�DQRWKHU�TXDVLSDUWLFOH�ORVV�SURFHVV�GRPLQDWHV��2XU�PHDVXUHPHQWV�GR�QRW�LQGLFDWH�

KRZHYHU�� WKDW� WKH� SUHVHQFH� RI� DQRGLF� R[LGHV� LQ� WKH� GHYLFH� LV� WKH� SULPDU\� VRXUFH� RI

TXDVLSDUWLFOH� ORVV�� 7KLV� LV� FRQWUDU\� WR� WKH� UHVXOWV� RI� *LMVEHUWVHQ�*LMVEHUWVHQ� ������

ZKR� VKRZHG� D� VLPLODU� TXDVLSDUWLFOH� ORVV� WLPH� DVVRFLDWHG� ZLWK� DQRGLF� R[LGH� LQ� KLV

GHYLFHV�� :H� VSHFXODWH� WKDW� WKHVH� FRQWUDGLFWRU\� UHVXOWV� PD\� EH� H[SODLQHG� E\� WKH

GLIIHUHQFH�LQ�WKH�PLFURVWUXFWXUH�RI�WKH�1E�ILOPV��RXUV�DUH�HSLWD[LDO�ZKLOVW�*LMVEHUWVHQ
V

ZHUH� SRO\FU\VWDOOLQH�� :H� VXJJHVW� WKDW� WKH� ORVV� SURFHVV� LV� DVVRFLDWHG� ZLWK� R[LGH

IRUPDWLRQ�LQ�WKH�1E�JUDLQ�ERXQGDULHV�

:H� KDYH� IRXQG�� KRZHYHU�� WKDW� WKH� QLRELXP� R[LGH� VXSSUHVVHV� WKH� SURFHVV� RI

TXDVLSDUWLFOH�PXOWLSOLFDWLRQ��:H�LQWHUSUHW�RXU�UHVXOWV�DV� LQGLFDWLQJ�D�SURFHVV�RI� UDSLG

LQHODVWLF�TXDVLSDUWLFOH�VFDWWHULQJ�LQ�RU�DW�WKH�1E�1E
�
2

�
�LQWHUIDFH��UHVXOWLQJ�LQ�SKRQRQV

ZLWK� HQHUJLHV� OHVV� WKDQ� �&�� 7KLV� SURFHVV� PD\� DOVR� H[SODLQ� ZK\� WKH� GLVWULEXWLRQ� RI

TXDVLSDUWLFOHV�DW�WKH�GHWHFWRU�LV�ZHOO�GHVFULEHG�E\�D�WKHUPDO�PRGHO�ZLWK�DQ�LQFUHDVHG

WHPSHUDWXUH��WKH�VR�FDOOHG�7
�PRGHO���ZKHUHDV�SUHYLRXV�H[SHULPHQWHUV�KDYH�IRXQG�D

QRQ�WKHUPDO�GLVWULEXWLRQ�:DUEXUWRQ�����E��

0DMRU� UHVROXWLRQ� OLPLWLQJ� IDFWRUV� LQ� 67-� GHWHFWRUV�� DQG� RWKHU� FODVVHV� RI

GHWHFWRUV�WKDW�UHO\�RQ�TXDVLSDUWLFOH�WUDQVSRUW�WR�WKH�GHWHFWRU��H�J��WKH�6XSHUFRQGXFWLQJ

/DUJH� $UHD� 3KRQRQ� 6HQVRU� RI� �1DP� �������� DUH� WKH� PXFK� VORZHU� WKDQ� H[SHFWHG

GLIIXVLRQ�DQG�UDSLG�ORVV�RI�TXDVLSDUWLFOHV��,W�KDV�EHHQ�VXJJHVWHG�WKDW�WKLV�LV�D�UHVXOW�RI
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ORFDOLVHG�HQHUJ\�JDS�VXSSUHVVLRQ�E\��DPRQJVW�RWKHU�IDFWRUV��PHWDOOLF�R[LGHV�DQG�JUDLQ

ERXQGDULHV��2XU�UHVXOWV�ZRXOG�VXJJHVW�WKDW�WKH�SUHVHQFH�RI�DQRGLF�R[LGH�DORQH�LV�QRW

WKH�FDXVH��)XUWKHU�LQYHVWLJDWLRQ�RI�GHYLFHV�ZLWK�D�UDQJH�RI�GLIIHUHQW�JUDLQ�VL]HV�ZRXOG

KHOS� SLQ� GRZQ� WKH� H[DFW� UROH� RI� JUDLQ� ERXQGDULHV� LQ� TXDVLSDUWLFOH� ORVV�� ,Q� VXFK� DQ

H[SHULPHQW�RQH�ZRXOG�KRSH� WR� VHH� D� V\VWHPDWLF� FKDQJH� LQ� WKH� TXDVLSDUWLFOH� OLIHWLPH

ZKHQ�DQDO\VHG�XVLQJ� D�PRGHO� VLPLODU� WR�RXU� UDQGRP�ZDON�PRGHO��7KH� DGYDQWDJH�RI

WKLV�NLQG�RI�PRGHO�LV�WKDW�LW�LQFOXGHV�WKH�UHGXFWLRQ�LQ�PHDQ�IUHH�SDWK�RI�TXDVLSDUWLFOHV

DVVRFLDWHG�ZLWK�D�UHGXFWLRQ�LQ�JUDLQ�VL]H��,W�ZRXOG�DOVR�EH�GHVLUDEOH�WR�UHODWH�WKH�UHVXOWV

WR� D� GLIIXVLRQ�PRGHO�� SRVVLEO\� E\� XVLQJ� SXOVHG� FXUUHQWV� WR� HVWDEOLVK� D� TXDVLSDUWLFOH

WUDQVSRUW�WLPH�

���� 6XSHUFRQGXFWRU�,QVXODWRU�1RUPDO�0HWDO

'HWHFWRUV

,Q�FKDSWHU���ZH�UHSRUWHG�RXU�ZRUN�RQ�GHYHORSLQJ�GHWHFWRUV�XVLQJ�D�6,1�WXQQHO

MXQFWLRQ�WR�UHDGRXW�D�FKDQJH�LQ�WKH�HOHFWURQLF�WHPSHUDWXUH�RI�D�UHJLRQ�RI�QRUPDO�PHWDO�

2XU� UHVXOWV� KDYH� KLJKOLJKWHG� WKDW� IRU� GHWHFWRUV� EDVHG� RQ� DEVRUSWLRQ� RI� LQFLGHQW

SDUWLFOHV� LQ�D�QRUPDO�PHWDO� ILOP�� WKH� ORVV�RI�HQHUJ\� WR� WKH�SKRQRQ�V\VWHP�RI� D� WKLFN

VXEVWUDWH� LV� D� PDMRU� OLPLWLQJ� IDFWRU�� 2Q� WKH� RWKHU� KDQG�� GHWHFWRUV� WKDW� DEVRUE� WKH

LQFLGHQW�SDUWLFOH�LQ�D�WKLFN�GLHOHFWULF�FU\VWDO��VXFK�DV�RXU�VDSSKLUH�VXEVWUDWHV��DQG�WKHQ

VHQVH� WKH� DWKHUPDO� SKRQRQV�� ZLOO� RSHUDWH� LQ� D� IDVKLRQ� VLPLODU� WR� RXU� GHYLFHV�� 2XU

UHVXOWV� DUH� UHOHYDQW� WR� WKHVH� W\SHV� RI� GHWHFWRU� VLQFH�ZH� VKRZ� WKDW� WKH� GHVLJQ� RI� WKH

DWKHUPDO�SKRQRQ�FROOHFWRU���L�H��ZKHUH�DWKHUPDO�SKRQRQV�DUH�DEVRUEHG�DQG�WKH�HQHUJ\

WUDQVIHUUHG� WR� DQ� HOHFWURQ� V\VWHP� �� PD\� VHYHUHO\� LQIOXHQFH� WKH� SHUIRUPDQFH� RI� WKH

GHWHFWRU�� ,Q� RXU� GHYLFHV�� ZH� IRXQG� WKDW� WKH� DEVRUEHU� HIIHFWLYHO\� 
EORFNHG
� DWKHUPDO

SKRQRQV�JHQHUDWHG�DW�D�MXQFWLRQ�RQ�RQH�VLGH�IURP�EHLQJ�GHWHFWHG�E\�RQH�RQ�WKH�RWKHU

VLGH��)XUWKHUPRUH�ZH�REVHUYHG�D� UDSLG� VDWXUDWLRQ�RI� UHVSRQVH�ZKHQ�D� UHODWLYHO\� ORZ

WKUHVKROG�RI�SRZHU�ZDV�LQMHFWHG�LQWR�WKH�V\VWHP�

2XU� DWWHPSWV� WR� LQWURGXFH� D� FRQWUROOHG� EDUULHU� WR� WKH� DWKHUPDO� SKRQRQV�ZHUH

LQFRQFOXVLYH�� ,W� LV� SRVVLEOH� WKDW� RXU� EDUULHU� VWUXFWXUHV� ZHUH� WRR� QDUURZ� WR� DFW� DV

HIILFLHQW�SKRQRQ�WUDSV�LQ�WKH�VDPH�ZD\�DV�WKH�DFWXDO�DEVRUEHU��2XU�GHYLFH�IDEULFDWHG
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RQ�WKH�PHPEUDQH��KRZHYHU��FOHDUO\�LQGLFDWHV�WKH�UROH�RI�WKH�VXEVWUDWH�LQ�GHWHUPLQLQJ

WKH�UHVSRQVH�RI�WKH�GHYLFH�WR�SRZHU�LQMHFWLRQ��:LWKRXW�D�VXEVWUDWH�WR�WUDQVPLW�DWKHUPDO

SKRQRQV�� ERWK� WKH� VWURQJ� DQG� UDSLGO\� VDWXUDWHG� UHVSRQVH� RI� WKH� GHYLFH� WR� RQO\� YHU\

VPDOO�LQMHFWHG�FXUUHQWV��DQG�WKH�JHRPHWULFDO�GHSHQGHQFLHV�DUH�UHPRYHG�

2XU� RULJLQDO� LQWHQWLRQ� KDG� EHHQ� WR� SHUIHFW� WKH� IDEULFDWLRQ� WHFKQLTXHV� DQG

RSWLPLVH�WKH�GHYLFH�VWUXFWXUH�IRU�KLJK�TXDOLW\�6,1�WXQQHO�MXQFWLRQV�RQ�EXON�VXEVWUDWHV�

EHIRUH� DWWHPSWLQJ� WR� PDQXIDFWXUH� UHDO� GHYLFHV� RQ� PHPEUDQHV�� ,Q� WKH� HYHQW�� RXU

LQMHFWLRQ�GHWHFWLRQ�H[SHULPHQWV�RQ�EXON�VXEVWUDWHV�SURYHG�VXIILFLHQWO\�LQWULJXLQJ� WKDW

WKLV�ZDV�SXUVXHG�IXUWKHU��)RU�WKH�FRQWLQXHG�GHYHORSPHQW�RI�6,1�WXQQHO�MXQFWLRQ�EDVHG

GHWHFWRUV�WKHVH�H[SHULPHQWV�KDYH�UHDFKHG�D�QDWXUDO�HQG��VLQFH�LW�LV�FOHDU�WKDW�VXEVWUDWH

RULJLQDWHG�HIIHFWV�DUH�GRPLQDWLQJ�

7KH�PDMRU�SUREOHP�WKDW�LV�OLNHO\�WR�OLPLW�WKH�XVHIXOQHVV�RI�6,1�WXQQHO�MXQFWLRQ

GHWHFWRUV� LV� WKHLU� WHQGHQF\� WR� VHOI�KHDW�� HLWKHU� GXH� WR� EDFN� WXQQHOOLQJ� RU� GXH� WR

UHDEVRUSWLRQ� RI� UHFRPELQDWLRQ� SKRQRQV��:H� KDYH� VWDUWHG� WR� DGGUHVV� WKHVH� LVVXHV� LQ

FKDSWHU� �� E\� H[DPLQLQJ� WKH� XVH� RI� D� SUR[LPLWLVHG� KHWHURVWUXFWXUH� WR� LQIOXHQFH� WKH

TXDVLSDUWLFOH�G\QDPLFV��)URP� WKH�GHQVLW\�RI� VWDWHV� LQ�RXU�GHYLFHV��ZH� FRQFOXGH� WKDW

RXU�GHYLFHV�DUH�EHVW�GHVFULEHG�E\�DQ�6�1�SUR[LPLW\�PRGHO�UDWKHU�WKDQ�WKH�6�6
�WKDW�ZH

ZRXOG� H[SHFW� IURP� WKH� GHYLFH� VWUXFWXUH��:H� KDYH� VKRZQ� WKDW� WKH� MXQFWLRQV� DUH� QRW

OLPLWHG�E\� WKH�EDWK� WHPSHUDWXUH� IRU� WHPSHUDWXUHV� OHVV� WKDQ� DERXW���.��+RZHYHU��QRU

DUH�WKH\�VLPSO\�OHDNDJH�OLPLWHG�DW�OHDVW�XQWLO�WHPSHUDWXUHV�RI�����.��%\�FDOFXODWLQJ�WKH

FRQGXFWDQFH�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�EDVHG�RQ�WKH�PHDVXUHG�GHQVLW\�RI�VWDWHV�DQG

FRPSDULQJ� ZLWK� WKH� PHDVXUHG� FRQGXFWDQFH� DQG� WHPSHUDWXUH�� ZH� KDYH� LQIHUUHG� DQ

HIIHFWLYH�ORFDO�HOHFWURQ�WHPSHUDWXUH�IRU�GLIIHUHQW�SUR[LPLW\�VWUXFWXUHV��:H�KDYH�VKRZQ

WKDW�LQGHHG�WKH�VHOI�KHDWLQJ�LV�OHVV�IRU�VWUXFWXUHV�ZLWK�D�WKLFNHU�6
�1��OD\HU�

0XFK�IXUWKHU�ZRUN�FRXOG�SURILWDEO\�EH�DFFRPSOLVKHG�IROORZLQJ�WKLV��WR�JDLQ�D

EHWWHU�XQGHUVWDQGLQJ�RI�TXDVLSDUWLFOH�G\QDPLFV� LQ�SUR[LPLWLVHG�KHWHURVWUXFWXUHV��2XU

DWWHPSW� WR� PHDVXUH� GLUHFWO\� D� ORFDO� UHFRPELQDWLRQ� UDWH� ZDV� KDPSHUHG� E\� WKH

FRQGXFWLRQ�RI�UHFRPELQDWLRQ�SKRQRQV�YLD�WKH�VXEVWUDWH��$Q�REYLRXV�QH[W�VWDJH�RI�WKH

H[SHULPHQWV�ZRXOG�EH�WR�UHSHDW�WKHVH�LQMHFWLRQ�GHWHFWLRQ�H[SHULPHQWV�ZLWK�D�GHYLFH�RQ

D�PHPEUDQH�



&KDSWHU�����&RQFOXVLRQV

���

���� 6WDWH�RI�WKH�$UW�&U\RJHQLF�'HWHFWRUV

)LQDOO\��ZH�VKRXOG�FRQVLGHU� WKH�VWDWH�RI� WKH� ORZ�WHPSHUDWXUH�GHWHFWRU� ILHOG�DW

WKH�FRQFOXVLRQ�RI� WKLV�ZRUN�� ,Q� WKLV� WKHVLV��ZH�FRQVLGHUHG� WKH�XVH�RI�QLRELXP�DV� WKH

VXSHUFRQGXFWRU�LQ�RXU�GHWHFWRUV��2QH�RI�WKH�DWWUDFWLRQV�LQ�WKH�FKRLFH�RI�PDWHULDO�ZDV

WKH� UHODWLYHO\� KLJK� 7
F
� RI� QLRELXP�� ZKLFK� DOORZHG� RSHUDWLRQ� RI� D� GHWHFWRU� �ZKLFK

LGHDOO\�VKRXOG�EH�DW�OHVV�WKDQ�7
F
�����LQ��+H�FU\RVWDWV�DW����.��'XULQJ�WKH�ODVW���\HDUV�

WKHUH�KDV�EHHQ�D�VKLIW� LQ� WKH�RSHUDWLQJ� WHPSHUDWXUH� WR� ORZHU� WHPSHUDWXUHV�� DV� ORZ�DV

��P.��:KHWKHU�WKLV�KDV�EHHQ�GULYHQ�E\�WKH�XVH�RI�ORZHU�7
F
�VXSHUFRQGXFWRUV��VXFK�DV

$O��RU�KDV�EHHQ�WKH�UHVXOW�RI�ZLGHU�DYDLODELOLW\�RI�VSDFH�FDSDEOH�VXE����P.�FRROLQJ

V\VWHPV�LV�D�PRRW�SRLQW��7KH�UHVXOW�KDV�EHHQ�WKDW�WKH�FXUUHQW�VWDWH�RI�WKH�DUW�GHWHFWRU

GHVLJQV�XWLOLVH�$O�SUHGRPLQDQWO\��$O�RIIHUV�WKH�EHQHILWV�RI�ORQJ�LQWULQVLF�TXDVLSDUWLFOH

DQG�SKRQRQ�OLIHWLPHV��DQG�LWV�QDWLYH�R[LGH�LV�LQVXODWLQJ��WKXV�RYHUFRPLQJ�PDQ\�RI�WKH

SUREOHPV�ZLWK�1E�ZKLFK�ZH� KDYH� LGHQWLILHG� LQ� WKLV�ZRUN��$V� D� GHWHFWRU�PDWHULDO� LW

VXIIHUV� IURP�LWV� ORZ�=�QXPEHU��KRZHYHU� WKLV�PD\�EH�RYHUFRPH�E\� FRXSOLQJ� WR�D�7D

DEVRUEHU�

,Q� UHFHQW� \HDUV�� WKHUH� KDV� EHHQ� D� GULIW� DZD\� IURP� WKH� XVH� RI� 67-V�� GXH� WR

LQKHUHQW�GLIILFXOWLHV�LQ�WKHLU�SURGXFWLRQ�DQG�XVH�DV�GHWHFWRUV��'HVSLWH�WKLV��WKRVH�JURXSV

WKDW� KDYH� FRQWLQXHG� 67-� GHYHORSPHQW� KDYH� PDGH� LPSUHVVLYH� LPSURYHPHQWV� LQ

UHVROXWLRQ� SDUWLFXODUO\� DW� ORZHU� HQHUJ\� UDQJHV�� 6,1� WXQQHO� MXQFWLRQV� KDYH� QRW� EHHQ

GHYHORSHG�WR�WKH�VDPH�H[WHQW�DV�67-�GHWHFWRUV�DQG�DOWKRXJK�6,1�GHWHFWRUV
�VSHHG�PD\

OHDG� WR� WKHLU� XVH� LQ� VSHFLILF� DSSOLFDWLRQV�� IRU� RXU� DSSOLFDWLRQV� WKH\� RIIHU� OLWWOH

DGYDQWDJH�RYHU�GHWHFWRUV�EDVHG�RQ�WUDQVLWLRQ�HGJH�VHQVRUV��,W�KDV�RQO\�EHHQ�LQ�WKH�ODVW

IHZ� \HDUV� WKDW� WKH� GLIILFXOWLHV� GXH� WR� H[FHVVLYH� TXDVLSDUWLFOH� EDFN�WXQQHOLQJ� DQG

UHFRPELQDWLRQ�KDYH�EHHQ�KLJKOLJKWHG�ZLWKLQ�WKH�FU\RJHQLF�GHWHFWRU�FRPPXQLW\��7KXV�

RXU�ZRUN�PD\�QRW�GLUHFWO\�FRQWULEXWH�WR�WKH�GHYHORSPHQW�RI�D�VXFFHVVIXO�GHWHFWRU��EXW

PD\� LQGLUHFWO\�KHOS� WKH�GHVLJQ�RI�RWKHU�GHWHFWRU� W\SHV� WKURXJK� WKH� XQGHUVWDQGLQJ� RI
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Abstract

As part of our work developing Superconductor-
Insulator-Normal Metal (SIN) tunnel-junction based
bolometers, we have fabricated devices with multiple
distributed junctions and have investigated the cou-
pling between junctions and devices using injection-
detection experiments. The observed non-linearity in
the coupling between junctions is discussed in terms
of the non-equilibrium phonon distribution and prop-
agation in our devices.

1 Introduction

Bolometers with SIN tunnel junction readouts are
promising candidates for high energy resolution X-ray
and phonon detectors due to the strong dependence
of the thermal tunnel current on the electron temper-
ature in the normal metal[1][2].

In order to assess and optimize our device struc-
tures and deposition parameters for producing SIN
tunnel junction bolometers we have produced devices
with multiple distributed junctions with common ab-
sorbers. We have studied these devices with injection-
detection experiments to assess the magnitude, repro-
ducibility and uniformity of the response of the detec-
tor sub-gap current to the increased electron temper-
ature in the absorber.

Here we report results showing that although the
coupling between two junctions is mediated via sub-
strate phonons, the presence of a normal metal ab-
sorber between the junctions will e�ectively suppress
the coupling. We attribute these results to localized
heating by athermal 2� phonons and thermalisation
of the signal in the absorber with subsequent thermal
leakage to the substrate.

2 Experimental

For the results presented here, the devices fabricated
were Nb=Al=AlOx=Al=Pd=Au multilayers produced
in a combination of whole wafer multilayer process-
ing and lift-o� techniques, on R-plane sapphire sub-
strates. For most devices a �nal 50nm Nb layer was
sputtered when depositing the absorber. One device
was fabricated on a 1�m thick Si3N4 membrane of
approximately 1mm2 area, created by wet etching a
Si3N4 coated Si wafer.

Substrate
(R-Sapphire)

   Pd
(250
nm)

Au(500nm) Nb(50nm)

Junction

Anodized Al/Nb
Nb(90nm)

Detector Injector 

Current
Return

Injector

(a) (b)

Figure 1: Device structure and plan view, showing
two measurement con�gurations (a) and (b).

Fig. 1 shows a schematic of the �nal device struc-
ture with a plan view of a device with two absorbers,
one with 3 junctions and an SN contact, the other
with 4 junctions. Two di�erent measurement con�gu-
rations are also shown; (a) injector and current return
adjacent, detector junction opposite, and (b) detector
junction adjacent to injector junction, current return
junction opposite .
The devices were measured in a He3 insert at a tem-

perature of 0.350K. Injection-detection experiments
were performed by measuring the change in I-V char-
acteristic of one junction with an injected current
from a second junction. Data were taken for injector
currents corresponding to junction bias in the range
0�4�=e (0{5mV). Since the common electrode in this
con�guration is a normal metal, the measured bias
across the detector junction exhibits an o�set pro-
portional to the injector current which related to the
relative geometry of the injector, detector and other
current voltage contacts to the absorber. To elimi-
nate this extra factor, a thin Nb layer was deposited
on top of the normal metal. This e�ectively equalized
the potential across the absorber and removed the ge-
ometrical factors, although the interactions between
the injected ('hot') electrons and this SN interface do
have to be considered.

3 Results

Depending on the measurement con�guration, two
types of response were observed for sapphire substrate
devices; essentially no response (Fig. 2a) { measure-
ment con�guration as in Fig. 1a, and a step in the
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Figure 2: Additional detected current (at a detector

bias of -0.5mV) as a function of injected current for

(a) con�guration in �g. 1a, (b) con�guration in �g.

1b, and (c) device on membrane.

response at a bias in the injector of approximately

�=e (Fig. 2b) { con�guration as in Fig. 1b. Increas-

ing the distance between the detector junction and

second junction did not result in a signi�cant di�er-

ence in the response. Measurements between the two

electrically isolated absorbers demonstrated coupling

between the two devices, thus implying coupling via

substrate phonons. For the device on a membrane the

response was independent of con�guration and quali-

tatively di�erent (Fig. 2c)

4 Discussion

There are two particular points to be explained in

these results, �rstly the form of the response with a

sharp step at an injector bias of �=e and secondly

the geometrical e�ect where coupling is not observed

across the absorber.

A simple scaling with injected current or power

would not explain the essentially constant response

for injector biases in the range �=e � 4�=e. Since

coupling between electrically isolated devices implies

phonon mediation, an alternative explanation involv-

ing the phonon emission processes is required.

When the injector junction is biased at the energy

gap, the current 
ow introduces a large population

of quasi-particles into the superconductor, well in ex-

cess of the thermal population[3]. This will result in

a large local concentration of recombination phonons.

For biases between � and 4�, quasiparticles will scat-

ter inelastically before recombination to produce 2�

and sub 2� energy phonons[4].

Phonons which enter the normal metal will rapidly

inelastically scatter to create a hot electron since in

this temperature regime the majority of the heat ca-

pacity of the metal is electronic[5]. Although the hot

electron will have a relatively long lifetime against in-

elastic scattering, the distance between inelastic scat-

tering events is short as the elastic mean free path is

of order nm[6]. Thus a phonon's energy is deposited

within a relatively small region of the normal metal,

within a length scale of order 10�m. It could be ex-

pected that the electron temperature would relax to

the phonon temperature over a length-scale similar

to the device dimensions[7], however the e�ect of An-

dreev re
ection combined with good thermal conduc-

tance to the substrate will reduce this e�ect.

If there is little normal metal between the detec-

tor and phonon source then 2� phonons will be ab-

sorbed in the normal metal adjacent to the junction,

creating a local hot spot, which will give rise to the

observed increase in detector current. Otherwise the

athermal phonons will be absorbed and thermalised

away from the detector, resulting in no signal. For

this reason we observe the geometrical e�ects in the

sapphire substrate devices.

If the device is on a membrane, the energy de-

posited at the injector is almost entirely coupled to

the normal metal electron system. Since the energy

loss via thermal phonons to the substrate is much re-

duced, the electron temperature is increased signi�-

cantly throughout the normal metal; thus we observe

no geometrical dependence and a linear increase in

detected excess current for injector biases in excess of

�=e.

5 Conclusions

We have fabricated devices with multiple distributed

SIN tunnel junctions with a common normal metal

electrode. We have explained the observed geometri-

cal dependence of the coupling between junctions in

our injection-detection experiments by localized heat-

ing in the absorber from athermal phonons produced

as a result of recombination of the non-equilibrium

population of quasi-particles close to the injecting

junction.

Further information can be found at: http://

www-dmg.msm.cam.ac.uk/dmg/people/gb119/
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