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7KH�FRQWULEXWLRQ�RI�WKH�UHDO��SUHOLPLQDU\�FKHPLFDOO\�HWFKHG��������VXUIDFH�RI�Q�*H�LQWR

HOHFWURUHIOHFWDQFH� HIIHFW� �HQHUJ\� UDQJH� ���Ü���� H9�� EDVLQJ� RQ� SRODUL]DWLRQ� DQLVRWURS\� RI
HOHFWURRSWLFDO� HIIHFW� KDV� EHHQ� VHSDUDWHG� XQGHU� DVVXPSWLRQ� WKDW� WKH� VXUIDFH� HOHFWURUHIOHF�
WDQFH�FRPSRQHQW�LV�LVRWURSLF��ZKLOH�WKH�EXON�FRPSRQHQW�RI�HOHFWURUHIOHFWDQFH�LV�DQLVRWURSLF
ZLWK�UHVSHFW�WR�WKH�OLJKW�SRODUL]DWLRQ�YHFWRU�RULHQWDWLRQ��7KH�LQIOXHQFH�RI�WKH�VXUIDFH�VWDWH
RQ� WKH� DQLVRWURSLF� HOHFWURUHIOHFWDQFH� VSHFWUD�� IRUP� FKDQJHV� RI� WKH� VXEVXUIDFH� SRWHQWLDO
EDUULHU�DQG�LQWHUQDO�PHFKDQLFDO�VWUHVVHV�DIWHU�PHFKDQLFDO�SROLVKLQJ�KDYH�EHHQ�FRQVLGHUHG�
(OHFWURQ�SDUDPHWHUV�RI�WKH�Q�*H������VXEVXUIDFH�OD\HU�DUH�GHWHUPLQHG�
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7KH� WKLFNQHVV� RI� OD\HU� ZKLFK� IRUPV� WKH
HOHFWURUHIOHFWLRQ� VLJQDO� �REVHUYHG� LQ� VLQJX�
ODU� SRLQWV� RI� %ULOORXLQ� ]RQH�� LV� GHILQHG� E\
WKH� SHQHWUDWLRQ� GHSWK� RI� HOHFWULF� ILHOG� DQG
OLJKW��7KH�XVH�RI�HOHFWURUHIOHFWDQFH�PRGXOD�
WLRQ�VSHFWURVFRS\�HQDEOHV�WR� VWXG\�WKH�HOHF�
WURQ�SKHQRPHQD�LQ�VXEVXUIDFH�OD\HUV�DQG�WR
MXGJH� WKHLU� VWUXFWXUDO�SHUIHFWLRQ��5HFHQWO\�
D�JUHDW�DWWHQWLRQ� LV�JLYHQ�WR�RI�WKH�VXUIDFH
FKDUDFWHULVWLF� LQYHVWLJDWLRQV�RI� VHPLFRQGXF�
WRUV� DQG� VHPLFRQGXFWRU� VWUXFWXUHV� >����@�
7KLV�LV�FRQQHFWHG�ZLWK�WKH�IDFW�WKDW�JHRPH�
WU\� RI� WKH� HOHPHQWV� RI� PRGHUQ� HOHFWURQLF
GHYLFHV� LV� VXFK� WKDW� WKH� VXUIDFH� �VXUIDFH
OD\HUV��DQG�LQWHUIDFHV��PHWDO�VHPLFRQGXFWRU�
VHPLFRQGXFWRU�VHPLFRQGXFWRU�� HWF��� SOD\� D
GHFLVLYH� UROH� LQ� WKHLU� SHUIRUPDQFH�� 7KH
IXQFWLRQDO�SRVVLELOLWLHV�RI�WKH�HOHFWURQLF�GH�
YLFHV� DUH� GHILQHG� DOVR� E\� WKH� LQWHUQDO� PH�

FKDQLFDO� VWUHVVHV� LQ� FU\VWDOV�� $GGLWLRQDO
GDWD� RQ� VXUIDFH� DUH� SURYLGHG� E\� WKH� HOHF�
WURUHIOHFWLRQ� DQLVRWURS\� PHDVXUHPHQWV
ZKLFK� HQDEOH� WR� VHSDUDWH� WKH� VXUIDFH� DQG
EXON�FRQWULEXWLRQV�LQWR�HOHFWURUHIOHFWLRQ�VLJ�
QDO�>����@��7KLV�ZRUN�SUHVHQWV�WKH�UHVXOWV�RI
VXFK�VHSDUDWLRQ�WDNLQJ�WKH�UHDO��SUHOLPLQDU\
FKHPLFDOO\� HWFKHG�� VXUIDFH� RI� Q�*H������ DV
DQ� H[DPSOH�� 7KH� ZRUN� SXUSRVH� LV� WR� VWXG\
WKH�FKDQJHV�LQ�WKH�VXEVXUIDFH�OD\HU�RI�Q�*H
GXULQJ� VWUXFWXUDO� GLVRUGHULQJ�� DQG� DOVR� DF�
FRPSDQ\LQJ� SHFXOLDULWLHV� LQ� HOHFWURPRGXOD�
WLRQ�VSHFWUD��

7KH� HOHFWURUHIOHFWDQFH� VSHFWUD� RI� WKH
FKHPLFDOO\�HWFKHG�DQG�PHFKDQLFDOO\�SROLVKHG
VXUIDFH� RI� Q�*H������ ZLWK� HOHFWURQ� FRQFHQ�
WUDWLRQ������FPÜ��ZHUH�PHDVXUHG�XVLQJ� WKH
HOHFWURO\WLF�PHWKRG� DW� WKH� ILUVW�PRGXODWLRQ
KDUPRQLF� IUHTXHQF\� I� ����� N+]� DW� URRP
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WHPSHUDWXUH� �7� ����� .�� DQG� WUDQVLWLRQV
(��� (����'�� �LQ� WKH� ���Ü���� H9� VSHFWUDOUDQJH��DW� WKH�GLUHFWLRQV�RI� WKH� OLJKW�SRODUL�
]DWLRQ� YHFWRU� HA�__�>���@� DQG� HA�__�>��

BB
�@�� 7KH

HOHFWULF� ILHOG� DSSOLHG� WR� WKH� VLQJOH� FU\VWDO
DQG� LQFLGHQW� OLJKW� ZHUH� PXWXDOO\� SDUDOOHO
DQG�GLUHFWHG�SHUSHQGLFXODU�WR�WKH�������VXU�
IDFH��$V� DQ� HOHFWURO\WH�� WKH� EXIIHU� VROXWLRQ
���� 0� .�62�������� 0� 1D�+32��������0.+�32��ZDV�XVHG��7R�VORZ�GRZQ�WKH�HOHFWUR�FKHPLFDO�UHDFWLRQ�UDWHV�DW�WKH�*H�HOHFWURO\WH
VXUIDFH�� ORZ� SRWHQWLDOV� HQULFKLQJ� WKH� VXU�
IDFH�LQ�HOHFWURQV�ZHUH�DSSOLHG�WR�WKH�VDPSOH�
7KH�FRQVWDQW�ELDV�DSSOLHG�WR�WKH�VDPSOH�ZDV
FRQWUROOHG� DJDLQVW� WKH� UHIHUHQFH� VDWXUDWHG
FDORPHO� HOHFWURGH��7KH� WKUHVKROG� VHQVLWLYLW\
RI� WKH� PHDVXUHPHQWV� FRQVLVWHG� ����Ü��� DQG
VSHFWUDO�UHVROXWLRQ�����Ü���H9��7KH�PHFKDQL�
FDO� SROLVKLQJ� ZDV� FDUULHG� RXW� XVLQJ� ILQH�
JUDLQHG�GLDPRQG�SDVWH��

,Q�)LJ�����SUHVHQWHG�DUH�WKH�HOHFWURUHIOHF�
WDQFH� VSHFWUD� REWDLQHG� IRU� WKH� HWFKHG
�)LJ���D��DQG�PHFKDQLFDOO\�SROLVKHG� �)LJ���E�
VXUIDFH� RI�Q�*H������ZLWK�GRQRU�FRQFHQWUD�
WLRQ� Q� ������FPÜ�� ZLWK� EDQGV� EHQGLQJ
ZKLFK�HQULFK�VXUIDFH�LQ�HOHFWURQV�DQG�GLUHF�
WLRQV� RI� OLJKW� SRODUL]DWLRQ� HA�__�>���@� �FXUYH
��� DQG� HA�__�>��

BB
�@� �FXUYH� ���� ,Q� HOHFWURUHIOHF�

WLRQ� VSHFWUD� RI� HWFKHG� Q�*H� VXUIDFHV�� HDFK
FULWLFDO� SRLQW� LQ� GRXEOHW�(���(����'�� FRUUH�VSRQG� WR� WKH� WZR� RSSRVLWH� LQ� VLJQ� H[WUHPD
�)LJ���D���0HFKDQLFDO� SROLVKLQJ� RI� WKH�Q�*H
VXUIDFH� UHVXOWV� LQ� XQLSRODU� VSHFWUD� ZLWK
ZHDNHQHG�H[WUHPD�DQLVRWURS\��)LJ���E���

(OHFWURUHIOHFWLRQ� VLJQDOV� IRU� FKHPLFDOO\
HWFKHG�DV�ZHOO�DV�IRU�PHFKDQLFDOO\�SROLVKHG
Q�*H������ VXUIDFH� RI� ZLWK� FRQFHQWUDWLRQ
Q� ������FPÜ�� KDYH� DSSUR[LPDWHO\� HTXDO
DPSOLWXGHV� �ZLWK�UHVSHFW�WR�]HUR���EXW�VSHF�

WUD� IRU� WKH� PHFKDQLFDOO\� SROLVKHG� VXUIDFH
ZHUH� REWDLQHG� DW� PRGXODWLRQ� ��� WLPHV� ELJ�
JHU� WKDQ� WKDW� XVHG� IRU� FKHPLFDOO\� HWFKHG
VXUIDFH�� $V� LV� NQRZQ�� WKH� SHDN� DPSOLWXGH
PXVW�LQFUHDVH�DW�LQFUHDVLQJ�PRGXODWLRQ�YROW�
DJH�>�@��7KXV��WKLV�H[SHULPHQW�VKRZV�DQ�HV�
VHQWLDO�LQIOXHQFH�RI�WKH�ORQJ�UDQJH�RUGHU�RQ
WKH� IRUPDWLRQ� RI� FULWLFDO� SRLQWV� LQ� WKH� UH�
GXFHG�VWDWH�GHQVLW\�RI�JHUPDQLXP�

%\� XVLQJ� WKH� SRODUL]DWLRQ� �WHQVRU�� GH�
SHQGHQFH� RI� WKH� HOHFWURRSWLFDO� HIIHFW� LW� LV
SRVVLEOH� WR� VHSDUDWH� WKH�FRQWULEXWLRQ�RI� WKH
VXUIDFH�DQG�YROXPH�WR�WKH�HOHFWURUHIOHFWDQFH
VLJQDO� LQ� WKH� VXSSRVLWLRQ� WKDW� WKH� VXUIDFH
FRQWULEXWLRQ� RI� WKH� HOHFWURPRGXODWLRQ
�'5�5�6� LV� LVRWURSLF� ZLWK� UHVSHFW� WR� WKHOLJKW� SRODUL]DWLRQ� YHFWRU�� ZKLOH� WKH� YROXPH
FRPSRQHQW� �'5�5�9� LV� DQLVRWURSLF�� 7KLV� LVUHDOL]HG�LI�WKH�OLQHDU�HOHFWURRSWLFDO�HIIHFW�LQ
FHQWHU�V\PPHWULFDO� FXELF� FU\VWDO� LV� SUHVHQW
>�@�� DW� DPRUSKL]DWLRQ� RI� WKH� VXEVXUIDFH
OD\HU� DQG� IRU� VRPH� RWKHU� FDVHV��:LWK� VXFK
DVVXPSWLRQV��ZH�KDYH�IRU� OLJKW�SRODUL]DWLRQ
HA�__�>��

BB
�@�

'5
5 � �¦�$L

L �

�
'HLV���%L'HLY�� �§̈©

'5
5
·̧
¹6
���§̈©

'5
5
·̧
¹9
�
���

7KXV�� IRU� WKH� OLJKW� SRODUL]DWLRQ� YHFWRU
GLUHFWLRQ�HA�__�>���@��LW�LV�SRVVLEOH�WR�ZULWH�
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ZKHUH�6��LV�WKH�SRODUL]DWLRQ�DQLVRWURS\�FRHI�ILFLHQW� RI� WKH� YROXPH� FRPSRQHQW� RI� HOHF�

)LJ����� (OHFWURUHIOHFWDQFH� VSHFWUD� ���� ��� IRU� HWFKHG� �D�� DQG� PHFKDQLFDOO\� SROLVKHG� �E�� Q�*H�����
VXUIDFH� ZLWK� FRQFHQWUDWLRQ�Q� ������FPÜ��� &RQVWDQW� ELDV� Ü����9��0RGXODWLRQ����P9� �D��� ����P9
�E���3RODUL]DWLRQ�YHFWRU�HA�__�>���@��FXUYH�����HA�__�>��
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WURRSWLFDO� HIIHFW� IRU� ZKLFK� WKH� .HOG\VK�
)UDQW]� HIIHFW� LV� UHVSRQVLEOH�� /HW� WKH� WKH
ZHDN�ILHOG�FULWHULXP�EH�DVVXPHG�WR�EH�UHDO�
L]HG� >�@�GXH� WR�VFUHHQLQJ�DFWLRQ�RI�WKH�VXE�
VXUIDFH� OD\HU� LQ� WKH� EXON�� WKXV�� WKH� 6�� LVFRQVWDQW�RYHU�WKH�ZKROH�VSHFWUXP�DQG�LV�WKH
VDPH� IRU� UHDO� DQG� LPDJLQDU\� SDUWV� RI� 'H9>�@��)URP���Ü���UHODWLRQV��ZH�JHW�
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7KH� SRODUL]DWLRQ� DQLVRWURS\� FRHIILFLHQW
IRU� WKH� YROXPH� FRPSRQHQW� RI� HOHFWURRSWLFDO
HIIHFW�6��LV�
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)RU� JHUPDQLXP�� PO� ������ P��� PW� ������P��>�@��WKXV��6��LV�����,Q� WKLV� ZRUN�� WKH� VHSDUDWLRQ� PHWKRG� RI
VXUIDFH�DQG�YROXPH�HOHFWURUHIOHFWLRQ�FRPSR�
QHQWV� LV� DSSOLHG� WR� WKH� UHDO� �SUHOLPLQDU\
HWFKHG�� Q�*H������ VXUIDFH�� ,Q� )LJ����� WKH
VHSDUDWLRQ�UHVXOWV�RI�WKH�HOHFWURUHIOHFWLRQ�VXU�
IDFH�FRPSRQHQW��FXUYH����DQG�EXON�FRPSRQHQW
�FXUYH����IRU�FKHPLFDOO\�HWFKHG�VXUIDFH�

5HVXOWV�FRQFHUQLQJ�VHSDUDWLRQ�RI�WKH�VXU�
IDFH� DQG� EXON� FRPSRQHQWV� RI� WKH� HOHFWURUH�
IOHFWDQFH� IRU� UHDO� �SUHOLPLQDU\� FKHPLFDOO\
HWFKHG�� Q�*H������ VXUIDFH� �)LJ����� KDYH
VKRZQ�WKDW�WKH�HOHFWURUHIOHFWDQFH�EXON�FRP�
SRQHQW�RI��'5�5�9�DJUHHV�ZHOO� LQ�VKDSH�DQG

HQHUJ\� SRVLWLRQV� RI� SHDNV� ZLWK� GHSHQGHQFH
RI� �'5�e�5�HA�__�>���@����'5�e�5�HA�__�>��
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WRQ�HQHUJLHV�(� �K�Z��)LJ�����DQG�ZLWK�PHDV�
XUHG�HOHFWURUHIOHFWDQFH�VSHFWUD�LQ�WKH�UHJLRQ
RI� ZHDN� HQULFKPHQW� RI� WKH� Q�*H������ VXU�
IDFH� LQ�HOHFWURQV� DW� WKH� VSHFLILHG�GLUHFWLRQV
RI� OLJKW� SRODUL]DWLRQ� YHFWRU� �)LJ���D��� 7KLV
UHVXOW� VXSSRUWV� WKH� OHJLWLPDF\� RI� WKH� XVHG
PRGHO� IRU� WKH� VHSDUDWLRQ� RI� VXUIDFH� HOHF�
WURUHIOHFWDQFH� FRPSRQHQW� �'5�5�6� DQG� WKHEXON�RQH��'5�5�9�7KH� REWDLQHG� H[SHULPHQWDO� HOHFWURUHIOHF�
WDQFH�VSHFWUD�IRU�WKH�Q�*H������VDPSOHV�ZLWK
WKH� HOHFWURQ� FRQFHQWUDWLRQ� Q� ������FPÜ�� LQ
WKH� UHJLRQ�RI�ZHDN� HQULFKPHQW� LQ� HOHFWURQV
FRUUHVSRQG� LQ� VKDSH� DQG� DOWHUQDWLRQ� RUGHU
RI� WKH�GRPLQDWLQJ� H[WUHPD� WR� WKH�VLWXDWLRQ
ZKHQ� HQHUJ\� EDQGV� LQ� WKH� GLUHFWLRQ� DUH
VORSHG� GRZQ� WRZDUGV� WR� WKH� VXUIDFH�� 7KLV
PHDQV� WKDW� VXUIDFH� OD\HUV� RI�*H2�� RU�*H2GR� QRW� FDXVH� DQ\� VWUXFWXUDO� JHWWHULQJ� DQG
WKDW�WKH�HOHFWURQ�ZDYH�IXQFWLRQ�RQ�WKH�VXU�
IDFH�\�]���ZKLFK�LV�HTXDO�WR�]HUR�LV�QRW�SUR�
QRXQFHG�LQ�WKH�H[SHULPHQW�FRQGLWLRQV��

,W� LV� WR� QRWH� WKDW� WKH� HOHFWURUHIOHFWDQFH
VSHFWUD� IRU� WKH� PHFKDQLFDOO\� SROLVKHG� VXU�
IDFH� LV� PDLQO\� SRVLWLRQHG� LQ� WKH� QHJDWLYH
SDUW�ZLWK�UHVSHFW� WR�]HUR�� WKDW� LV�� WKH�UHOD�
WLYH�FKDQJH�RI�WKH�UHIOHFWDQFH�DELOLW\�RI�WKH
Q�*H������ VLQJOH� FU\VWDO� LQ� HOHFWULF� ILHOG
�'5�5�� �(�)�d��� H[FHSW� IRU� WKH�KLJK�HQHUJ\
UHJLRQ�� 6XFK� EHKDYLRU� RI� WKH� HOHFWURUHIOHF�
WDQFH� VSHFWUD�FDQ�EH�H[SODLQHG�E\� WKH�SUHV�
HQFH� RI� WKH� H[WUHPXP� LQ� WKH� HOHFWURVWDWLF
SRWHQWLDO�\� GHSHQGHQFH� RQ� FRRUGLQDWH� ]�� ,Q
VXFK� FDVH�� WKH� HOHFWURUHIOHFWDQFH� VLJQDOV
IRUPHG� DW� GLIIHUHQW� VLGHV� RI� H[WUHPXP� DUH

)LJ����� %XON� HOHFWURUHIOHFWDQFH� FRPSRQHQW
�'5�5�9� �.HOG\VK�)UDQ]�HIIHFW�� �FXUYH����DQG
VXUIDFH�HOHFWURUHIOHFWDQFH�FRPSRQHQW��'5�5�6�FXUYH����IRU�Q�*H������ZLWK�FRQFHQWUDWLRQ�RI
HOHFWURQV� Q� ������FPÜ��� 'HSHQGHQFHV� ZHUH
REWDLQHG� XVLQJ� WKH� SRODUL]DWLRQ� �WHQ]RU�� GH�
SHQGHQFH�RI�WKH�HOHFWURRSWLFDO�HIIHFW�

)LJ����� 'LIIHUHQFH� HOHFWURUHIOHFWDQFH� VSHFWUD
.� ��'5�e�5�HA�__�>���@����'5�e�5�HA�__�>��
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GLUHFWLRQV� RI� OLJKW� SRODUL]DWLRQ� YHFWRU�
HA__>���@� DQG� HA__>��

BB
�@� IRU� Q�*H������ ZLWK� WKH

HOHFWURQ� FRQFHQWUDWLRQ� Q� ������FPÜ�� RE�
WDLQHG� XVLQJ� H[SHULPHQWDO� UHVXOWV� SUHVHQWHG
LQ�)LJ���D��

2�,�9ODVHQNR�HW�DO����6WXG\�RI�VXUIDFH�LQIOXHQFH����

��� )XQFWLRQDO�PDWHULDOV�������������



RSSRVLWH�LQ�SKDVH��WKH�HOHFWURUHIOHFWDQFH�VLJ�
QDO�SKDVH�EHLQJ�GHILQHG�E\�WKH�SKDVH�RI�WKH
ODUJHVW�RI�WKRVH�VLJQDOV��7KLV�FDQ�EH�FRQVLG�
HUHG�DV�DQ�HYLGHQFH�RI�GRQRU�JHWWHULQJ�QHDU
WKH�SROLVKHG�Q�*H������VXUIDFH��/HW�EH�QRWHG
WKDW�WKH�HIIHFW�RI�WKH�HOHFWURUHIOHFWDQFH�VLJ�
QDOV� IRUPHG� DW� ERWK� VLGHV� IURP� H[WUHPXP
RQ� WKH� \�]�� GHSHQGHQFH� VKRZV� WKDW� UHGXQ�
GDQWO\�GRSHG� OD\HU�IRUPHG�GXULQJ�SROLVKLQJ
GRHV� QRW� H[FHHG� LQ� WKLFNQHVV� WKH� YROXPH
VFUHHQLQJ� GHSWK�� 7KH� UHGXQGDQW� GRQRU� FRQ�
FHQWUDWLRQ�QHDU�WKH�SROLVKHG�Q�*H������VXU�
IDFH� LV� HVWLPDWHG� IURP� 3RLVVRQ� HTXDWLRQ�
WDNLQJ� LQWR�DFFRXQW� WKDW� WKH�)HUPL� OHYHO� LQ
WKH� UHJLRQ� RI� H[WUHPXP�PRYHV� LQWR� F�EDQG
DQG�YDOXHV�G�\�]��G]�������8VLQJ�WKLV�SURFH�
GXUH� IRU� WKH� VDPSOH� ZLWK� Q� ������FPÜ��
'1Gt�������FPÜ��ZDV� IRXQG��7KH�DFFXPXOD�
WLRQ� RI� GRQRUV� QHDU� WKH� SROLVKHG�Q�*H�����
VXUIDFH�H[SODLQV� WKH�HOHFWURRSWLFDO� HIIHFW�RI
EDQG� ILOOLQJ� �HOHFWULF� DQDORJ� RI� %XUVWHLQ�
0RVV�HIIHFW���ZKLFK�RSHUDWHV�LQ�SDUDOOHO�ZLWK
WKH� HIIHFW� RI� LQWHUEDQG� WXQQHOLQJ� �.HOG\VK�
)UDQ]�HIIHFW��

7KH� OLJKW� SHQHWUDWLRQ� GHSWK� LQ� WKH� ���Ü
���� H9� HQHUJ\� UHJLRQ� FKDQJHV� IURP� ���� QP
�IRU�(� �����H9��WR������QP��IRU�(� �����H9��
7KH� HOHFWULF� ILHOG� SHQHWUDWLRQ� GHSWK� RI� WKH
FDQ� EH� HVWLPDWHG� DFFRUGLQJ� WR� >��@� XVLQJ
H[SUHVVLRQ�/'� ��HH�N7�H�Q������,Q�RXU�FDVH�/'� LV� ����� QP� �H� ������� H�� ���������Ü���)�P���7KXV��HOHFWULF�ILHOG�DORQJ�]�FRRUGL�
QDWH�EHLQJ�SHUSHQGLFXODU�WR�WKH�VXUIDFH�DQG
H[WHQGLQJ�LQWR�WKH�VDPSOH�GHSWK�LV�QRQ�XQL�
IRUP��$FFRUGLQJ�WR�WKH�WKHRU\��ZKHQ�ZH�RS�
HUDWH� LQ� WKH�UHJLRQ�RI�WKH�VXUIDFH� OD\HU�HQ�
ULFKPHQW� LQ� WKH� PDMRULW\� FKDUJH� FDUULHUV�
WKH� HOHFWULF� ILHOG� LV� FKDQJLQJ� DFFRUGLQJ� WR
WKH� H[SRQHQWLDO� ODZ� )� �)VH[S�Ü/'�]��� %\FRQVLGHULQJ� WKH� H[SHULPHQWDO� HOHFWURUHIOHF�
WDQFH� VSHFWUD� IRU� WKH� FKHPLFDOO\� HWFKHG� Q�
*H������ VXUIDFH� �)LJ���D�� XVLQJ� (XUH� IXQF�
WLRQV� RI� FRPSOH[� YDULDEOH�� ZKLFK� WDNH� LQWR
DFFRXQW� WKH� RSWLFDO� VSHFWUD� EURDGHQLQJ� �GH�
SHQGHQFH� RI� DUJXPHQW� K� RQ� WKH� SKHQR�
PHQRORJLFDO� EURDGHQLQJ� SDUDPHWHU� *�� FRQ�
QHFWHG� ZLWK� WKH� WLPH� RI� FKDUJH� FDUULHUV� HQ�
HUJ\�UHOD[DWLRQ�W�DV�ZHOO�DV�WKH�QRQ�XQLIRUPLW\
RI�WKH�PRGXODWLRQ�ILHOG�)��WKH�HOHFWURQ�SDUDPH�
WHUV�IRU�Q�*H�ZHUH�IRXQG�WR�EH�(�� ������H9�
(����'�� ������ H9�� K�T� ���������Ü�� H9�
*� �������H9��

,W� LV� WR� QRWH� WKDW� WKH� HQULFKHG� OD\HU
�VSDFH�FKDUJH�UHJLRQ��WKLFNQHVV�LV�GHILQHG�E\
WKH�HIIHFWLYH�VFUHHQLQJ�OHQJWK�/�WKDW�LQ�WKH
FDVH� RI� HQULFKLQJ� EDQG� EHQGLQJ� PD\� GLIIHU
IURP� VFUHHQLQJ� OHQJWK� /'�� 7KDW� LV�� LQ� WKH

FDVH� RI� WKH� VXEVXUIDFH� OD\HU� HQULFKPHQW� LQ
PDMRULW\�FKDUJH�FDUULHUV��WKH�YROXPH�FKDUJH
LV�FRQFHQWUDWHG�MXVW�LQ�WKH�VXEVXUIDFH�OD\HU�
EHFDXVH� LQ� WKLV� FDVH�� WKH� VFUHHQLQJ� LV
SRYLGHG� E\� WKH� PDMRULW\� FKDUJH� FDUULHUV�
WKDW�LV��HOHFWURQV��7KH�FODVVLFDO�WKLFNQHVV�RI
HQULFKHG� OD\HU� FDQ� EH� IRXQG� XVLQJ� H[SUHV�
VLRQ� /� ��N7�H)� >�@�� 7KH� HOHFWULF� ILHOG� FDQ
EH� IRXQG� XVLQJ� 3RLVVRQ� HTXDWLRQ� XQGHU� DV�
VXPSWLRQ� WKDW�DOO�GRQRU� LPSXULWLHV�DUH� LRQ�
L]HG�>���������@�
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ZKHUH� ]� LV� WKH� FRRUGLQDWH� SHUSHQGLFXODU� WR
WKH� HOHFWURO\WH�VHPLFRQGXFWRU� LQWHUIDFH�� H�
*H�GLHOHFWULF�FRQVWDQW��1'��FRQFHQWUDWLRQ�RIWKH�LRQL]HG�LPSXULWLHV��

)� �³�
]

/'H1'
H�H

G]� �H1'H�H
�/'���]��

DQG� WKLV� LPSOLHV� WKDW� WKH� VXUIDFH� ILHOG� )V
HTXDOV�)V� �)] �� ��H1'�H�H�/'�

7KH�VXUIDFH�HOHFWULF�ILHOG�)V�FDOFXODWHG�IRUWKH� VDPSOH� ZLWK� FRQFHQWUDWLRQ� �����FPÜ�� LV
���������9�P��7KXV�� WKH�FODVVLFDO� WKLFNQHVV
RI� HQULFKHG� OD\HU� /� LV� ����� QP�� .QRZLQJ
WKH�YDOXHV�RI�VXUIDFH�HOHFWULF�ILHOG�DQG�HOHF�
WURRSWLFDO� HQHUJ\�� LW� LV� SRVVLEOH� WR� HVWLPDWH
WKH� YDOXHV� RI� WKH� UHGXFHG� HIIHFWLYH� PDVV� P
IRU� WKH� VSHFLILHG� RSWLFDO� WUDQVLWLRQV�� ,Q� RXU
FDVH�� P� �������P��� /HW� XV� GHWHUPLQH� FKDU�DFWHULVWLF� IRU� WKH� .HOG\VK�)UDQ]� HIIHFW� SD�
UDPHWHU�O.)� �O.)� �K�T�H)V��ZLWK�WKH� OHQJWKGHILQLQJ�WKH�H[WHQW�RI�ZDYH�IXQFWLRQ�RVFLOOD�
WLRQV� DW� WKH� UHGXFHG�PDVV� P� LQ� WKH� XQLIRUP
HOHFWULF�ILHOG�)V� �ZDYHOHQJWK�RI�HOHFWURQ�ZLWK
K�T�HQHUJ\���7KDW�SDUDPHWHU�LV�������Ü��P�

7KH� PHFKDQLFDO� SROLVKLQJ� E\� WKH� ILQH�
JUDLQHG�GLDPRQG�SDVWHV�UHVXOWV�LQ�WKH�FKDQJH
RI� Q�*H� HOHFWURQ� SDUDPHWHUV�� (�� ������H9�(����'�� ������H9��*� �������H9��8VLQJ�WKH+HLVHQEHUJ�XQFHUWDLQW\�SULQFLSOH�IRU�HQHUJ\
(� DQG� WLPH� W� �'(�'W�t�K���� WKH� UHOD[DWLRQ�HI�
IHFWV�GXULQJ�OLJKW�DEVRUSWLRQ�LQ�FU\VWDOV�DUH
GHVFULEHG� >�@� E\� SKHQRPHQRORJLFDO� SDUDPH�
WHU�RI�EURDGHQLQJ�*��ZKLFK�LV�FRQQHFWHG�ZLWK
HQHUJ\� UHOD[DWLRQ� WLPH� W� RI� WKH� SKRWRJHQHU�
DWHG�FKDUJH�FDUULHUV�E\�UHODWLRQ�*� �K��W��7KLV
H[SUHVVLRQ� HQDEOHV� WR� HVWLPDWH� W� YDOXHV� IRU
WKH� UHVSHFWLYH� HOHFWURQLF� WUDQVLWLRQV� XVLQJ
WKH� RSWLFDO� HOHFWURUHIOHFWLRQ�PHWKRG��)RU�Q�
*H������ ZLWK� WKH� FRQFHQWUDWLRQ� Q� 
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�����FPÜ���IRU�RSWLFDO�WUDQVLWLRQV�(��DQG�(�
��'�W� K��*� ��������Ü��� V� �IRU� HWFKHG� VXU�
IDFH��DQG�W� ��������Ü���V��IRU�PHFKDQLFDOO\
SROLVKHG� RQH��� /HW� XV� HYDOXDWH� GH� %URJOLH
ZDYHOHQJWK� O'%� RI� HOHFWURQ�ZLWK� WKH� HIIHF�WLYH�PDVV� HTXDO� WR�PQ� ������P�� >��@� DQGHQHUJ\� N7� XVLQJ� WKH� H[SUHVVLRQ
O'%� � �S

§©�PQN7�e�K��·¹
��e���� ,Q� RXU� FDVH�� O'%� 

�����QP�� ,W� LV� SRVVLEOH� WR� FRQFOXGH� WKDW� GH
%URJOLH� ZDYHOHQJWK� O'%� LV� H[FHHGV� WKHVFUHHQLQJ�OHQJWK�/'�EXW�LV�VPDOOHU�WKDW�WKHWKH�HQULFKHG�OD\HU�WKLFNQHVV�/��

3URFHHGLQJ�IURP�WKH�UHVXOWV�REWDLQHG��OHW
WKH� LQWHUQDO� PHFKDQLFDO� VWUHVVHV� EH� HVWL�
PDWHG� ZKLFK� DULVH� GXULQJ� PHFKDQLFDO� SRO�
LVKLQJ� RI� WKH� VSHFLILHG� FU\VWDOV�� $W� K\GUR�
VWDWLF�SUHVVXUH�3��WKH�HOHFWURQ�WUDQVLWLRQ�HQ�
HUJ\� FKDQJH�'(�� ��DFÜD9�'9�9� >��@��ZKHUHD&�DQG�D9�DUH�GHIRUPDWLRQ�SRWHQWLDOV�RI�WKHFRQGXFWLRQ� DQG� YDOHQFH� EDQGV�� UHVSHFWLYHO\�
'9�9�� WKH� UHODWLYH� YROXPH� FKDQJH�ZKLFK� FDQ
EH� ZULWWHQ� DV� '9�9� �Ü�'3�6������6����ZKHUH�6��� DQG��6��� DUH� WKH�HODVWLFLW\� WHQVRUFRPSRQHQWV�UHODWHG�WR�WKRVH�RI�ULJLGLW\�WHQVRU
&��� DQG� &��� DV� �6����6���Ü�� �&����&���8VLQJ�WKH�DERYH�H[SUHVVLRQV��ZH�REWDLQ�
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)RU� *H�� �D&ÜD9�� �Ü��� H9�� &��� 
����������� 3D�� &��� ������������ 3D� >��@�8VLQJ� WKHVH� YDOXHV��ZH� REWDLQ� WKH� YDOXH� RI
WUDQVLWLRQ� HQHUJ\� FKDQJH� FRHIILFLHQW� RI� IRU
*H� DW� K\GURVWDWLF� SUHVVXUH� '(��'3� 
��������Ü��H9�3D�� 7KH� HVWLPDWLRQ� RI� WKH
FKDQJH� RI� LQWHUQDO� PHFKDQLFDO� VWUHVVHV� LQ
Q�*H� DW�'(�� ������H9�JLYHV�YDOXH�RI�'3� 
��������3D�

)RU� XQLD[LDO� FRQWUDFWLRQ� LQ� >���@� GLUHF�
WLRQ�
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ZKHUH�G� LV� GHIRUPDWLRQ� VKHDU� SRWHQWLDO� RI� VKLIW�
&���� ULJLGLW\� PRGXOXV� �G� �Ü�� H9�� &��� 
���������� 3D� IRU� *H� >��@��� ,Q� WKLV� FDVH�
'(��'3� ���������Ü��H9�3D��DQG�WKH�FKDQJH�RIWKH� LQWHUQDO� PHFKDQLFDO� VWUHVVHV� GXULQJ� PH�
FKDQLFDO� SROLVKLQJ� DW� '(�� ������ H9� LV
��������� 3D�� 7KXV�� DV� D� UHVXOW� RI� PHFKDQLFDO
SROLVKLQJ�RI�Q�*H������VDPSOHV��WKH�PHFKDQLFDO
VWUHVVHV�LQ�Q�*H������DUH�FKDQJHG�E\�WKH�PHDQ
YDOXH�EHWZHHQ���������3D��K\GURVWDWLF�SUHVVXUH�
DQG� ��������� 3D� �XQLD[LDO� SUHVVXUH� IRU� >���@
GLUHFWLRQ���WKDW�LV�E\����������3D�

5HIHUHQFHV
� ���$�2�9RONRY��2�$�5\DEXVKNLQ��'HYLFHV�DQG�([�

SHULPHQWDO�7HFKQLTXH����������������
� ���$�$�*HUDVLPRYLFK�� 6�9�=KRNKRYHWV�� *�*REVK�

'�6�'RPDQHYVN\�� )L]��7HNK��3ROXSU��� ���� ���
�������

� ���$�0�(YVWLJQHHY�� 2�9�6QLWNR�� /�9�$UWDPRQRY
HW�DO���8NU��)L]��=K�����������������

� ���3�$�*HQWVDU�� /�$�0DWYHHYD�� $�$�.XGU\DYW�
VHY��(�)�9HQJHU��6HP��3K\V���4XDQW��(OHF�	�2S�
WRHOHF������������������

� ���9�$�7\DJDL�� 2�9�6QLWNR�� /LJKW� (OHFWURUHIOHF�
WDQFH� LQ� 6HPLFRQGXFWRUV�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���5�'HO� 6ROH�� '�(�$VSQHV�� 3K\V��5HY��%��� ���
������������

� ���'�(�$VSQHV��6XUIDFH�6FLHQFH�����������������
� ���.�.RQGR��$�0RULWDQL��3K\V��5HY��%�� ���� ����

�������
� ���3K\VLFR�&KHPLFDO�3URSHUWLHV�RI�6HPLFRQGXFWRU

6XEVWDQFHV��$�5HIHUHQFH�%RRN��HG��E\�$�9�1R�
YRVHORYD��9�%�/D]DUHY��1DXND��0RVFRZ�������
>LQ�5XVVLDQ@�

����3�<X��0�&DUGRQD�� )XQGDPHQWDOV� RI� 6HPLFRQ�
GXFWRUV���UG�(G���6SULQJHU�9HUODJ��������

����3�2�*HQWVDU�� /�2�0DWYHHYD�� /�$�'HPFKLQD�
(�)�9HQJHU�� )L]��.KLP��7YHUG��7HOD�� ��� ���
�������

����$�,�$QVHOP��,QWURGXFWLRQ�WR�7KHRU\�RI�6HPLFRQ�
GXFWRUV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�
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