
'HWHUPLQDWLRQ�RI�7UDFH�$PRXQWV�RI�1LFNHO�,,� �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

'HWHUPLQDWLRQ�RI�7UDFH�$PRXQWV�RI�1LFNHO�,,��ZLWK�

α����%HQ]LPLGD]RO\O��α
�α���1���QLWUR���S\ULG\O�K\GUD]RQH��WROXHQH�
LQ�WKH�3UHVHQFH�RI�7ULWRQ�;�����E\�)OXRUHVFHQFH�0HWKRG

&KDQ�,O�3DUN�
�+\XQ�6RR�.LP���DQG�.L�:RQ�&KD�

'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�,QFKRQ��,QFKRQ����������.RUHD
�'HSDUWPHQW�RI�&KHPLVWU\��,QKD�8QLYHUVLW\��,QFKRQ����������.RUHD

5HFHLYHG�$XJXVW��������

$�PHWKRG�LV�GHVFULEHG�IRU�WKH�IOXRULPHWULF�GHWHUPLQDWLRQ�RI�QLFNHO��EDVHG�RQ�WKH�IRUPDWLRQ�RI�1L�,,��α����%HQ�
]LPLGD]RO\O��α
�α

��1���1LWUR���3\ULG\OK\GUD]RQH��WROXHQH�FRPSOH[�LQ�WKH�SUHVHQFH�RI�D�QRQ�LRQLF�VXUIDFWDQW�
7KH�FRPSOH[�KDV�SUDFWLFDOO\�QR�IOXRUHVFHQFH�LQ�WKH�DEVHQFH�RI�VXUIDFWDQW��EXW�WKH�DGGLWLRQ�RI�7ULWRQ�;����

PDNHV�SRVVLEOH�WKH�IOXRULPHWULF�GHWHUPLQDWLRQ�RI�ORZ�FRQFHQWUDWLRQV�RI�1L�,,��DV�LW�HQKDQFHV�WKH�IOXRUHVFHQFH

LQWHQVLW\�RI�WKH�FRPSOH[�E\�XS�WR�DERXW���IROG��7KLV�PHWKRG�LV�YHU\�VHQVLWLYH�DQG�VHOHFWLYH�IRU�WKH�GLUHFW�GHWHU�

PLQDWLRQ�RI�QLFNHO�LRQ��7KH�RSWLPXP�FRQGLWLRQV�DUH�D�7ULWRQ�;�����FRQFHQWUDWLRQ�RI�����P/��������Y�Y��DQG

S+���� � ���� �DPPRQLXP�FKORULGH�DPPRQLD�EXIIHU���7KH� IOXRUHVFHQFH� LV�PHDVXUHG�DW�����QP�RI�HPLVVLRQ

ZDYHOHQJWK�XQGHU�����QP�RI�H[FLWDWLRQ�ZDYHOHQJWK��7KH�IOXRUHVFHQFH�LQWHQVLW\�LV�D�OLQHDU�IXQFWLRQ�RI�WKH�FRQ�

FHQWUDWLRQ�RI�1L�,,��LQ�WKH�UDQJH������QJ�P/��DQG�WKH�GHWHFWLRQ�OLPLW�LV�����QJ�P/��7KH�SURSRVHG�PHWKRG�KDV

EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�WKH�GHWHUPLQDWLRQ�RI�WUDFH�DPRXQWV�RI�1L�,,��LQ�IRRG�DQG�KXPDQ�KDLU�VDPSOHV��

,QWURGXFWLRQ

,Q�UHFHQW�\HDUV��VXUIDFWDQWV�KDYH�EHFRPH�RI�JUHDW�LQWHUHVW

EHFDXVH� WKH\� SURYLGH� D� UHDFWLRQ� PHGLXP� LQ� ZKLFK� WKH\

LPSURYHG� WKH� VHQVLWLYLW\� DQG� VHOHFWLYLW\� RI� QXPHURXV� UHDF�

WLRQV��DQG�WKH�PHWDO�FRPSOH[HV�IRUPHG�LQ�PLFHOODU�PHGLD�DUH

JHQHUDOO\�PRUH� VWDEOH� WKDQ� WKRVH� IRUPHG� LQ� WKH�DEVHQFH�RI

PLFHOOHV��

7KH� DQDO\WLFDO�PHWKRG� EDVHG� RQ� WKH� SKRWRPHWULF� WHFKQL�

TXH�����LV�ZLGHO\�XVHG��EXW�VXUIDFWDQWV�DUH�DOVR�EHLQJ�DSSOLHG

VXFFHVVIXOO\�LQ�IOXRULPHWU\�������JLYLQJ�HYHQ�KLJKHU�VHQVLWLY�

LW\�DQG�ORZHU�GHWHFWLRQ�OLPLWV��

+\GUD]RQHV� �FKDUDFWHUL]HG�E\� WKH� JURXSLQJ�& 1�1�� DQG

UHODWHG�WR�6FKLII
V�EDVHV��DUH�XVHG�DV�SKRWRPHWULF�DQG�IOXRUL�

PHWULF�DQDO\WLFDO�UHDJHQWV�IRU�WKH�GHWHUPLQDWLRQ�RI�PHWDO�LRQV������

%HFDXVH�RI�WKH�LQKHUHQW�VHQVLWLYLW\�RI�WKH�IOXRUHVFHQFH�WHFK�

QLTXH��IOXRUHVFHQFH�PHWKRGV�DUH�EHLQJ�XVHG�LQFUHDVLQJO\�LQ

ELRFKHPLFDO��PHGLFDO�DQG�FKHPLFDO�UHVHDUFK�

,Q�D�SUHYLRXV�VWXG\����WKH�DXWKRU�V\QWKHVL]HG�α����%HQ]LP�
LGD]RO\O��α
�α���1���QLWUR���S\ULG\OK\GUD]RQH��WROXHQH�>%,1�
3+7���,�@��ZKLFK�VKRZHG�D�VHQVLWLYH�VSHFWURSKRWRPHWULF�UHDJHQW

IRU�&X�,,���,Q�WKLV�SDSHU��D�VHQVLWLYH�IOXRULPHWULF�PHWKRG�IRU

WKH�GHWHUPLQDWLRQ�RI�1L�,,��ZLWK�%,13+7�LV�GHVFULEHG��

,Q�WKLV�SDSHU��ZH�KDYH�GLVFORVHG�WKH�PHULWV�RI�VSHFWURIOXR�

ULPHWU\�LQ�WKH�VWXG\�RI�WKH�FRPSOH[�IRUPHG�IURP�%,13+7

DQG�1L�,,��LRQ�XQGHU�RSWLPL]HG�RSWLPL]HG�H[SHULPHQWDO�FRQ�

GLWLRQV��DQG�ZH�KDYH�GHYHORSHG�D�IOXRULPHWULF�PHWKRG�IRU�WKH

GHWHUPLQDWLRQ�RI�1L�,,�� LQ� WKH�SUHVHQFH�RI�7ULWRQ�;�����DV

ZHOO��7KLV� SURFHGXUH� KDV� EHHQ� XVHG� WR� GHWHUPLQH�1L�,,�� LQ

IRRG�DQG�KXPDQ�KDLU�VDPSOHV�ZLWK�VDWLVIDFWRU\�UHVXOWV�

([SHULPHQWDO�6HFWLRQ

7KH�V\QWKHVLV�RI�%,13+7�KDV�EHHQ�GHVFULEHG�SUHYLRXVO\���

$SSDUDWXV�DQG�UHDJHQW� $OO�IOXRUHVFHQFH�PHDVXUHPHQWV

ZHUH�PDGH�ZLWK�D�6KLPDG]X�5)������6SHFWURIOXRURSKRWR�

PHWHU�XVLQJ���FP�TXDUW]�FHOOV��7KH�VOLW�ZLGWK�ZDV�VHW�DW���QP

IRU�H[FLWDWLRQ�DQG����QP�IRU�HPLVVLRQ�PRQRFKURPDWRUV��$OO

S+�PHDVXUHPHQWV�ZHUH�PDGH�ZLWK�D�129$�����S+�0HWHU��

$OO� PDWHULDOV� DQG� VROYHQWV� ZHUH� RI� DQDO\WLFDO�JUDGH� DQG

ZHUH�SURYLGHG�E\�%'+�&KHPLFDOV��8.���7KH�ZRUNLQJ�VWDQ�

GDUG�VROXWLRQ�RI�QLFNHO� ����SSP��ZDV�SUHSDUHG�E\�GLOXWLQJ

1L�,,��$$6�VWDQGDUG�VROXWLRQ�������SSP��ZLWK�GLVWLOOHG�ZDWHU�

7KH� IROORZLQJ� EXIIHUHG� VROXWLRQV� ZHUH� SUHSDUHG�� K\GUR�

FKORULF�DFLG�SRWDVVLXP�K\GURJHQ�SKWKDODWH��S+��a����DFHWLF

DFLG�VRGLXP�DFHWDWH��S+��a����SRWDVVLXP�GLK\GURJHQ�SKRV�

SKDWH�VRGLXP�K\GUR[LGH� �S+� ���� DQG� DPPRQLXP� FKORULGH�

DPPRQLD� �S+��a������7KH\�ZHUH�XVHG� WR�DGMXVW� LQGLYLGXDO

S+�FRQGLWLRQV��6XUIDFWDQW�VROXWLRQV� ��× ��−��0��ZHUH�SUH�

SDUHG� E\� GLVVROYLQJ� D� VXLWDEOH� DPRXQW� RI� VXUIDFWDQWV� �&DW�

LRQLF�� $QLRQLF�� DQG� 1RQLRQLF� VXUIDFWDQWV�� LQ� ZDWHU� ZLWK

JHQWOH�KHDWLQJ�

α����%HQ]LPLGD]RO\O��α
�α���1���QLWUR���S\ULG\OK\GUD]RQH�
WROXHQH� ���� × ��−� 0��ZDV�SUHSDUHG�E\�GLVVROYLQJ�������J

RI� WKH� UHDJHQW� LQ������P/�RI�DEVROXWH�PHWKDQRO��%,13+7

VROXWLRQ�ZDV�DOORZHG�WR�VHWWOH�IRU�D�ORQJ�SHULRG�RI�WLPH�LQ�D

EURZQ�ERWWOH�RU�LQ�D�GDUN�SODFH�VKLHOGHG�IURP�OLJKW�

*HQHUDO�SURFHGXUH� $Q�DSSURSULDWH�DPRXQW�RI�ZRUNLQJ

VWDQGDUG�QLFNHO�,,��VROXWLRQ�ZDV�WUDQVIHUUHG�WR�VHYHUDO����P/

YROXPHWULF� IODVNV������P/�RI�%,13+7�VROXWLRQ������P/�RI



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� &KDQ�,O�3DUN�HW�DO�

EXIIHU�VROXWLRQ��S+������DQG�����P/�RI�YDULRXV�VXUIDFWDQWV

ZHUH�DGGHG�WR�HDFK����P/�YROXPHWULF�IODVNV��WKHQ�GLOXWHG�WR

WKH�PDUN�ZLWK�PHWKDQRO��$IWHU�OHDYLQJ�XQGLVWXUEHG�IRU�DERXW

���PLQ��WKH�IOXRUHVFHQFH�LQWHQVLW\�ZDV�PHDVXUHG�DW�DQ�HPLV�

VLRQ�ZDYHOHQJKW�RI�����QP�ZLWK�DQ�H[FLWDWLRQ�RI�����QP�

7KH� RSWLPXP�FRQFHQWUDWLRQ� RI�PHWKDQRO� VROXWLRQ� LV� UHF�

RPPHQGHG��ZKLFK�FRUUHVSRQGV�WR������Y�Y��PHWKDQRO�LQ�WKH

ILQDO�PL[LQJ�VROXWLRQ�

5HVXOWV�DQG�'LVFXVVLRQ�

)OXRUHVFHQFH� VSHFWUD� )LJXUH� �� VKRZV� WKH� H[FLWDWLRQ

DQG� HPLVVLRQ� VSHFWUD� RI� WKH�%,13+7��1L�,,��%,13+7� DQG

1L�,,��%,13+7�7ULWRQ�;� ����V\VWHPV� ���� QJ�P/� RI�1L�,,�

DQG�S+�������)OXRUHVFHQFH�LQWHQVLW\�LQ�WKH�SUHVHQFH�RI�D�QRQ�

LRQLF� VXUIDFWDQW� VXFK� DV�7ULWLRQ�;�����ZDV� �� WLPHV�KLJKHU

WKDQ�WKH�LQWHQVLW\� LQ�WKH�DEVHQFH�RI� LW�DW�����QP�H[FLWDWLRQ

DQG�����QP�HPLVVLRQ�ZDYHOHQJWK��+HQFH��VXFK�ZDYHOHQJWKV

ZHUH�XVHG�WKURXJKRXW�WKH�H[SHULPHQW��7KH�UHDJHQW�EODQN�ZDV

IRXQG�WR�H[KLELW�D�IOXRUHVFHQW�PD[LPD�LQ�WKH�����QP�RI�WKH

HPLVVLRQ�ZDYHOHQJWK�EXW�LWV�LQWHQVLW\�ZDV�YHU\�ORZ�

2SWLPXP� H[SHULPHQWDO� FRQGLWLRQV � 7KH� V\VWHP� ZDV

RSWLPL]HG�E\�YDU\LQJ�HDFK�H[SHULPHQWDO�FRQGLWLRQ�LQ�WXUQ�DV

WKH�RWKHUV�ZHUH�NHSW�FRQVWDQW��

7KH�S+�RI�WKH�PHGLXP�KDG�D�JUHDW�HIIHFW�RQ�WKH�IOXRUHV�

FHQFH�LQWHQVLW\�RI�WKH�1L�,,��%,13+7�FRPSOH[��7KH�H[SHUL�

PHQWDO� UHVXOWV� VKRZ� WKDW� LQ� D� VWURQJO\� DONDOLQH� RU� VWURQJO\

DFLGLF� PHGLXP�� WKH� IOXRUHVFHQFH� LQWHQVLWLHV� RI� WKH� 1L�,,��

%,13+7�FRPSOH[HV�DUH�YHU\�ORZ�DQG�WKDW�WKH�RSWLPXP�S+

UDQJH�IRU�FRPSOH[�IRUPDWLRQ�LV�EHWZHHQ�����DQG������7KHUH�

IRUH�� IRU� DOO� PHDVXUHPHQWV� RI� IOXRUHVFHQFH� LQWHQVLW\� ZH

VHOHFWHG� D� S+� ���� EXIIHU��ZKLFK�ZDV� SUHSDUHG�ZLWK� ����0

DPPRQLXP�VDOW�

,Q�UHVSHFW�WR�FRQFHQWUDWLRQ�UDQJH��WKH�IOXRUHVFHQFH�LQWHQ�

VLW\�RI�WKH�V\VWHPV�LQFUHDVHG�ZLWK�ULVLQJ�FRQFHQWUDWLRQ�RI�WKH

UHDJHQWV��UHDFKLQJ�D�PD[LPXP�DQG�UHPDLQLQJ�FRQVWDQW��7KH

LQIOXHQFH� RI� WKH� DPRXQW� RI� %,13+7� XVHG� RQ� WKH� IOXRUHV�

FHQFH�LQWHQVLWLHV�RI�VROXWLRQ�FRQWDLQLQJ����SSE�RI�1L�,,��ZDV

VWXGLHG�XQGHU�WKH�FRQGLWLRQV�HVWDEOLVKHG�DERYH��7KH�IOXRUHV�

FHQFH� LQWHQVLW\� LQFUHDVHG� DV� WKH� DPRXQW� RI� %,13+7� ZDV

LQFUHDVHG�XS� WR�����P/�����× ��−��0���UHPDLQLQJ�FRQVWDQW

EHWZHHQ���������P/�DQG�GHFUHDVLQJ�VORZO\�WKHUHDIWHU��7KXV�

����P/�RI�%,13+7�VROXWLRQ�ZDV�VHOHFWHG�WR�HQVXUH�D�VXIIL�

FLHQW�H[FHVV�RI�WKH�UHDJHQW�WKURXJKRXW�WKH�H[SHULPHQW�

7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�IOXRUHVFHQFH�PHDVXUHPHQWV

ZDV�VWXGLHG�E\�KHDWLQJ�WKH�FHOO�WKHUPRVWDWLFDOO\�EHWZHHQ���
R&�DQG����R&��7KH�IOXRUHVFHQFH�LQWHQVLW\�ZDV�FRQVWDQW�XS�WR

��� R&�� GHFUHDVLQJ� JUDGXDOO\� WKHUHDIWHU��7KH� WHPSHUDWXUH� RI

WKH�VDPSOH�ZDV�NHSW�DW����R&��URRP�WHPSHUDWXUH��WKURXJKRXW

WKH�H[SHULPHQW��$IWHU�WKH�IOXRUHVFHQFH�LQWHQVLW\�RI�WKH�V\V�

WHPV�UHDFKHG�WKH�PD[LPXP��LW�UHPDLQV�FRQVWDQW�IRU�DW�OHDVW

���PLQ�DW�URRP�WHPSHUDWXUH��&RQWLQXRXV�H[SRVXUH�IRU���KUV

DIWHU� ILUVW� PHDVXULQJ� WKH� IOXRUHVFHQFH� LQWHQVLW\� OHG� WR� D
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FHQFH�LQWHQVLW\�

&DOLEUDWLRQ� UDQJH�� VHQVLWLYLW\� DQG� SUHFLVLRQ � 8QGHU

WKH�DERYH�RSHUDWLQJ�FRQGLWLRQV��WKHUH�ZDV�D�VDWLVIDFWRU\�OLQ�

HDU� UHODWLRQVKLS� EHWZHHQ� IOXRUHVFHQFH� LQWHQVLW\�DQG� 1L�,,�

FRQFHQWUDWLRQ�LQ�WKH�UDQJH������QJ�P/��7KH�UHVXOWV�DUH�SORWWHG

LQ�)LJXUH����7KH�GHWHFWLRQ�OLPLW�ZDV�����QJ�P/�DQG�WKH�UHOD�

WLYH�VWDQGDUG�GHYLDWLRQ��Q ���ZDV������IRU�GHWHUPLQDWLRQV�RI

���QJ�P/�1L�,,��

(IIHFW�RI�IRUHLJQ�LRQV� 7R�DVVHVV� WKH�XVHIXOQHVV�RI� WKLV

PHWKRG��WKH�HIIHFWV�RI�IRUHLJQ�LRQV��ZKLFK�RIWHQ�LQWHUIHUH�WKH

GHWHUPLQDWLRQ�RI�1L�,,���ZHUH�VWXGLHG��7KH�WROHUDQFH�OLPLWV�RI

VRPH�LRQV�IRU�WKH�GHWHUPLQDWLRQ�RI����QJ�P/�1L�,,��E\�WKH

DERYH�PHQWLRQHG�SURFHGXUH�ZHUH�VWXGLHG��DQG�WKH�UHVXOWV�DUH

JLYHQ� LQ�7DEOH� ���7KH� UHODWLYH� HUURU�ZDV� OHVV� WKDQ�� �����

7KLV� VKRZV� WKDW� PRVW� RI� IRUHLJQ� LRQV� H[DPLQHG� GLG� QRW

JUHDWO\�LQWHUIHUH��HYHQ�ZKHQ�SUHVHQW�LQ�ODUJH�DPRXQWV��+RZ�

HYHU��&X�,,��DQG�)H�,,,�� LRQV��ZKLFK�IRUP�VWURQJ�FRPSH[HV

ZLWK�%,13+7��FDXVHG�VHYHUH�LQWHUIHUHQFH��7KH�PRVW�LQWHUIHU�
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