
6SHFWURVFRSLF�VWXGLHV�RI�G\H�VXUIDFWDQWLQWHUDFWLRQV�LQ�DTXHRXV�VROXWLRQV�LQ�SUH��DQGSRVW�PLFHOOH�IRUPDWLRQ�FRQFHQWUDWLRQ�UDQJHV
6�<HILPRYD

,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��
1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��
���/HQLQ�$YH���������.KDUNLY��8NUDLQH

5HFHLYHG�1RYHPEHU���������
7KH�LQWHUDFWLRQ�EHWZHHQ�FDWLRQLF�GLDON\OR[DFDUERF\DQLQH�SHUFKORUDWH��'L2&Q��G\HV�ZLWKGLIIHUHQW�DON\O�FKDLQ�OHQJWK�DQG�DQLRQLF�VXUIDFWDQW�VRGLXP�GRGHF\OVXOIDWH��6'6��KDV�EHHQ

VWXGLHG� VSHFWURSKRWRPHWULFDOO\� LQ� DTXHRXV� VROXWLRQV� LQ� VXUIDFWDQW� SUH�� DQG� SRVW�PLFHOODU
FRQFHQWUDWLRQV��&0&���,Q�DTXHRXV�VROXWLRQV�RI�'L2&��ZLWK�6'6�DW�6'6�FRQFHQWUDWLRQV�IDUEHIRUH� WKH� &0&�� WKH� IRUPDWLRQ� RI� LRQ�SDLU� FRPSOH[HV� RI� ���� FRPSRVLWLRQ� EHWZHHQ� G\H
FDWLRQV�DQG�VXUIDFWDQW�DQLRQV�KDV�EHHQ�UHYHDOHG��8VLQJ�DEVRUSWLRQ�VSHFWUD�RI�WKH�G\HV� LQ
VROXWLRQV�DW�6'6�FRQFHQWUDWLRQ�DERYH�WKH�&0&��ELQGLQJ�FRQVWDQWV� �.E��RI�WKH�G\HV�WR�WKHVXUIDFWDQW�PLFHOOHV�DQG�IUDFWLRQ�RI�WKH�G\HV�ERXQG�WR�WKH�PLFHOOHV��IPLF��KDYH�EHHQ�FDOFX�ODWHG� E\� PHDQV� RI� WKH� %HQHVL�+LOGHEUDQG� HTXDWLRQ�� ,W� KDV� EHHQ� VKRZQ� WKDW� ELQGLQJ� RI
RSSRVLWHO\� FKDUJHG� G\HV� DQG� VXUIDFWDQW� PLFHOOHV� LV� FRQWUROOHG� E\� ERWK� HOHFWURVWDWLF� DQG
K\GURSKRELF�IRUFHV��+RZHYHU��HYHQ�D�VPDOO�LQFUHDVH�LQ�WKH�G\H�DON\O�FKDLQ�OHQJWK�FDXVHV�DQ
DEUXSW� QRQOLQHDU� LQFUHDVH� RI� WKH� IPLF� YDOXH� WKDW� SRLQWV� WR� WKH� IDFW� WKDW� WKH� K\GURSKRELFLQWHUDFWLRQV�SOD\V�D�PDMRU�UROH�LQ�WKH�G\H�WR�PLFHOOH�LQFRUSRUDWLRQ��
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'\H�VXUIDFWDQW� LQWHUDFWLRQ� LV� FRQVLGHUHG
LQ�QXPHURXV�VWXGLHV� >�Ü��@��7KH�VXUIDFWDQW
PLFHOOHV� FRQWDLQLQJ� SRODU� DQG� K\GURSKRELF
IUDJPHQWV�DQG�EHLQJ�IRUPHG�LQ�VROXWLRQV�DW
WKH� VXUIDFWDQW� FRQFHQWUDWLRQ� H[FHHGLQJ� WKH
FULWLFDO� PLFHOOH� FRQFHQWUDWLRQ� �&0&��� DUH
FRQVLGHUHG� WR� EH� VLPSOH� PRGHO� V\VWHPV� RI

ELRORJLFDO� PHPEUDQHV�� EHFDXVH� FHOO� PHP�
EUDQHV�FRQVLVW�RI�VXUIDFH�DFWLYH�FRPSRQHQWV
�OLSLG�ELOD\HUV�� >��@��7KH�PLFHOOHV�DQG�RWKHU
FROORLGDO� DQG� PDFURPROHFXODU� V\VWHPV� KDYH
EHHQ�H[WHQVLYHO\�HPSOR\HG�DV�PRGHO�V\VWHPV
WR� LQYHVWLJDWH� WKH� HIIHFWV� RI� KHWHURJHQHRXV
HQYLURQPHQWV� DQG� PLFURHQYLURQPHQWV� RQ� D
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ZLGH� YDULHW\� RI� UHDFWLRQV� >��Ü��@�� 7KH
VWXG\�RI�LQWHUDFWLRQV�EHWZHHQ�RUJDQLF�PROH�
FXOHV� DQG� VXUIDFWDQW� PLFHOOHV� FDQ� KHOS� WR
XQGHUVWDQG� WKH� FRPSOH[� SURFHVVHV� RI� VXE�
VWDQFH� GHOLYHU\� DQG� WUDQVSRUW� WDNLQJ� SODFH
LQ� YDULRXV� ELRORJLFDO� SURFHVVHV�� 2SWLFDO
DQDO\VLV� EDVHG� RQ� IOXRUHVFHQW� ODEHOLQJ� KDV
EHHQ� H[WHQVLYHO\� XVHG� WR� VWXG\� WKHVH� SURF�
HVVHV�DQG�RUJDQLF�IOXRURSKRUV�DUH�XVHG�PRVW
RIWHQ� IRU� WKHVH� SXUSRVHV� >������@�� 7KHUH�
IRUH��VWXG\LQJ�WKH� LQWHUDFWLRQ�EHWZHHQ�G\HV
DQG� VXUIDFWDQW� PLFHOOHV� LV� DOVR� LPSRUWDQW
IURP� WKLV� VWDQGSRLQW�� )RU� LQVWDQFH�� LW� ZDV
QRWHG� WKDW� WKH� K\GURSKRELFLW\� RI� IOXRUR�
SKRUV�LQIOXHQFHV�WKH�HIILFLHQF\�RI�OLYLQJ�FHOO
VWDLQLQJ�DQG�WUDFLQJ�>��@��,W�ZDV�IRXQG�WKDW
OHVV� K\GURSKRELF� IOXRURSKRUV� ELQG� OHVV� HI�
IHFWLYHO\� WR� WKH�FHOO�RUJDQHOOHV�DQG�FDQ�GLI�
IXVH� LQWR� D� FHOO� F\WRSODVP�GXULQJ� FHOO� WUDF�
LQJ�>��@��
,Q� WKLV� ZRUN�� WKH� LQWHUDFWLRQ� EHWZHHQ� D

VHULHV�RI�FDWLRQLF�FDUERF\DQLQH�G\HV��'L2&Q�ZLWK� GLIIHUHQW� DON\O� FKDLQ� OHQJWK� �)LJ����
DQG� DQLRQLF� VXUIDFWDQW� VRGLXP� GRGHF\OVXO�
SKDWH� �6'6�� KDV� EHHQ� VWXGLHG� LQ� DTXHRXV
VROXWLRQV� LQ� SUH�� DQG� SRVW�PLFHOODU� FRQFHQ�
WUDWLRQV�E\�PHDQV�RI�VSHFWURVFRSLF�PHDVXUH�
PHQWV��7KH�PHWKRG�RI�FRQWLQXRXV�YDULDWLRQV
ZDV�XVHG�WR�VWXG\�WKH�LRQ�SDLU�FRPSOH[�IRU�
PDWLRQ� LQ� SUH�PLFHOODU� UDQJH� >������@�� 7KH
ELQGLQJ� FRQVWDQWV� DQG� WKH� IUDFWLRQ� RI� G\H
ERXQG� WR� 6'6� PLFHOOHV� LQ� SRVW�PLFHOODU
UDQJH� ZHUH� FDOFXODWHG� XVLQJ� WKH� %HQHVL�
+LOGHEUDQG� HTXDWLRQ� >��Ü��@� ZKLFK� FDQ� EH
DSSOLHG� DW� KLJK� VXUIDFWDQW� FRQFHQWUDWLRQV
>������@�� 7KH� HIIHFW� RI� G\H� DON\O� FKDLQ
OHQJWK�RQ�ELQGLQJ� FRQVWDQWV� RI� WKH� FDWLRQLF
G\H� WR� DQLRQLF�6'6�PLFHOOHV�KDV� EHHQ�VWXG�
LHG�� � &DUERF\DQLQH� G\HV� ���c�GLHWK\OR[DFDU�
ERF\DQLQH� SHUFKORUDWH� �'L2&���� ���c�GLKH[\�

OR[DFDUERF\DQLQH�SHUFKORUDWH��'L2&�������c�GL�QRQ\OR[DFDUERF\DQLQH� SHUFKORUDWH� �'L2&���DQG� ���c�GLRFWDGHF\OR[DFDUERF\DQLQH� SHU�
FKORUDWH� �'L2&���� ZHUH� V\QWKHVL]HG� E\
'U�,�%RURYR\��,QVWLWXWH�IRU�6FLQWLOODWLRQ�0D�
WHULDOV��1$6�RI�8NUDLQH���7KH�SXULW\�RI�WKH
G\HV� ZDV� FRQWUROOHG� E\� WKLQ� OD\HU� FKURPD�
WRJUDSK\�� 7KH� VXUIDFWDQW� 6'6� ZDV� SXU�
FKDVHG� IURP� 6LJPD�$OGULFK� DQG� XVHG�ZLWK�
RXW� SXULILFDWLRQ�� (WKDQRO� XVHG� WR� SUHSDUH
VWRFN�VROXWLRQV�RI�G\HV�DQG�VXUIDFWDQWV�ZDV
D� VSHFWURVFRSLF� JUDGH� SURGXFW�� 7R� SUHSDUH
DTXHRXV� VROXWLRQ� RI� WKH� G\HV� ZLWK� VXUIDF�
WDQWV�IRU�WKH�LQYHVWLJDWLRQV��GRXEO\�GLVWLOOHG
ZDWHU� ZDV� XVHG�� 7KH� VXUIDFWDQW� FRQFHQWUD�
WLRQ� ZDV� YDULHG� LQ� WKH� FRQFHQWUDWLRQ� UDQJH
RI�����Ü��0�WR�����Ü��0��
7KH�VWRFN�VROXWLRQV�RI�HDFK�G\H�RI�����Ü��0

FRQFHQWUDWLRQ� ZHUH� SUHSDUHG� LQ� HWKDQRO�
6LQFH� WKH�6'6� FRQFHQWUDWLRQ� LV� YDULHG� LQ� D
ZLGH� UDQJH�� WR� SUHSDUH� DTXHRXV� VROXWLRQV
ZLWK� VPDOO� DPRXQW� RI� 6'6�� D� VWRFN� 6'6
VROXWLRQ�LQ�HWKDQRO�RI�����Ü��0�ZDV�QHHGHG�
7R� SUHSDUH� DTXHRXV� VROXWLRQV� RI� WKH� G\HV
ZLWK� VXUIDFWDQW�� WKH� UHTXLUHG� DPRXQWV� RI
VWRFN�G\H�DQG�6'6�VROXWLRQV�LQ�HWKDQRO�DW�D
FHUWDLQ� UDWLR� ZHUH� SODFHG� LQ� D� IODVN� DQG
HWKDQRO� ZDV� HYDSRUDWHG�� 7KHQ� WKH� UHTXLUHG
DPRXQW�RI�GRXEO\�GLVWLOOHG�ZDWHU�ZDV�DGGHG�
9LVLEOH� DEVRUSWLRQ� VSHFWUD�ZHUH� UHFRUGHG

XVLQJ�D�89�9LVLEOH�6SHFWURSKRWRPHWHU��6SH�
FRUG������$QDO\WLN��-HQD��DQG�D�TXDUW]�FHOO
RI� �� PP� RSWLFDO� OHQJWK�� $OO� PHDVXUHPHQWV
ZHUH�GRQH�DW����&�DW�OHDVW�LQ�WULSOLFDWH�
7KH�FDWLRQLF�G\HV�'L2&Q�SRVVHVV�WKH�VDPHFKURPRSKRUH� IUDJPHQW� DQG� GLIIHU� LQ� WKH

)LJ����� �D�� &KHPLFDO� VWUXFWXUH� RI� WKH� 'L2&Q
G\HV�� 5� �&�+��� ���c�GLHWK\OR[DFDUERF\DQLQH
SHUFKORUDWH� �'L2&���� 5� �&�+���� ���c�GLKH[\�OR[DFDUERF\DQLQH�SHUFKORUDWH��'L2&����5� �&�+���
���c�GLQRQ\OR[DFDUERF\DQLQH� SHUFKORUDWH�
5� �&��+���� ���c�GLRFWDGHF\OR[DFDUERF\DQLQH
SHUFKORUDWH� �'L2&����� �E�� 6WUXFWXUDO� IRUPXODRI�VXUIDFWDQW�VRGLXP�GRGHF\OVXOIDWH��6'6��

)LJ����� (IIHFW� RI� 6'6� RQ� WKH� DEVRUEDQFH� RI
'L2&��G\H��7KH�G\H�FRQFHQWUDWLRQ�LQ�DOO�VROX�
WLRQV�LV�����Ü��0�
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�� )XQFWLRQDO�PDWHULDOV�������������



OHQJWK� RI� DON\O� FKDLQV� RQO\� �)LJ������ 7KH
DON\O� FKDLQ� OHQJWK� JRYHUQV� WKH� G\H� K\GUR�
SKRELFLW\� ZKLFK� LQFUHDVHV� ZLWK� LQFUHDVLQJ
FKDLQ�OHQJWK�
$W� WKH� ZRUN� ILUVW� VWDJH�� WKH� LQWHUDFWLRQ

RI� OHVV� K\GURSKRELF� G\H� 'L2&�� ZLWK� 6'6ZDV� VWXGLHG� LQ� SUH�� DQG� SRVW�PLFHOODU� UH�
JLRQV��)RU�WKLV�SXUSRVH��WKH�DEVRUSWLRQ�VSHF�
WUD� RI�'L2&��ZHUH� VWXGLHG� LQ� DTXHRXV� VROX�WLRQ� ZLWK� 6'6� DW� FRQFHQWUDWLRQV� YDULHG
IURP� ����Ü��0� WR� ����Ü��0� �)LJ������'L2&�LV� D� ZDWHU�VROXEOH� RUJDQLF� G\H�� ,Q� DTXHRXV
VROXWLRQV�� WKH� /DPEHUW�%HHU� ODZ� LV� YDOLG� LQ
WKH�G\H�FRQFHQWUDWLRQ�UDQJH�����Ü�Ü����Ü��0�
,Q�WKHVH�H[SHULPHQWV��WKH�G\H�FRQFHQWUDWLRQ
ZDV� ����Ü�� 0�� 7KH� FKDQJHV� LQ� WKH� G\H� DE�
VRUSWLRQ�ZHUH�GHWHFWHG�DW�OPD[� �����QP��)LJ����VKRZV�WKDW�WKH�FXUYH�RI�DEVRUSWLRQ
FKDQJHV� GHSHQGLQJ� RQ� WKH� 6'6� FRQFHQWUD�
WLRQ� FRXOG� EH� GLYLGHG� LQWR� WKUHH� UHJLRQV�
:LWKLQ� UHJLRQ� ,�� ZKLFK� FRUUHVSRQGV� WR� WKH
6'6�FRQFHQWUDWLRQ�IURP�����Ü��0�WR�����Ü��0�
WKH� ���� QP� DEVRUSWLRQ� EDQG� LQWHQVLW\� GH�
FUHDVHV� JUDGXDOO\�� $W� WKH� VDPH� WLPH�� WKH
DSSHDUDQFH�RI�D�QHZ�VKRUW�ZDYHOHQJWK�EDQG
DW�����QP�LV�REVHUYHG��)LJ������7KH�GHFUHDVH
LQ� WKH� DEVRUEDQFH� DW� ���� QP� DQG� WKH� DS�
SHDUDQFH�RI�WKH�QHZ�EDQG�DW�WKH�VXUIDFWDQW
FRQFHQWUDWLRQ� EHORZ� WKH� &0&� �IRU� 6'6�
&0&� �����Ü�� 0� >��@�� LQGLFDWH� WKH� PROHFX�
ODU�FRPSOH[�IRUPDWLRQ�EHWZHHQ�FDWLRQLF�G\H
'L2&��DQG�DQLRQLF�VXUIDFWDQW�PROHFXOHV�GXHWR�HOHFWURVWDWLF�LQWHUDFWLRQ�>�����Ü��@��

7KH�UHDFWLRQ�EHWZHHQ�WKH�G\H��'��DQG�WKH
VXUIDFWDQW� �6�� FDQ� EH� GHVFULEHG� DV� DQ� HTXL�
OLEULXP�UHDFWLRQ���

['���\6�/�'[6\�
7KH� PHWKRG� RI� FRQWLQXRXV� YDULDWLRQ�� RU

WKH� -RE�V� PHWKRG�� LV� RQH� RI� WKH�PRVW� FRP�
PRQ� WHFKQLTXHV� XVHG� LQ� FRPSOH[� LRQ� VWXGLHV
>������@��7KLV�PHWKRG�DOORZV�WKH�VWRLFKLRPHW�
ULF� FRPSRVLWLRQ� RI� WKH� FRPSOH[� WR� EH� GHWHU�
PLQHG��)RU�WKLV�SXUSRVH��WKH�PRWKHU�DTXHRXV
VROXWLRQV� RI� WKH� G\H� &'� � DQG� WKH� VXUIDFWDQW
&6�� VKRXOG� EH� SUHSDUHG� LQ� HTXDO� FRQFHQWUD�
WLRQV��,Q�RXU�VWXG\��&'� � �&6�� �����Ü��0��7KH
PRWKHU� VROXWLRQV� DUH�PL[HG� LQ� YDU\LQJ� YRO�
XPH�UDWLRV��EXW�LQ�VXFK�D�ZD\�WKDW�WKH�WRWDO
YROXPH�RI�HDFK�PL[WXUH�UHPDLQV�WKH�VDPH�[
YROXPH� XQLWV� RI� WKH� G\H� VROXWLRQ� DGGHG� WR
��Ü[�� YROXPH� XQLWV� RI� WKH� VXUIDFWDQW� VROX�
WLRQ� �[���� >������@��$�VHULHV�RI�PL[HG�VROX�
WLRQV� LV�SUHSDUHG�DQG�WKH�DEVRUEDQFH� �(��RI
WKH�HDFK�VROXWLRQ� LV�PHDVXUHG��$�-RE�V�SORW
LV�REWDLQHG�E\�SORWWLQJ� WKH�FRUUHFWHG�DEVRU�
EDQFH� RI� HDFK� PL[WXUH� '(� YHUVXV� WKH� G\H
YROXPH� IUDFWLRQ� �[��� 7KH� FRUUHFWHG� DEVRU�
EDQFH�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ
HTXDWLRQ�>��@�

'(� �(H[S���H'F'� O[� ����
ZKHUH� H'F'� O� LV� WKH� DEVRUEDQFH� RI� WKH� G\H
VROXWLRQ�ZLWKRXW�VXUIDFWDQW��[� �����
7KH� YROXPH� UDWLR� [� WKDW� FRUUHVSRQGV� WR

WKH�PLQLPXP� LQ� WKH� -RE�V� SORW� LV� WKH� FRP�
ELQLQJ�UDWLR�RI�VXUIDFWDQW�DQG�WKH�G\H�LQ�WKH
DVVRFLDWH�>������@�

)LJ�����7KH�-RE�V�SORW�RI�'L2&��DQG�6'6�DW����&�)LJ����� $EVRUSWLRQ� VSHFWUD� RI� 'L2&�� G\H� LQDTXHRXV� VROXWLRQV� DW� GLIIHUHQW� VXUIDFWDQW� FRQ�
FHQWUDWLRQV��ZLWKRXW�6'6��VROLG�OLQH�������Ü��0
�GDVKHG� OLQH��� ����Ü�� 0� �GDVK�DQG�GRWWHG
OLQH���7KH�G\H�FRQFHQWUDWLRQ�LQ�DOO�VROXWLRQV�LV
����Ü��0��
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7KH�-RE�V�SORW�RI�'L2&��DQG�6'6�DW����&LV�SUHVHQWHG�LQ�)LJ�����7KH�PLQLPXP�DW�[� ����
PHDQV� WKDW� ���� DVVRFLDWHV� DUH� IRUPHG�� 6R�
ZH� FDQ� FRQFOXGH� WKDW� WKH� VKRUW�ZDYHOHQJWK
DEVRUSWLRQ� EDQG� IRUPHG� LQ� WKH� VROXWLRQ� DW
WKH� VXUIDFWDQW� FRQFHQWUDWLRQ� IDU� EHIRUH� WKH
&0&� �UHJLRQ� ,�� FRUUHVSRQGV� WKH� G\H�VXUIDF�
WDQW� FRPSOH[� IRUPDWLRQ� ZLWK� ���
VWRLFKLRPHWU\�
$W�WKH�6'6�FRQFHQWUDWLRQV�����Ü�Ü����Ü��0

�)LJ����� UHJLRQ� ,,��� D� VKDUS� LQFUHDVH� RI� WKH
'L2&��DEVRUSWLRQ�DQG�D�UHG�VKLIW�RI�WKH�DE�VRUSWLRQ�PD[LPXP�WR�����QP�ZLWK�LQFUHDV�
LQJ� 6'6� FRQFHQWUDWLRQ� ZHUH� REVHUYHG� WKDW
SRLQWV�WR�WKH�RQVHW�RI�WKH�PLFHOOH�IRUPDWLRQ
DQG� WKH� G\H� LQFRUSRUDWLRQ� WR� 6'6� PLFHOOHV
�)LJV��������>������Ü��@��,Q�UHJLRQ�,,,�FRUUH�
VSRQGLQJ� WR� WKH� 6'6� FRQFHQWUDWLRQV� IURP
����Ü�� 0� WR� ����Ü�� 0�� WKH� DEVRUEDQFH� RI
'L2&�� GRHV� QRW� FKDQJH�� WKXV� SRLQWLQJ� WKDWDOO�G\H�PROHFXOHV�DUH�LQFRUSRUDWHG�WR�VXUIDF�
WDQW� PLFHOOHV� �)LJ������ 7KH� 6'6� FRQFHQWUD�
WLRQ� RI� ����Ü�� 0� DW� ZKLFK� WKH� VKDUS� LQ�
FUHDVH� LQ� WKH� G\H� DEVRUSWLRQ� DQG� WKH� UHG
VKLIW�RI�WKH�DEVRUSWLRQ�PD[LPD�DUH�REVHUYHG
LV� FRQVLGHUHG� DV� WKH� &0&� RI� 6'6� LQ� DQ
DTXHRXV�VROXWLRQ�LQ�WKH�SUHVHQFH�RI�WKH�G\H
>������@�� 7KH� ORZHU� YDOXH� RI� WKH�&0&� WKDQ
WKDW� REWDLQHG� E\� RWKHU� PHWKRGV� LQ� SXUH
DTXHRXV�VROXWLRQV� �����Ü��0�>��@�� LV�WKH�UH�
VXOW� RI� G\H�VXUIDFWDQW� LQWHUDFWLRQV�� 7KH
SURFHVV�RI�PLFHOOH�IRUPDWLRQ�LV�NQRZQ�WR�EH
VHQVLWLYH�WR�VPDOO�FKDQJHV�LQ�LRQLF�VWUHQJWK
RI� WKH� DTXHRXV� VROXWLRQ� >�����@�� $GGLWLYHV�
VXFK� DV� DOFRKROV�� VDOWV�� RUJDQLF� PROHFXOHV�
HWF��� FDQ� FKDQJH� WKH� VXUIDFWDQW� &0&� YDOXH

LQ� VROXWLRQV�� ,Q� JHQHUDO�� RUJDQLF� PROHFXOHV
�RU� LRQV�� WHQG� WR� UHGXFH� WKH� &0&� >�����@�
7KH� &0&� YDOXH� REWDLQHG� IRU� 6'6� LQ� WKH
DTXHRXV�VROXWLRQ�LQ�WKH�SUHVHQFH�RI�WKH�G\H
LV�LQ�DJUHHPHQW�ZLWK�WKLV�VWDWHPHQW�
$W�WKH�VHFRQG�VWDJH��WKH�HIILFLHQF\�RI�WKH

G\H�VXUIDFWDQW�PLFHOOH�LQWHUDFWLRQ�ZDV�VWXG�
LHG�GHSHQGLQJ�RQ�WKH�G\H�K\GURSKRELFLW\�
7KH� G\H�PLFHOOH� LQWHUDFWLRQ� FDQ� EH� GH�

VFULEHG�DV�DQ�HTXLOLEULXP�UHDFWLRQ�

'���0�/�.E '0������������������������������������������������

ZKHUH�'��0� DQG�'0� DUH� WKH� G\H�� PLFHOOH
DQG� G\H�PLFHOOH� DVVRFLDWH�� UHVSHFWLYHO\��.E�WKH�ELQGLQJ� FRQVWDQW��7R�GHWHUPLQH�.E�� WKH%HQHVL�+LOGHEUDQG�HTXDWLRQ�LQ�WKH�IROORZLQJ
PRGLILHG�IRUP�ZDV�XVHG�>��Ü��@��
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ZKHUH�'7� LV� WKH� WRWDO� G\H� FRQFHQWUDWLRQ� LQ
WKH�VROXWLRQV� �����Ü��0���$�DQG�$���WKH�G\HDEVRUEDQFH� LQ� WKH� SUHVHQFH� DQG� DEVHQFH� RI
6'6��UHVSHFWLYHO\��H���WKH�G\H�PRODU�H[WLQF�WLRQ� FRHIILFLHQW� LQ� DTXHRXV� VROXWLRQV� ZLWK�
RXW�WKH�VXUIDFWDQW��HP��WKDW�RI�WKH�G\H�IXOO\ERXQG�WR� WKH�PLFHOOHV��&P� LV� WKH�FRQFHQWUD�WLRQ� RI� WKH� PLFHOOL]HG� VXUIDFWDQW� �>VXUIDF�
WDQW@�&0&��� 7KH� SORW� RI�'7��$�Ü$�� DJDLQVW
��&P� LV� OLQHDU��.E� DQG� HP� FDQ� EH� REWDLQHGIURP� WKH� OLQH� VORSH� DQG� LQWHUFHSW�� UHVSHF�
WLYHO\��

)LJ������D��7KH�FKDQJH�RI�'L2&�������'L2&���z���'L2&������DQG�'L2&�������DEVRUEDQFH�DV�D�IXQFWLRQRI�6'6� FRQFHQWUDWLRQ�� �E�� 7KH� %HQHVL�+LOGHEUDQG� SORWV� IRU�'L2&�� �����'L2&�� �z���'L2&�� ���� DQG'L2&�������ELQGLQJ�WR�6'6�PLFHOOHV�
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6LQFH�'L2&���'L2&��DQG�'L2&���G\HV�SRV�VHVV� K\GURSKRELF� SURSHUWLHV�� LQ� SXUH� DTXH�
RXV� VROXWLRQV� WKH\� IRUP� DJJUHJDWHV�� WKH
6'6� FRQFHQWUDWLRQ� RI� ����Ü��0�ZDV�FRQVLG�
HUHG� DV� WKH� &0&� IRU� WKH� VROXWLRQV�ZLWK� DOO
G\HV�� 7R� FDOFXODWH� WKH� ELQGLQJ� FRQVWDQWV� RI
WKH�G\HV�WR�6'6�PLFHOOHV��UHJLRQV�,,�DQG�,,,
RI� WKH� VXUIDFWDQW� FRQFHQWUDWLRQV� ZHUH� DQD�
O\]HG�IRU�DOO�G\HV��)LJ�����
)RU� HDFK� G\H�� WKH� ���� QP� DEVRUEDQFH

FKDQJHV� GHSHQGLQJ� RQ� WKH� 6'6� FRQFHQWUD�
WLRQ�ZHUH� DQDO\]HG� �)LJ���D��� )RU� HDFK� G\H�
WKH� 6'6� FRQFHQWUDWLRQ� LQFUHDVLQJ� IURP
����Ü��0�WR�����Ü��0�FDXVHV�DQ� LQFUHDVH� LQ
WKH� G\H� DEVRUEDQFH� DQG� D� UHG� VKLIW� �WR
���� QP�� RI� WKH� DEVRUSWLRQ� PD[LPXP� �)LJ�
�D���7KH�UHG�VKLIW�RI�WKH�DEVRUSWLRQ�PD[LPD
LQ�D�OHVV�SRODU�PHGLXP�LV�D�GLUHFW�LQGLFDWLRQ
RI�WKH�G\H�LQFRUSRUDWLRQ�WR�6'6�PLFHOOHV�>��
������Ü��@�� 7KH� SORW� RI�'7��$�Ü$�� DJDLQVW��&P�ZDV�UHYHDOHG� WR�EH� OLQHDU� IRU�DOO�G\HV�)LJ���E��� 7KH� .E� DQG� HP� YDOXHV� REWDLQHGXVLQJ� OHDVW� VTXDUH� DQDO\VLV� DUH� JLYHQ� LQ
7DEOH��7KH�.E�YDOXH� LQFUHDVHV�ZLWK� LQFUHDV�LQJ� DON\O� FKDLQ� OHQJWK� RI� WKH� G\H�� ,Q� RWKHU
ZRUGV�� WKH� DON\O� FKDLQ� OHQJWK� RI� WKH� G\H
PROHFXOH� LQIOXHQFHV� VXEVWDQWLDOO\� WKH� G\H
ELQGLQJ� WR� D� VXUIDFWDQW� PLFHOOH�� 7KH� &RX�
ORPE� LQWHUDFWLRQV� EHWZHHQ� D� SRVLWLYHO\
FKDUJHG� G\H� PROHFXOH� DQG� D� QHJDWLYHO\
FKDUJHG� 6'6� PLFHOOH� GR� QRW� SOD\� D� PDMRU
UROH�LQ�WKH�G\H�PLFHOOH�ELQGLQJ��$SSDUHQWO\�
WKHLU� PDMRU� IXQFWLRQ� LV� WR� EULQJ� WKH� G\H
FDWLRQ� DQG� WKH� VXUIDFWDQW� PLFHOOH� FORVH
HQRXJK� DW� WKH� SURFHVV� RQVHW� WR� HQDEOH� WKH
DFWLRQ� RI� K\GURSKRELF� LQWHUDFWLRQV� ZKLFK
DUH� ILQDOO\� UHVSRQVLEOH� IRU� WKH� G\H�PLFHOOH
ELQGLQJ� >�@��$V� LW�VHHQ�IURP�7DEOH�� WKH�G\H
ZLWK�WKH�ORQJHU�DON\O�FKDLQ��PRUH�K\GURSKR�
ELF�� UHYHDOV� D� VWURQJHU� WUHQG� WR� ELQG� WR� D
VXUIDFWDQW�PLFHOOH��
7R� HVWLPDWH� WKH� HIILFLHQF\� RI� WKH� G\H�

PLFHOOH� ELQGLQJ�� WKH� IUDFWLRQ� RI� PLFHOOL]HG
G\H�PROHFXOHV��IPLF��ZDV�FDOFXODWHG�>�����@�

IPLF� �
.E>0@

����.E>0@� ���

ZKHUH�.E� LV� WKH� ELQGLQJ� FRQVWDQW�� >0@�� WKH
VXUIDFWDQW�FRQFHQWUDWLRQ�DW�ZKLFK�WKH�PD[L�
PXP� QXPEHU� RI� G\H�PROHFXOHV� ELQG� WR� WKH
PLFHOOHV������Ü��0���7KH�REWDLQHG�YDOXHV�DUH
OLVWHG�LQ�7DEOH�
7KH�GHSHQGHQFHV�RI�REWDLQHG�.E�DQG�IPLFYDOXHV�RQ�WKH�G\H�DON\O�FKDLQ�OHQJWK�LV�SUH�

VHQWHG� LQ� )LJ���� ZKLFK� LQGLFDWHV� WKH� OLQHDU
GHSHQGHQFH� RI�.E� RQ� WKH� QXPEHU� RI� K\GUR�FDUERQ�DWRPV�LQ�DON\O�FKDLQV�RI�WKH�G\HV��$W
WKH� VDPH� WLPH�� WKH� IUDFWLRQ� RI� PLFHOOL]HG
G\H�PROHFXOHV��IPLF��FKDQJHV�QRW�OLQHDUO\��,QD�FDVH�RI�'L2&���OHVV�K\GURSKRELF�G\H���RQO\��� �� RI� WKH� G\H� DUH� ERXQG� WR� WKH� 6'6
PLFHOOH��$� VPDOO� LQFUHDVH� LQ� WKH�G\H�K\GUR�
SKRELFLW\�UHVXOWV� LQ�D� VKDUS� LQFUHDVH�RI� WKH
DPRXQW�RI�ERXQG�G\H�������IRU�'L2&���DQGWKHQ�WKH�FXUYH�IPLF�YV�&Q�UHDFKHV�VDWXUDWLRQ�)LJ������7KLV�LQGLFDWHV�WKDW�LQ�VSLWH�RI�&RX�
OXPE� LQWHUDFWLRQ� EHWZHHQ� WKH� RSSRVLWHO\
FKDUJHG�G\H�DQG�6'6�PLFHOOH��WKH�K\GURSKR�
ELF� LQWHUDFWLRQV� SOD\� WKH� PDMRU� UROH� LQ� WKH
FDWLRQLF�G\H�DQLRQLF�PLFHOOH�LQWHUDFWLRQ��
7R� FRQFOXGH�� XVLQJ� DEVRUSWLRQ� VSHFWURV�

FRS\�� FDWLRQLF� G\H�DQLRQLF� VXUIDFWDQW� LQWHU�

)LJ�����'HSHQGHQFHV�RI�IPLF� �x��DQG�.E�����RQWKH� QXPEHU� RI� FDUERQ� DWRPV� LQ� G\H� DON\O
FKDLQV��&Q��

7DEOH��6SHFWURVFRSLF�SURSHUWLHV�RI�'L2&Q�G\HV�LQ�DTXHRXV�VROXWLRQV�ZLWK�6'6�DW�����.
'\H H�D��0Ü��FPÜ� HP��0Ü��FPÜ� .E��0Ü�� IPLF
'L2&� ����� ����� �� ����
'L2&� ����� ����� �� ����
'L2&� ���� ����� ��� ����
'L2&�� ����� ����� ��� ����

D�H��YDOXHV�ZHUH�FDOFXODWHG�DW�VXUIDFWDQW�FRQFHQWUDWLRQ�RI�����Ü��0��&0&���]HUR��SRLQW��
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DFWLRQV� KDYH� EHHQ� VWXGLHG� LQ� DTXHRXV� VROX�
WLRQV� LQ� VXUIDFWDQW� SUH�� DQG� SRVW�PLFHOODU
FRQFHQWUDWLRQ� UDQJHV�� 7KH� DGGLWLRQ� RI� DQ�
LRQLF� VXUIDFWDQW�6'6� LQWR� WKH�'L2&�� DTXH�RXV� VROXWLRQ� FDXVHV� DQ� HVVHQWLDO� FKDQJHV� LQ
WKH�G\H�DEVRUSWLRQ�VSHFWUD��$W�6'6�FRQFHQ�
WUDWLRQV�IDU�ORZHU�WKDQ�WKH�&0&��WKH�IRUPD�
WLRQ�RI�LRQ�SDLU�FRPSOH[HV�RI�����FRPSRVLWLRQ
EHWZHHQ� G\H� FDWLRQV� DQG� VXUIDFWDQW� DQLRQV
KDV�EHHQ�UHYHDOHG��7KH�6'6�FRQFHQWUDWLRQ�LQ�
FUHDVH� DERYH� WKH� &0&� UHVXOWV� LQ� LQFUHDVHG
DEVRUSWLRQ�LQWHQVLW\�IRU�DOO�G\HV�DQG�VKLIW�RI
WKH� DEVRUSWLRQ�PD[LPD� WRZDUG� ORQJHU� ZDYH�
OHQJWKV�WKDW�DUH�HYLGHQFHV�RI�WKH�G\H�LQFRU�
SRUDWLRQ� LQWR� 6'6� PLFHOOHV�� ,W� KDV� EHHQ
IRXQG� WKDW� WKH� LQWHUDFWLRQ� RI� RSSRVLWHO\
FKDUJHG�G\HV�DQG�VXUIDFWDQW�PLFHOOHV�LV�FRQ�
WUROOHG� E\� ERWK� HOHFWURVWDWLF� DQG� K\GURSKR�
ELF�LQWHUDFWLRQV��7KH�LQFUHDVH�RI�WKH�G\H�K\�
GURSKRELFLW\�GXH�WR�OHQJWKHQLQJ�DON\O�FKDLQ
LQFUHDVHV� WKH� WUHQG� WR� DVVRFLDWLRQ�� WKH�.E�IPLF� YDOXHV� LQFUHDVH� ZLWK� LQFUHDVLQJ� G\HDON\O� FKDLQ� OHQJWK��)RU�'L2&��G\H�ZLWK�WKHVKRUWHVW� DON\O� FKDLQV�� WKH� HOHFWURVWDWLF� DW�
WUDFWLRQ� EHWZHHQ� WKH� G\H� DQG� D� PLFHOOH� LV
IRXQG� WR� EH� QRW� VXIILFLHQW� IRU� HIIHFWLYH
ELQGLQJ��,Q�WKLV�FDVH��RQO\������RI�WKH�G\H
PROHFXOHV� DUH� LQFRUSRUDWHG� LQWR� 6'6
PLFHOOHV�� +RZHYHU�� D� VPDOO� LQFUHDVH� LQ� WKH
G\H� DON\O� FKDLQ� OHQJWK� FDXVHV� DQ� DEUXSW
QRQOLQHDU� LQFUHDVH� RI� WKH� IPLF� YDOXH� WKDWSRLQWV� WR� WKH� IDFW� WKDW� WKH� K\GURSKRELF� LQ�
WHUDFWLRQV� SOD\� D� PDMRU� UROH� LQ� WKH� G\H�WR�
PLFHOOH�LQFRUSRUDWLRQ�
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�������
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