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0HWDO� GLWKLR� FRPSOH[HV� DUH� YHU\� DWWUDFWLYH� FRPSRXQGV� IRU� WKH�

V\QWKHWLF� DQG� FU\VWDO� HQJLQHHUV�� GXH� WR� WKHLU� VWUXFWXUDO�

GLYHUVLW\���7KH\�VKRZ�JRRG�FRQGXFWLQJ���PDJQHWLF���DQG�RSWLFDO�

SURSHUWLHV��DQG�VHUYH�ZHOO�DV�D�VLQJOH�VRXUFH�SUHFXUVRUV�IRU�WKH�

SUHSDUDWLRQ� RI� PHWDO� VXOSKLGHV�� DV� SKRWRFDWDO\VWV� LQ� VRODU�

HQHUJ\� VFKHPHV��� DQG� IRU� RUJDQLF� V\QWKHVLV��� 7KH� UHFHQW�

JURZLQJ� LQWHUHVW� LQ� GLWKLRODWH� FKHPLVWU\� LV� GRZQ� WR� WKH�

IXQFWLRQDOL]DWLRQ� RI� WKH� GLWKLR� EDFNERQH� WKDW� PD\� JHQHUDWH�

IDVFLQDWLQJ�VXSUDPROHFXODU�DUFKLWHFWXUHV�LQ� WKH�FU\VWDOOLQH�VWDWH�

ZKLFK�DUH�FDSDEOH�RI�GLVSOD\LQJ�PRGLILHG�SK\VLFDO�SURSHUWLHV�����

&U\VWDO� HQJLQHHULQJ� RI� WKH� PHWDO� GLUHFWHG� VHOI�DVVHPEO\� RI�

FRRUGLQDWLRQ� FRPSRXQGV� DIIRUGHG� E\� 6���+�� 2���+�� 1���+��

6���6�� S���S� DQG� &±+���S��FKHODWH�� &6�0�� VHFRQGDU\�

LQWHUDFWLRQV� SOD\� D� NH\� UROH� LQ� WKH� RUJDQL]DWLRQ� RI�

VXSUDPROHFXODU�QHWZRUNV�������

$PRQJVW�����GLWKLRODWHV��D�JUHDW�GHDO�RI�DWWHQWLRQ�KDV�EHHQ�SDLG�

WR� WKH� PRQRDQLRQLF� [DQWKDWH�� GLWKLRFDUEDPDWH� DQG�

GLWKLRSKRVSKDWH� DQG� GLDQLRQLF� ����HWK\OHQHGLWKLRODWH� W\SH�

�;<& &6�
��������5HFHQWO\��PXOWLPHWDOOLF� DVVHPEOLHV� KDYH� EHHQ�

SUHSDUHG� XVLQJ� D� SLSHUD]LQH�EDVHG� GLWKLRFDUEDPDWH� EXLOGLQJ�

EORFN� DQG� 1L�GSSH�&O�� E\� :LOWRQ�(O\� DQG� +RJDUWK� HW� DO�����

7KHVH� V\VWHP� KDYH� EHHQ� XWLOL]HG� IRU� WKH� IXQFWLRQDOL]DWLRQ� RI�

JROG� QDQRSDUWLFOHV���� ,QVSLUHG� E\� WKHVH� LQYHVWLJDWLRQV� ZH�

UHFHQWO\� IRXQG� WKH�����ELV�GLSKHQ\OSKRVSKLQR�HWKDQH�QLFNHO�,,��

GLWKLRFDUEDPDWHV� EH� D� SRWHQWLDO� SUHFXUVRU� IRU� QLFNHO� VXOSKLGH�

DQG�DOVR�LQYHVWLJDWHG�WKH�HIIHFW�RI�FRXQWHU�DQLRQV�RQ�WKH�SKDVH�

DQG� PRUSKRORJ\� RI� WKH� V\QWKHVL]HG� QLFNHO� VXOILGHV����'HVSLWH�

WKH�V\QWKHWLF�YHUVDWLOLW\�DQG�SUDFWLFDO�XWLOLW\�PHWDO�FRPSOH[HV�RI�

GLDQLRQLF� ����GLWKLRODWHV� GHULYHG� IURP� DFWLYH�PHWK\OHQH� JURXS�

DWWDFKHG� WR� WKH�F\DQR�DQG�SKHQ\O�JURXS�DUH� UHODWLYHO\�UDUH�DQG�

RQO\� D� IHZ� VWUXFWXUDO� FKDUDFWHUL]DWLRQ� DQG� SKRWROXPLQHVFHQW�

SURSHUWLHV� RI� D� 3W�,,�� FRPSOH[� ZLWK� 'L�WHUW�EXW\O� ELS\ULGLQH�

KDYH� EHHQ� UHSRUWHG���� 7KHUHIRUH�� ZH� FRQVLGHUHG� LW� WR� EH�

ZRUWKZKLOH� WR� V\QWKHVLVH�� GHWHUPLQH� WKH� FU\VWDO� VWUXFWXUHV� DQG�

VWXG\� WKH� SKRWROXPLQHVFHQFH� EHKDYLRXU� RI� WKH� KHWHUROHSWLF�

1L�,,�� FRPSOH[HV� IRUPHG� ZLWK� WKUHH� GLIIHUHQW� GLDQLRQLF�

GLWKLRODWHV�DQG�����ELV�GLSKHQ\OSKRVSKLQR�HWKDQH��GSSH��ZKLFK�

KDYH� EHHQ� XVHG� DV� FR�OLJDQGV�� 7KHVH� QHZO\� V\QWKHVL]HG� �����

HWK\OHQH�GLWKLRODWH�W\SH�OLJDQGV�ZLWK�VXEVWLWXWHG�SKHQ\O�S\ULG\O�

ULQJV� HQKDQFH� FRQMXJDWLRQ� ZLWK� GLIIHUHQW� H[WHQW� RI�

GHORFDOL]DWLRQ� RI� QHJDWLYH� FKDUJH� RYHU� WKH� DURPDWLF� ULQJ� DQG�

FDQ�SURYLGH�JUHDWHU�HOHFWURQ�GHORFDOLVDWLRQ�WKURXJK�WKH�&�6��&�

&�DQG�EH\RQG�WKH�06��ERQG��7KXV��WKH�IXQFWLRQDOL]DWLRQ�RI�WKH�

DURPDWLF� ULQJ� PD\� LQGXFH� QHZ� LQWUD�� DQG� LQWHUPROHFXODU� QRQ�

FRYDOHQW� LQWHUDFWLRQV�� WKHUHE\� JHQHUDWLQJ� QHZ� VXSUDPROHFXODU�

DUFKLWHFWXUHV� DQG�SRVVLEO\�PD\� OHDG� WR�GLIIHUHQW�RSWRHOHFWURQLF�

SURSHUWLHV�� 0HWDO� FRPSOH[HV� FRQWDLQLQJ� WHUWLDU\�SKRVSKLQH�

OLJDQGV� KDYH� SOD\HG� DQ� LPSRUWDQW� UROH� LQ� FDWDO\WLF� UHDFWLRQV����

)XUWKHUPRUH�� WKH� VWHULF� DQG� HOHFWURQLF� SURSHUWLHV� RI� GLWKLRODWHV�

LQ�FRQMXQFWLRQ�ZLWK�GSSH�OLJDQGV�PD\�QRWLFHDEO\�LQIOXHQFH�WKHLU�

VWUXFWXUDO� IHDWXUHV� DQG�SURSHUWLHV�� 7KH� LQWHUHVWLQJ�&A1���+��&�

6���+�� S���S�DQG� &�+���S� LQWHUPROHFXODU� LQWHUDFWLRQV� DQG� UDUH�
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LQWUDPROHFXODU� &�+���1L� DQDJRVWLF� LQWHUDFWLRQ� KDYH� EHHQ�

GHVFULEHG� KHUHLQ���� $WWHPSWV� KDYH� EHHQ� PDGH� WR� DGGUHVV� WKH�

QDWXUH� RI� WKHVH� LQWHUDFWLRQV� XVLQJ� TXDQWXP� FKHPLFDO�

FDOFXODWLRQV�DQG�+LUVKIHOG�VXUIDFH�DQDO\VLV�����

Z��µo����v���]��µ��]}v�
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6\QWKHVLV�

7KH�WKUHH�GLDQLRQLF�GLWKLRODWH� OLJDQGV�ZHUH�SUHSDUHG� LQ� VLWX�E\�

DGGLWLRQ� RI� ����'LD]DELF\FOR>�����@XQGHF���HQH� �'%8��

IROORZHG�E\� DGGLWLRQ� RI� FDUERQ� GLVXOILGH� WR� WKH� FRUUHVSRQGLQJ�

DURPDWLF� DFHWRQLWULOHV� YL]�� SKHQ\ODFHWRQLWULOH�� ��F\DQR� PHWK\O�

EHQ]RQLWULOH�DQG�S\ULGLQH���DFHWRQLWULOH�GLVVROYHG�LQ�7+)�XQGHU�

QLWURJHQ� DWPRVSKHUH�� 7KH� UHVXOWLQJ� VROXWLRQ� ZDV� DGGHG�

GURSZLVH� WR� WKH� GLFKORURPHWKDQH� VROXWLRQ� RI� 1L�GSSH�&O�� WR�

REWDLQ� WKH� FRUUHVSRQGLQJ� 1L�,,�� ����ELV�GLSKHQ\OSKRVSKLQR��

HWKDQH� GLWKLRODWHV� �6FKHPH� ���� $OO� WKUHH� FRPSRXQGV� ZHUH� DLU�

VWDEOH� DQG� VROXEOH� LQ� KDORJHQDWHG� VROYHQWV� EXW� LQVROXEOH� LQ�

DOFRKROV�DQG�HWKHU���

�

�

�

�

�

�

�

�
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6SHFWURVFRS\�

7KH�,5�VSHFWUD�IRU�DOO�WKH�WKUHH�FRPSRXQGV�GLVSOD\�EDQGV�DW�a�������

�����DQG�a�����FP���ZKLFK�FRUUHVSRQGV�WR�WKH���&A1����& &6��DQG�

�&6�� YLEUDWLRQV� D� FKDUDFWHULVWLF� IHDWXUH� RI� GLWKLRODWH� OLJDQGV��

([LVWHQFH�RI�VLQJOH�YLEUDWLRQ�DW�a�����FP���LQGLFDWHV�WKH�ERQGLQJ�RI�

GLWKLRODWH�OLJDQG�WR�1L�,,��FHQWHU�LQ�V\PPHWULFDO�ELGHQWDWH�PRGH��7KH�

SXULW\�DQG�FRPSRVLWLRQ�RI�DOO�WKH�WKUHH�FRPSRXQGV�ZHUH�FKHFNHG�E\�
�+�105�VSHFWURVFRS\��$OO�RI�WKH�FRPSRXQGV�GLVSOD\�ZHOO�UHVROYHG�
�+� 105� VLJQDOV� ZKLFK� LQWHJUDWH� WR� WKH� FRUUHVSRQGLQJ� K\GURJHQ�

DWRPV�� 7KH� VLJQDOV� DW� a� /� �������� SSP� DUH� LQGLFDWLYH� RI� WKH� &6��

FDUERQ� RI� WKH� GLWKLRODWH� OLJDQG�� ,Q� ��3^�+`� 105� WKH� SUHVHQFH� RI�

RQO\� RQH� VLJQDO� DW� a� /� ����� SSP� LQGLFDWHV� V\PPHWULFDO� ELGHQWDWH�

ERQGLQJ�PRGH�RI�WKH�GSSH�OLJDQG�WR�WKH�1L�,,��FHQWHU��

�

&]PX� î� KZd�W� À]�Á� }(� �Z��u}o��µo��� ���µ��µ��� }(� ï� Á]�Z� ��}u�� ���Áv� ��� ñì9�
��}���]o]�ÇX�^}oÀ�v���v��ZÇ��}P�v���}u��������u}À���(}���o��]�ÇX�

0ROHFXODU�VWUXFWXUH�

6LQJOH�FU\VWDOV�RI���DQG���ZHUH�REWDLQHG�E\�VORZ�HYDSRUDWLRQ�RI�

D� VROXWLRQ� RI� WKH� FRPSRXQGV� LQ� D� GLFKORURPHWKDQH�PHWKDQRO�

PL[WXUH� ������� ,Q� HDFK� FRPSOH[�� WKH� JHRPHWU\� DERXW� 1L�,,�� LV�

IRXU�FRRUGLQDWH� ZLWK� WKH� 1L� DWRPV� ERQGHG� WR� WZR� SKRVSKRUXV�

DWRPV�RI�WKH�GSSH�PRLHW\�WRJHWKHU�ZLWK�WZR�VXOIXU�DWRPV�RI�WKH�

ELGHQWDWH� GLWKLRODWH� OLJDQG� �)LJ�� �� DQG� ����7KH� EDVLF� VWUXFWXUDO�

IHDWXUHV�RI�ERWK�FRPSOH[HV�DUH�HTXLYDOHQW��7KH�PHWDO�DWRP�OLHV�

DW� WKH� FHQWUH� RI� D� GLVWRUWHG� VTXDUH� SODQH�� 7KH� GLVWRUWLRQ� LV�

FDXVHG�GXH� WR� WKH� VPDOO� 6����1L�6����ELWH� DQJOHV� RI������������

DQG�����������IRU���DQG����UHVSHFWLYHO\��7KH�1L�6�OHQJWKV�LQ�WKH�

UDQJH� ���������������������� c� IRU� �� DQG� �� LQGLFDWH� WKH�

V\PPHWULFDO� �6��6�� FKHODWLQJ�EHKDYLRXU�RI� WKH� GLWKLRFDUEDPDWH�

OLJDQGV�� 7KH� 1L�3� GLVWDQFHV� DUH� LQ� WKH� UDQJH� RI� �����������

����������� c� ZKLFK� DUH� ZLWKLQ� WKH� UDQJH� UHSRUWHG� IRU� RWKHUV�

GLWKLRODWH� FRPSOH[HV� FRQWDLQLQJ�GSSH����7KH�&�6�ERQG� OHQJWKV�

RI� ��������� DQG� ����������c� DUH� FRQVLGHUDEO\� VKRUWHU� WKDQ� WKH�

&�6� ������ c�� ERQG� REVHUYHG� LQ� WKH� WUDQVLWLRQ� PHWDO� GLWKLR�

FRPSOH[HV� GXH� WR� S� GHORFDOLVDWLRQ� RYHU� WKH� &�6�� XQLW�� 7KH�

FKHODWLQJ� 6�&1L� ULQJV� DUH� WLOWHG� ZLWK� DQ� DQJOH� RI� ������� DQG�

�������LQ�FRPSOH[HV���DQG���ZLWK�UHVSHFW�WR�GSSH�PRLHW\���

� ,Q� �� WKH� VXSUDPROHFXODU� VWUXFWXUHV� DUH� VWDELOL]HG� YLD�

LQWHUPROHFXODU� &A1���+�� &�6���+�� S���S�DQG� &�+���S� QRQ�

FRYDOHQW� LQWHUDFWLRQV� ����� �)LJ�� ����7KH� LQWHUPROHFXODU�&A1���+�

LQWHUDFWLRQ��)LJ���D��LV�RSHUDWLQJ�EHWZHHQ�WKH�QLWURJHQ�DWRP�1��

RI�WKH�F\DQLGH�DQG�K\GURJHQ�DWRP�+���RI�WKH�DURPDWLF�ULQJ�RI�

WKH�GSSH�OLJDQG��7KLV�LQWHUDFWLRQ�OHDGV�WR�D�GLVWDQFH�RI����������

c� DQG� DQ� DQJOH� RI��&���1����+��� ����������� ,Q� DGGLWLRQ� WR�
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WKHVH� LQWHUDFWLRQV�� �� DOVR� H[KLELWV� LQWHUPROHFX

+����� LQWHUDFWLRQV�� 7KH� ������ LQWHUDFWLRQ� LV� RS

WKH� DURPDWLF� ULQJV� RI� WKH�GSSH� DQG� WKH�GLWKLRO

�D��� 7KH� GLVWDQFH� EHWZHHQ� WKH� FHQWURLGV� RI� WK

ULQJV�LV�������c�DQG�WKDW�EHWZHHQ�&����&���

D� &�+���� �� LQWHUDFWLRQ� EHWZHHQ� WKH� DOLSKDWLF�

GSSH�OLJDQG�DQG�WKH�DURPDWLF�ULQJ�RI�WKH�GLWKLRO

GLVWDQFH� RI� ������c�� )LJXUH� �E� LV� GLVSOD\LQJ�

&A1���+�LQWHUDFWLRQV��7KH�6��+���GLVWDQFH�LV��

WKLV� FDVH� WKH� &A1���+� LQWHUDFWLRQ� LV� RSHUDWL

F\DQLGH� QLWURJHQ�1�� DQG� DOLSKDWLF�K\GURJHQ�+

OLJDQG� ZLWK� D� GLVWDQFH� RI� ��������� c� WKH

�&A1���+� LV� ����������ZKLFK� LV� UHODWLYHO\�PR

WKDW� GLVSOD\HG� LQ� ILJXUH� �D� WKHUHE\� LQGLFDWLQ

LQWHUDFWLRQ�LV�SUREDEO\�ZHDNHU�WKDQ�WKH�IRUPHU��
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�
�

&]PX�ï�^µ���u}o��µo���(��u�Á}�l��(}��î��]��o�Ç]vP�]v���u}o��µo�

�r,|||���~����r^|||,U��YE|||,�]v������]}v�X��

� /LNH��� WKH� VXSUDPROHFXODU� IUDPHZRUN� LQ�

LQWHUPROHFXODU� &A1���+�� &�6���+� DQG� &�+

�)LJ�� ���� %XW� XQOLNH� �� LW� GRHVQ¶W� KDYH�

,QWHUHVWLQJO\� WKH� LQFRUSRUDWLRQ� RI� WKH� S\ULGLQ

GLWKLRODWH�OLJDQG�KDV�LQWURGXFHG�D�QHZ��S\�1��

DGGLWLRQ�WR�WKH�&A1���+�ERQGLQJ��7KH�FRUUHVSR

DQG� �S\�1���+� LQWHUDFWLRQ� GLVWDQFHV� DUH�

���������c��UHVSHFWLYHO\�ZLWK�DQ�DQJOH�RI��&��

��S\�&���1����+�%� ���������� DQG� �����

8QOLNH� ��ZKHUH� WKH� &A1���+� LQWHUDFWLRQ� WDNH

ERWK� DURPDWLF� DQG�DOLSKDWLF�K\GURJHQV� RI� WKH�G

WKHVH�LQWHUDFWLRQV�DUH�OLPLWHG�WR�DOLSKDWLF�K\GUR

GSSH�OLJDQG��/LNH������LV�DOVR�GLVSOD\LQJ�LQWHUPR

LQWHUDFWLRQV�ZKLFK� OHDG� WR� WKH� IRUPDWLRQ� RI� D�

FKDLQ��%XW� QR� DGGLWLRQDO�1���+�LQWHUDFWLRQ� LV�R

�Ç�îìÆÆ�

Wo������}�v}����iµ���u��P]v��

Wo������}�v}����iµ���u��P]v��

� LQWHUPROHFXODU������� DQG�&�

UDFWLRQ� LV� RSHUDWLQJ� EHWZHHQ�

WKH�GLWKLRODWH� OLJDQGV� �)LJ��

QWURLGV� RI� WKH� WZR� DURPDWLF�

&����&���LV�������c��7KHUH�LV�

KH� DOLSKDWLF� K\GURJHQ� RI� WKH�

RI�WKH�GLWKLRODWH�OLJDQG�ZLWK�D�

� GLVSOD\LQJ� WKH� &�6���+� DQG�

�GLVWDQFH�LV����������c�EXW�LQ�

Q� LV� RSHUDWLQJ� EHWZHHQ� WKH�

F�K\GURJHQ�+�$�RI� WKH�GSSH�

������ c� WKH� FRUUHVSRQGLQJ�

UHODWLYHO\�PRUH� DQJXODU� WKDQ�

HE\� LQGLFDWLQJ� WKDW� WKH� ODWHU�

�WKH�IRUPHU���

�

u}o��µo���~����YE|||,U��|||����v��

PHZRUN� LQ��� LV� VWDELOL]HG� E\�

+���S�LQWHUDFWLRQV�����

VQ¶W� KDYH� S���S�LQWHUDFWLRQV��

� WKH� S\ULGLQH� PRLHW\� LQ� WKH�

QHZ��S\�1���+�LQWHUDFWLRQ�LQ�

�7KH�FRUUHVSRQGLQJ�&A1���+�

QFHV� DUH� ��������� c� DQG�

&��A1����+�%�DQG�

������� UHVSHFWLYHO\��

HUDFWLRQ� WDNHV� SODFH� EHWZHHQ�

JHQV� RI� WKH�GSSH� OLJDQG� LQ���

LSKDWLF�K\GURJHQ�DWRPV�RI�WKH�

D\LQJ�LQWHUPROHFXODU�&�6���+�

PDWLRQ� RI� D� RQH� GLPHQVLRQDO�

WHUDFWLRQ� LV�RSHUDWLQJ� DV�ZDV�

REVHUYHG� LQ� WKH� FDVH� RI� ��� 7KH�

OHQJWK�������c�DQG��&���6����+

� ,QWHUHVWLQJO\�� LQ�FRPSOH[HV��

DWRP�RI�WKH�GSSH�OLJDQG�LV�O\LQJ�LQ�

FRRUGLQDWLRQ�VSKHUH�IRUPLQJ�&�+���

RU� SUHDJRVWLF� LQWHUDFWLRQV� �)LJ�� ��

�1L���+�&� DQJOHV� DUH� ����������

UHVSHFWLYHO\�ZKLFK� DUH�ZHOO�ZLWKLQ

LQWHUDFWLRQV����8QOLNH� DJRVWLF� LQWHUD

LQWHUDFWLRQV�WKHVH�DQDJRVWLF�LQWHUDFW

LQ�QDWXUH��VFKHPH��������

&]PX�ð�^µ���u}o��µo���(��u�Á}�l��(}��ï��]��o�Ç]

,|||����v���r^|||,�]v������]}v�X�
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�

�
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�

�

�

�

�
&]PX�ñ�/v���u}o��µo����v�P}��]���r,|||E]�]v������

�

�

�

�

�

�

�

^�Z�u��îX�^��µ��µ��o��]((���v�������Á��v��P}�

')7�DQG�$,0�UHVXOWV�UHJDUGLQJ�QRQ

� 7KH� FU\VWDO� VWUXFWXUHV� RI� WKH

GLVFXVVHG�DERYH�DUH�JRRG�H[DPSOHV

PROHFXODU� LQWHUDFWLRQV� WKDW� OHDG� WR

5

+

0

$JRVWLF

�F��H�LQWHUDFWLRQ

G�0�+��a���������� c

0�+�&�a��������

�Zd/�>��

:X �E�u�XU �îìíïU�ììU�írï�n�ï �

7KH� 6����+��� LQWHUDFWLRQV� KDYH�

���+���LV����������

��DQG���� WKH�DURPDWLF�K\GURJHQ�

G�LV�O\LQJ�LQ�FORVH�SUR[LPLW\�WR�WKH�PHWDO�

+���1L�LQWUDPROHFXODU�DQDJRVWLF�

�)LJ�� ���� 7KH�1L���+�&� GLVWDQFH� DQG�

������ c� DQG� �����������������

�ZHOO�ZLWKLQ� WKH� UDQJH� IRU� WKH� DQDJRVWLF�

DJRVWLF� LQWHUDFWLRQV�ZKLFK� LQYROYH� �F��H�

RVWLF�LQWHUDFWLRQV�DUH�ODUJHO\�HOHFWURVWDWLF�

�

�]��o�Ç]vP�]v���u}o��µo����YE|||,V�~�Ç�E|||,V��r

�

�]v������]}v��(}��î�~o�(����v��ï�~�]PZ��X�

�v��P}��]���v���v�P}��]��]v������]}v�X�

JDUGLQJ�QRQ�FRYDOHQW�LQWHUDFWLRQV�

WXUHV� RI� WKH� FRPSRXQGV� �� DQG� �� DV�

RG�H[DPSOHV�RI�WKH�LQWHUSOD\�RI�GLIIHUHQW�

� WKDW� OHDG� WR� LQWHUHVWLQJ� VXSUDPROHFXODU�

5

+

0

$QDJRVWLF

ODUJHO\�HOHFWURVWDWLF�
LQWHUDFWLRQ

G�0�+��a�������� c

0�+�&�a���������
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ò�n �:X �E�u�XU �îìíîU�ììU�írï� dZ]��i}µ�v�o�]����dZ��Z}Ç�o�^}�]��Ç�}(��Z�u]���Ç�îìÆÆ�

�

Wo������}�v}����iµ���u��P]v��

SORWV�LQ�WKH�UHJLRQ������c����GH���GL���������c�DV�OLJKW�VN\�EOXH�

SDWWHUQ�LQ�IXOO�ILQJHUSULQW��'�SORWV��&RPSOHPHQWDU\�UHJLRQV�DUH�

YLVLEOH� LQ� WKH� ILQJHUSULQW� SORWV� ZKHUH� RQH� PROHFXOH� DFWV� DV� D�

GRQRU� �GH!� GL�� DQG� WKH� RWKHU� DV� DQ� DFFHSWRU� �GH�� GL��� 7KH�

ILQJHUSULQW� SORWV� FDQ� EH� GHFRPSRVHG� WR� KLJKOLJKW� SDUWLFXODU�

DWRP�SDLU�FORVH�FRQWDFWV��7KLV�GHFRPSRVLWLRQ�HQDEOHV�VHSDUDWLRQ�

RI�FRQWULEXWLRQV�IURP�GLIIHUHQW�LQWHUDFWLRQ�W\SHV��ZKLFK�RYHUODS�

LQ�WKH�IXOO�ILQJHUSULQW��,Q�DGGLWLRQ�WR�WKHVH�LQWHUDFWLRQV�D�SDLU�RI�

VSLNHV� IRU� �� LV� REVHUYHG� ZKLFK� FRUUHVSRQGV� WR� &í+ÂÂÂ1L�

DQDJRVWLF� LQWHUDFWLRQ�� )RU� �� WKH� SURSRUWLRQV� RI� &í+ÂÂÂ���

&í1ÂÂÂ+�� &í6ÂÂÂ+� DQG� &í+ÂÂÂ1L� LQWHUDFWLRQV� FRPSULVHV� RI�

������� ������� ����� DQG� ������ UHVSHFWLYHO\� RI� WKH� WRWDO�

+LUVKIHOG� VXUIDFH� IRU� HDFK� PROHFXOH�� ,Q� WKH� FDVH� RI� �� WKH�

SURSRUWLRQV� RI� &í+ÂÂÂ��� &í1ÂÂÂ+�� &í6ÂÂÂ+� DQG� &í+ÂÂÂ1L�

LQWHUDFWLRQV� FRPSULVHV� RI� ������� ������� ����� DQG� ������

UHVSHFWLYHO\� RI� WKH� WRWDO� +LUVKIHOG� VXUIDFH� IRU� HDFK� PROHFXOH��

7KH�&�+ÂÂÂ1L�DQDJRVWLF�LQWHUDFWLRQ�LV�QRW�HYLGHQW�DW�WKH�47$,0�

OHYHO�� +RZHYHU�� WKH� +LUVKIHOG� VXUIDFH� DQDO\VLV� LQGLFDWHV�

SUHVHQFH� RI� DQDJRVWLF� LQWHUDFWLRQ� EXW� VPDOO�� 7KHUHIRUH�� ZH�

VRXJKW� DGGLWLRQDO�� LQGHSHQGHQW� HYLGHQFH� IURP�RUELWDO� VWUXFWXUH�

DQDO\VLV��

� 7R� JDLQ� IXUWKHU� DGGLWLRQDO� LQVLJKW� LQWR� WKH� &í+ÂÂÂ1L�

DQDJRVWLF� LQWHUDFWLRQ� LQWR� WKH� FRPSRXQGV��� DQG��� WKH�:LHEHUJ�

ERQG�LQGLFHV�DQG�0D\HU�ERQG�RUGHUV�IRU�WKH�ERWK�WKH�RUWKR�&±+�

ERQGV�RI�WKH�DURPDWLF�ULQJV�RI�GSSH�OLJDQG�XQGHUJRLQJ�DQG�QRW�

GLVSOD\LQJ� DQ\� DQDJRVWLF� LQWHUDFWLRQ� ZHUH� FDOFXODWHG� �)LJ�� ����

7KH�SHUWLQHQW�UHVXOWV�RI�WKH�FDOFXODWLRQV�DUH�SUHVHQWHG�LQ�WDEOH����

d��o�� îX� dZ�� ��o�µo�����t]����P��}v�� ]v�]���� �v�� D�Ç��� �}v�� K������ ���Á��v� �Z��

��}u��}(�]v�������(}��î��v��ïX�

�}v�]vP� �}v��

>�vP�Z�

~��o�X��

t]����P�

�}v��

/v�]����

D�Ç���

�}v��

K�����

E��µ��o��Z��P���

�

î�

�ðt,ð� íXìôóî� ìXõíóí� ìXõïîï� �ð�� rìXíóïì�

�ôt,ô� íXìôòî� ìXõîõï� ìXõðóð� ,ô� �ìXîìðô�

�îòt,îò� íXìôóñ� ìXõíôñ� ìXõðìò� �îò� rìXíñôï�

�îît,îî� íXìôòì� ìXõîõô� ìXõðóì� ,îî� ìXîìóó�

E]|||,ð� îXõðóï� ìXììðï� ìXììóõ� ,ð� ìXîîìï�

E]|||,îò� îXõíòõ� ìXììðó� ìXììôò� ,îò� ìXîîíò�

ï�

�îìt,îì� íXìôóð� ìXõíñï� ìXõïòð� �îì� rìXíññò�

�íòt,íò� íXìôòô� ìXõïíî� ìXõðòï� ,íò� ìXîìðì�

�íðt,íð� íXìôóò� ìXõíôô� ìXõïõî� �íð� rìXíóïì�

�íìt,íì� íXìôóî� ìXõîòô� ìXõððí� ,íì� ìXîíìî�

E]|||,îì� îXôîõò� ìXììðð� ìXììñó� ,îì� ìXîîôó�

E]|||,íð� îXóòïó� ìXììòì� ìXìííõ� ,íð� ìXîîìï�

dZ���r,��}v������u������]v��}o������]vÀ}oÀ���]v��v�P}��]��]v������]}v�X�

� )URP� WDEOH� �� LW� LV� HYLGHQW� WKH� &�+� ERQGV� LQYROYHG� LQ�

DQDJRVWLF� LQWHUDFWLRQV� �VKRZQ� LQ� EROG�� KDYH� UHODWLYHO\� ORQJHU�

ERQG� OHQJWKV� WKDQ� WKRVH�&�+�ERQGV�ZKLFK� DUH� QRW� LQYROYHG� LQ�

WKH� DQDJRVWLF� LQWHUDFWLRQV�� $OWKRXJK� WKHVH� ERQG� OHQJWK�

GLIIHUHQFHV� DUH� VKRZLQJ� YHU\� VPDOO� GHYLDWLRQV� EXW� WKH\� DUH�

QRWLFHDEOH�� 7KH�:LHEHUJ� ERQG� LQGLFHV� DQG�0D\HU� ERQG� RUGHU�

IRU�WKH�&�+�ERQGV�VKRZLQJ�DQDJRVWLF�LQWHUDFWLRQV�DUH�UHODWLYHO\�

VPDOOHU� WKDQ� &�+� ERQGV� QRW� VKRZLQJ� WKLV� LQWHUDFWLRQ�� 7KHVH�

FRPSXWDWLRQDO� SDUDPHWHUV� JLYH� HYLGHQFHV� IRU� WKH� LQYROYHPHQW�

RI� WKH� RUWKR�&±+� ERQGV� RI� RQH� VLGH� WR� XQGHUJR� DQDJRVWLF�

LQWHUDFWLRQV��$OVR�WKH�1L���+�:LHEHUJ�ERQG�LQGLFHV�DQG�0D\HU�

ERQG�RUGHU�IRU���LV�UHODWLYHO\�ODUJHU�WKDQ���ZKLFK�LQGLFDWHV�WKDW�

WKH� VWUHQJWK� RI� DQDJRVWLF� LQWHUDFWLRQ� LQ� �� LV� UHODWLYHO\� JUHDWHU�

WKDQ����

� 6LQFH� WKH� DQDJRVWLF� LQWHUDFWLRQV� DUH� SUHGRPLQDQWO\�

HOHFWURVWDWLF� LQ� QDWXUH�ZKLFK� OHDGV� WR� GRZQILHOG� VKLIW� LQ� /+� RI�

WKH� &�+� ERQG���� WKHUHIRUH� WKH� QDWXUDO� FKDUJHV� RQ� WKH� ERWK� WKH�

FRRUGLQDWHG� DQG� XQFRRUGLQDWHG� RUWKR�K\GURJHQ� DWRPV� ZDV�

FRPSXWHG� �WDEOH� ���� 7KH� FDOFXODWLRQV� LQGLFDWH� WKH� UHODWLYH�

GHSOHWLRQ� RI� HOHFWURQ� GHQVLW\� RQ� WKH� RUWKR�K\GURJHQ� DWRPV�

XQGHUJRLQJ� WKH� DQDJRVWLF� LQWHUDFWLRQV� LQ� FRPSDULVRQ� WR� WKH�

RUWKR�K\GURJHQ�O\LQJ�IDU�DSDUW�IURP�WKH�1L�FHQWHU��7KLV�IXUWKHU�

FRUURERUDWHV� WKH� H[LVWHQFH� RI� DQDJRVWLF� LQWHUDFWLRQV� LQ� ERWK� ��

DQG�����
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�

�

�

�

�

�

�

�

�

�

�

&]PX� íì� �o����}v]�� ���}���]}v� �������� }(� �}u�}µv��� írï� ���}����� ]v� íì
rð
� D�

�]�Zo}�}u��Z�v���}oµ�]}vX�

(OHFWURQLF�VSHFWUD�DQG�SKRWROXPLQHVFHQW�SURSHUWLHV�

7KH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�IRU�DOO�RI�WKH�WKUHH�FRPSRXQGV�

UHFRUGHG� LQ� GLFKORURPHWKDQH� DUH� VKRZQ� LQ� )LJ�� ���� ,Q� DOO� WKH�

VSHFWUD�� WKH�EDQGV�REVHUYHG�IURP���������QP�DUH�DWWULEXWHG� WR�

LQWUDOLJDQG� FKDUJH� WUDQVIHU� WUDQVLWLRQ����� ���� ��� 7KH� ZHDN� EURDG�

DEVRUSWLRQV� DW� QHDU� ���� QP� LV� GXH� WR� OLJDQG�WR�PHWDO� FKDUJH�

WUDQVIHU� �/0&7�� DQG� DUH� FRQVLVWHQW� ZLWK� VTXDUH� SODQDU�

JHRPHWU\�DERXW�WKH�PHWDO�FHQWHU����7KH�DGGLWLRQDO�EURDG�EDQG�DW�

a�����QP�LQ���PLJKW�EH�GXH�WKH�SUHVHQFH�RI�S\ULG\O�ULQJ�LQ�WKH�

GLWKLRODWH�OLJDQG��

� 8SRQ� H[FLWDWLRQ� DW� ���� QP�� D� EURDG� HPLVVLRQV� DW� ���� QP��

���� QP� DQG� ���� QP� REVHUYHG� IRU� FRPSRXQGV� ��� �� DQG� ��

UHVSHFWLYHO\�� ZHUH� REVHUYHG� ZKLFK� LV� LQ� SHUVLVWHQW� RI� HDUOLHU�

UHSRUWV� �)LJ�� ��D�������� 7KH� SKRWROXPLQHVFHQFH� VSHFWUD� IRU� DOO�

WKH� FRPSRXQGV� ZHUH� DOVR� UHFRUGHG� LQ� VROLG� VWDWH� �)LJ�� �����

:KHQ� H[FLWHG� DW� ���� QP�� DOO� WKH� WKUHH� FRPSRXQGV� H[KLELWHG�

HPLVVLRQV� DW� a����� ���� DQG� ���� QP�� UHVSHFWLYHO\� �)LJ�� ��E���

)URP�WKH�SKRWROXPLQHVFHQFH�VSHFWUD�UHFRUGHG�LQ�VROLG�VWDWH�LW�LV�

FOHDUO\� HYLGHQW� WKDW� LQ� FRPSDULVRQ� WR� WKH� VROXWLRQ� SKDVH� WKH�

HPLVVLRQV� LQ�VROLG�VWDWH�DUH�UHODWLYHO\�UHG�VKLIWHG��7KH�UHG�VKLIW�

PD\�LQ�WKH�VROLG�VWDWH�HPLVVLRQV�PD\�EH�GXH�WR�WKH�LQYROYHPHQW�

RI�QRQ�FRYDOHQW�LQWHUDFWLRQV�RSHUDWLQJ�LQ�WKH�VROLG�VWDWH��
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Wo������}�v}����iµ���u��P]v��

Wo������}�v}����iµ���u��P]v��

�

�

�

�

�

�

&]PX� íí� E}�u�o]Ì��� �Z}�}oµu]v����v��� �������� (}�� írï� ���}����� ]v� íì
rð
� D�

�]�Zo}�}u��Z�v���}oµ�]}v�~��V�]v��}o]��������~��X���

� �

�}v�oµ�]}v�

7KH� FU\VWDOORJUDSKLF� VWXGLHV� RI� WKH� UHSRUWHG� FRPSRXQGV�

GHPRQVWUDWHG�YDULRXV�VXSUDPROHFXODU�VWUXFWXUDO�GLYHUVLWLHV�DV�D�

IXQFWLRQ� RI� WKH� VXEVWLWXWLRQ� SUHVHQW� RQ� WKH� GLWKLRODWH� OLJDQGV��

,QFRUSRUDWLRQ�RI�S\ULG\O� ULQJ� LQ� WKH�PROHFXODU� IUDPHZRUN�RI���

OHDGV� WR� WKH� FKDLQ� PRWLIV� ERQGHG� E\� ERWK� &A1���+�� �S\�1���+�

LQWHUDFWLRQV��$WWHPSWV�ZHUH�PDGH�WR�DGGUHVV�WKH�QDWXUH�RI�ZHDN�

LQWHU��DQG�LQWUD�PROHFXODU�LQWHUDFWLRQV�LQ�WKH�QHZO\�V\QWKHVL]HG�

FRPSRXQGV� XVLQJ� +LUVKIHOG� VXUIDFH� DQDO\VHV� DORQJZLWK� WKH�

')7� DQG� $,0� WKHRU\� FDOFXODWLRQV�� 7KH� ILQJHUSULQW� SORWV� DOVR�

DOORZV� D� PRUH� GHWDLOHG� VFUXWLQ\� E\� GLVSOD\LQJ� DOO� WKH�

LQWHUPROHFXODU� LQWHUDFWLRQV�ZLWKLQ� WKH� FU\VWDO� DQG� WKHUHIRUH�DUH�

VXLWDEOH� IRU� DQDO\]LQJ� WKH� FKDQJHV� LQ� FU\VWDO� SDFNLQJ� LQ� WKH�

PROHFXODU� V\VWHPV�� XQGHU� LQYHVWLJDWLRQ�� 7KH� DQDJRVWLF�

LQWHUDFWLRQV�REVHUYHG�LQ�WKH�;�UD\�VWUXFWXUHV�ZHUH�SURYHG�XVLQJ�

WKH� ILQJHUSULQW� SORWV�� :LHEHUJ� ERQG� LQGLFHV� DQG� 0D\HU� ERQG�

RUGHU� FDOFXODWLRQV�� %DVHG� RQ� RXU� ILQGLQJV� LW� FDQ� EH� FRQFOXGHG�

WKDW�E\�FDUHIXO�HQJLQHHULQJ�WKH�QDWXUH�RI�ULQJ�DQG�LQFRUSRUDWLRQ�

RI� WKH� DSSURSULDWH� IXQFWLRQDOLWLHV� RQ� WKHVH� DURPDWLF� ULQJV�� WKH�

DUFKLWHFWXUH� RI� WKH� VHOI�DVVHPEOHG� K\GURJHQ� ERQGHG� DQG� �ÂÂÂ��

VWDFNLQJ� LQWHUDFWLRQV� FDQ� EH� WXQHG�� 7KHVH� LQWHUDFWLRQV� LQ� VROLG�

VWDWH�PD\�OHDG�WR�UHG�VKLIW�LQ�WKH�SKRWROXPLQHVFHQFH�HPLVVLRQV�

LQ�FRPSDULVRQ�WR�WKH�VROXWLRQ�SKDVH�SKRWROXPLQHVFHQFH��

�Æ���]u�v��o�

0DWHULDOV�DQG�PHWKRGV�

$OO� FKHPLFDO� UHDJHQWV� DUH� FRPPHUFLDOO\� DYDLODEOH� DQG� ZHUH�

XVHG� ZLWKRXW� IXUWKHU� SXULILFDWLRQ�� (OHPHQWDO� DQDO\VHV� ZHUH�

SHUIRUPHG� RQ� D� 3HUNLQ�(OPHU� ���� &�� +�� 1� DQDO\]HU�� ,QIUDUHG�

VSHFWUD�ZHUH� UHFRUGHG�DV�.%U�SHOOHWV�RQ� D�9DULDQ������)7,5��
�+�� ��&�DQG� ��3�105� VSHFWUD�ZHUH� UHFRUGHG�RQ� -(2/�$/����

)7105�VSHFWURSKRWRPHWHUV��&KHPLFDO�VKLIWV�ZHUH�UHSRUWHG� LQ�

SDUWV�SHU�PLOOLRQ�XVLQJ�706�DV�LQWHUQDO�VWDQGDUG�IRU��+�DQG���&�

105� DQG� SKRVSKRULF� DFLG� IRU� ��3� 105�� 7KH� HOHFWURQLF�

DEVRUSWLRQ� DQG� SKRWROXPLQHVFHQW� VSHFWUD� LQ� GLFKORURPHWKDQH�

VROXWLRQ�ZHUH� UHFRUGHG�XVLQJ�D�63(&25'�����3/86�%8�DQG�

&$5<�(FOLSVH�VSHFWURSKRWRPHWHUV��UHVSHFWLYHO\��

6\QWKHVHV�

>1L�GSSH��EHQ]\OF\DQLGHGLWKLRODWH�@�����

7R�D�VROXWLRQ�RI�EHQ]\O� F\DQLGH��������J�������PPRO�� LQ�7+)�

����P/���'%8�������P/�������PPRO��ZDV�DGGHG�XQGHU�QLWURJHQ�

DWPRVSKHUH���7KH�VROXWLRQ�ZDV�VWLUUHG�DW�URRP�WHPSHUDWXUH�IRU���

PLQ� IROORZHG� E\� WKH� DGGLWLRQ� RI� &6�� ������ P/�� ����� PPRO���

7KH�VROXWLRQ��ZKLFK�WXUQHG�\HOORZ��ZDV�VWLUUHG�IRU�DQ�DGGLWLRQDO�

�� K�� DIWHU�ZKLFK� LW�ZDV� WUDQVIHUUHG� GURSZLVH� WKURXJK�GURSSLQJ�

IXQQHO� WR� D� VROXWLRQ� RI� >1L�GSSH�&O�@� ������� J�� �����PPRO�� LQ�

GLFKORURPHWKDQH� ���� P/��� 7KH� UHVXOWLQJ� VROXWLRQ� WXUQHG� UHG��

7KH� VROXWLRQ�ZDV� VWLUUHG� DW� URRP� WHPSHUDWXUH� IRU� �� GD\�� DIWHU�

ZKLFK� VROYHQW� ZDV� UHPRYHG� XVLQJ� D� URWDU\� HYDSRUDWRU� DQG�

UHGLVVROYHG�LQ���P/�GLFKORURPHWKDQH�DQG�ILOWHUHG�WKURXJK�FHOLWH�

DQG�HYHQWXDOO\�SUHFLSLWDWHG�E\�WKH�DGGLWLRQ�RI����P/�SHWUROHXP�

HWKHU��

��'DUN�UHG�VROLG��������J������\LHOG���P��S�������&��,5��.%U��

FP������������&A1���������& &6����������&6����
�+�105������

0+]�� &'&O���� /�  � ����� �P�� �+�� &�+��� ���������� �P�� ��+��

&�+����������V���+���&+��&+�����
��&�105��������0+]��&'&O���

/�  � ������ �&6���� ������� ������� ������� ������ ��&�+���� �������

��������������3�&�+������������&A1����������& &����������&+��

&+�����
��3^�+`� 105� �������� 0+]�� &'&O���� /� �  � �������

(OHPHQWDO� DQDO\VLV� IRU� &��+��11L3�6�����&+�&O�� �0U�  �

��������� FDOFG�� &�� �������� +�� ������� 1�� ����� ��� 6�� �������

)RXQG��&����������+���������1���������6���������

>1L�GSSH����F\DQREHQ]\OF\DQLGHGLWKLRODWH�@�����

7KH� VLPLODU� SURFHGXUH� PHQWLRQHG� IRU� WKH� V\QWKHVLV� RI� �� ZDV�

DGRSWHG� IRU� WKH� V\QWKHVLV� RI� �� H[FHSW� WKDW� ��F\DQREHQ]\O�

F\DQLGH� ������� J�� ����� PPRO�� ZDV� XVHG� LQVWHDG� RI� EHQ]\O�

F\DQLGH��

��2UDQJH�UHG�VROLG��������J������\LHOG���P��S�������&��,5��.%U��

FP������������������&A1���������& &6����������&6����
�+�105�

�����0+]�� &'&O����/� ������ �V�� �+�� &�+���� ���������� �W�� �+��

&�+���� ����� �V�� �+�� &�+���� ����� �V�� �+�� &�+������������� �P��

��+�� &�+���� ����� �V�� �+�� �&+��&+����
��&� 105� ������� 0+]��

&'&O��� / � ������ �&6���� ������� ������� ������� ������� ��&�+����

������� ������� ������ �3�&�+���� ������ �& &��� ������ ��&A1���

��������&A1����������&+��&+�����
��3^�+`�105���������0+]��

&'&O���� /�  � ������� (OHPHQWDO� DQDO\VLV� IRU�

&��+��1�1L3�6�����&+�&O�� �0U�  � ��������� FDOFG�� �������� +��

������� 1�� ������� 6�� ������� )RXQG�� �������� +�� ������� 1��

�������6���������

>1L�GSSH��S\ULGLQH���F\DQLGHGLWKLRODWH�@�����

7KH� VLPLODU� SURFHGXUH� PHQWLRQHG� IRU� WKH� V\QWKHVLV� RI� �� ZDV�

DGRSWHG�IRU�WKH�V\QWKHVLV�RI���H[FHSW�WKDW�S\ULGLQH���DFHWRQLWULOH�

�������J�������PPRO��ZDV�XVHG�LQVWHDG�RI�EHQ]\O�F\DQLGH��

��GDUN�UHG�EURZQ�VROLG��������J������\LHOG���P��S�������&��,5�

�.%U��FP������������&A1���������& &6����������&6����
�+�105�

�����0+]��&'&O���/� ������V��+��S\���������V��+��S\���������V��

�+�� S\��� ����� �V�� �+�� S\��� ���������� �P�� ��+��&�+���� ����� �V��

�+�� �&+��&+����
��&� 105� ������� 0+]�� &'&O��� / � ������

�&6����������������������������������������&�+������������������

�������3�&�+�����������& &�����������&A1����������&+��&+�����
��3^�+`� 105� �������� 0+]�� &'&O���� /� �  � ������� (OHPHQWDO�

DQDO\VLV�IRU�&��+��1�1L3�6������&+�&O���0U� ����������FDOFG��

&����������+���������1���������6���������)RXQG�&����������

+���������1���������6����������
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ô�n �:X �E�u�XU �îìíîU�ììU�írï� dZ]��i}µ�v�o�]����dZ��Z}Ç�o�^}�]��Ç�}(��Z�u]���Ç�îìÆÆ�

�

Wo������}�v}����iµ���u��P]v��

;�UD\�&U\VWDOORJUDSK\�

,QWHQVLW\� GDWD� IRU� �� DQG� �� ZHUH� FROOHFWHG� DW� ������� .� RQ� DQ�

1RQLXV�.DSSD�&&'�VLQJOH�FU\VWDO�GLIIUDFWRPHWHU�XVLQJ�JUDSKLWH�

PRQRFKURPDWHG� 0R�..� UDGLDWLRQ� ��  � �������� c�� 8QLW� FHOO�

GHWHUPLQDWLRQ�� GDWD� FROOHFWLRQ� DQG� GDWD� UHGXFWLRQ� ZHUH�

SHUIRUPHG� XVLQJ� WKH� 1RQLXV� VRIWZDUH����)RU� ERWK� VWUXFWXUHV� D�

V\PPHWU\�UHODWHG� �PXOWL�VFDQ�� DEVRUSWLRQ� FRUUHFWLRQ� KDG� EHHQ�

DSSOLHG�� 7KH� VWUXFWXUHV� ZHUH� VROYHG� E\� GLUHFW� PHWKRGV�

�6,5������ DQG� UHILQHG�E\� D� IXOO�PDWUL[� OHDVW�VTXDUHV�SURFHGXUH�

EDVHG� RQ� )�� �6KHO[O���������� $OO� QRQ�K\GURJHQ� DWRPV� ZHUH�

UHILQHG� DQLVRWURSLFDOO\�� +\GURJHQ� DWRPV� ZHUH� SODFHG� RQWR�

FDOFXODWHG� SRVLWLRQV� DQG� UHILQHG� XVLQJ� D� ULGLQJ� PRGHO��

$GGLWLRQDO�SURJUDPPHV�XVHG�IRU�DQDO\VLQJ�GDWD�DQG�JUDSKLFDOO\�

PDQLSXODWLQJ� WKHP� LQFOXGHG�� 6+(/;OH��� DQG� 257(3� �� IRU�

ZLQGRZV���� 7KH� FRPSRXQG� �� ZDV� UHILQHG� DV� D� ��FRPSRQHQW�

LQYHUVLRQ� WZLQ� LQ� WKH� UDWLR� ����� 7KH� FRPSRXQG� FR�FU\VWDOOLVHV�

ZLWK� ����� &+�&O�� ZKLFK� LV� GLVRUGHUHG� RYHU� WZR� VLWHV� ZLWK�

RFFXSDWLRQ�IDFWRU�RI�����IRU�SDUW���DQG�����IRU�SDUW����$WRP�

&O�� LV� VKDUHG� E\� ERWK� SDUWV� DQG� &��� RI� WKH� VROYHQW� PROHFXOH�

�IURP�SDUW����ZDV�UHILQHG�ZLWK�$'3�UHVWUDLQWV��

&U\VWDO� 'DWD� ��� &��+��1�1L3�6�����&+�&O��� 0�  � ��������

0RQRFOLQLF�� 3���Q�� D�  � ����������� c�� E�  � ����������� c�� F�  �

����������� c�� E�  � ������������� 9�  � ������������ c��� = ���

'FDOF ������PJ�P
����)������ �������FU\VWDO�VL]H�������î�������î�

������PP��UHIOHFWLRQV�FROOHFWHG��������LQGHSHQGHQW�UHIOHFWLRQV�

�����>5�LQW�� �������@��)LQDO�LQGLFHV�>,!��1�,�@�5�� ��������Z5��

 ���������5�LQGLFHV��DOO�GDWD��5�� ���������Z5�� ���������JRI�

�������/DUJHVW�GLIIHUHQFH�SHDN�DQG�KROH�������DQG��������H�c����

&&'&�1R����������

&U\VWDO� 'DWD� ��� &��+��1�1L3�6������&+�&O��� 0�  � ��������

2UWKRUKRPELF��)�GG��D� ������������c��E� ������������c��F� �

����������� c�� 9�  � ����������� c��� = ��� 'FDOF ������ PJ� P
����

)������  � ������ FU\VWDO� VL]H� ������ î� ������ î� ������ PP��

UHIOHFWLRQV�FROOHFWHG��������LQGHSHQGHQW�UHIOHFWLRQV������>5�LQW��

 �������@��)LQDO�LQGLFHV�>,!��1�,�@�5�� ��������Z5�� ���������5�

LQGLFHV��DOO�GDWD��5�� ���������Z5�� ���������JRI��������/DUJHVW�

GLIIHUHQFH�SHDN� DQG�KROH������� DQG� ������� H�c����&&'&�1R��

��������

&RPSXWDWLRQDO�GHWDLOV�

0ROHFXODU� JHRPHWULHV� ZHUH� RSWLPL]HG� DW� WKH� OHYHO� RI� GHQVLW\�

IXQFWLRQDO� WKHRU\� �')7�� XVLQJ� WKH� %�/<3� IXQFWLRQDO���� 7KH�

VSOLW�YDOHQFH�EDVLV�VHWV������*

�ZHUH�XVHG�DW�DOO�&��1��6��3�DQG�

+�DWRP�FHQWHUV��/$1/�'=�EDVLV�VHW�ZDV�XVHG�IRU�WKH�1L�DWRP��

7KH� LQWHUPROHFXODU� LQWHUDFWLRQ�HQHUJLHV�KDYH�EHHQ�HVWLPDWHG�DW�

WKH� 03�� OHYHO� RI� WKHRU\���� )RU� WKH� LQWHUDFWLRQ� HQHUJ\�

FDOFXODWLRQV�� WKH� LQWHUDFWLRQ� GLVWDQFHV� KDYH� EHHQ� IL[HG� IRU� WKH�

GLPHU� ZKLOH� DOO� RWKHU� GHJUHHV� RI� IUHHGRP�ZHUH� UHOD[HG� LQ� WKH�

JHRPHWU\� RSWLPL]DWLRQ�� 7KH� VWDELOL]DWLRQ� HQHUJLHV� �¨(GLPHU� DQG�

¨(WULPHU�� IRU�GLPHULF� DQG� WULPHULF�PRWLIV� LQYROYLQJ� WKH��� DQG���

PROHFXOHV�� UHVSHFWLYHO\� ZHUH� FDOFXODWHG� XVLQJ� WKH� IRUPXOD�

¨(GLPHU�  �(GLPHU� ±� ��� î�(PRQRPHU��ZKHUH�(PRQRPHU��(GLPHU� DUH� WKH�

HQHUJLHV� RI� WKH� PRQRPHU� DQG� GLPHU� PRWLIV�� (PRQRPHU� ZDV�

FDOFXODWHG�E\�RSWLPL]LQJ�D�VLQJOH�PROHFXOH�DW�WKH�VDPH�OHYHO�RI�

WKHRU\�� 7KH� LQWHUPROHFXODU� LQWHUDFWLRQ� VWUHQJWKV� DUH�

VLJQLILFDQWO\� ZHDNHU� WKDQ� HLWKHU� LRQLF� RU� FRYDOHQW� ERQGLQJ��

WKHUHIRUH� LW� ZDV� HVVHQWLDO� WR� GR� EDVLV� VHW� VXSHUSRVLWLRQ� HUURU�

�%66(�� FRUUHFWLRQV�� 7KH� %66(� FRUUHFWLRQV� LQ� WKH� LQWHUDFWLRQ�

HQHUJLHV�ZHUH�GRQH�XVLQJ�%R\V�%HUQDUGL�VFKHPH��,Q�WKLV�SDSHU�

DOO� WKH� LQWHUDFWLRQ� HQHUJLHV� KDYH� EHHQ� UHSRUWHG� DIWHU� %66(�

FRUUHFWLRQ���� $OO� FRPSXWDWLRQDO� H[SHULPHQWV� KDYH� EHHQ�

SHUIRUPHG�XVLQJ�WKH�*DXVVLDQ����SURJUDPPH����

+LUVKIHOG�6XUIDFH�$QDO\VLV�

0ROHFXODU� +LUVKIHOG� VXUIDFHV��� LQ� WKH� FU\VWDO� VWUXFWXUH� ZHUH�

FRQVWUXFWHG�RQ� WKH� EDVLV�RI� WKH� HOHFWURQ�GLVWULEXWLRQ� FDOFXODWHG�

DV�WKH�VXP�RI�VSKHULFDO�DWRP�HOHFWURQ�GHQVLWLHV�������)RU�D�JLYHQ�

FU\VWDO� VWUXFWXUH� DQG� D� VHW� RI� VSKHULFDO� DWRPLF� GHQVLWLHV�� WKH�

+LUVKIHOG� VXUIDFH� LV� XQLTXH����7KH�QRUPDOL]HG� FRQWDFW� GLVWDQFH�

�GQRUP�� EDVHG� RQ� ERWK� GH� DQG� GL� �ZKHUH� GH� LV� GLVWDQFH� IURP� D�

SRLQW�RQ� WKH� VXUIDFH� WR� WKH� QHDUHVW� QXFOHXV�RXWVLGH� WKH� VXUIDFH�

DQG� GL� LV� GLVWDQFH� IURP� D� SRLQW� RQ� WKH� VXUIDFH� WR� WKH� QHDUHVW�

QXFOHXV� LQVLGH� WKH� VXUIDFH�� DQG� WKH� YG:� UDGLL� RI� WKH� DWRP�� DV�

JLYHQ�E\�HT���HQDEOHV�LGHQWLILFDWLRQ�RI�WKH�UHJLRQV�RI�SDUWLFXODU�

LPSRUWDQFH�WR�LQWHUPROHFXODU�LQWHUDFWLRQV����7KH�FRPELQDWLRQ�RI�

GH� DQG� GL� LQ� WKH� IRUP� RI� WZR�GLPHQVLRQDO� ��'�� ILQJHUSULQW�

SORW������ �SURYLGHV�D�VXPPDU\�RI� LQWHUPROHFXODU�FRQWDFWV� LQ� WKH�

FU\VWDO���� 7KH� +LUVKIHOG� VXUIDFHV� PDSSHG� ZLWK� GQRUP� DQG� �'�

ILQJHUSULQW� SORWV� ZHUH� JHQHUDWHG� XVLQJ� WKH� &U\VWDO�([SORUHU�

������� *UDSKLFDO� SORWV� RI� WKH� PROHFXODU� +LUVKIHOG� VXUIDFHV�

PDSSHG�ZLWK�GQRUP�XVHG�D�UHG�ZKLWH�EOXH�FRORXU�VFKHPH��ZKHUH�

UHG� KLJKOLJKW� VKRUWHU� FRQWDFWV�� ZKLWH� UHSUHVHQWV� WKH� FRQWDFW�

DURXQG�YG:�VHSDUDWLRQ��DQG�EOXH�LV�IRU�ORQJHU�FRQWDFW����

�

����

��lv}Áo��P�u�v���

�<� ]��P����(µo��}�������u�v��}(�^�]�v����v��d��Zv}o}PÇU�E�Á�

��oZ]� (}�� �Z�� (]v�v�]�o� �µ��}��� �Z�}µPZ���}i����v}X� ^�l&dl�^r

ìíôlîìíîX��

E}�����v����(���v����

�&}}�v}������o��]vP��}��Z��u�]v���Æ���Z}µo���������Z���X�dZ����
u]PZ��]v�oµ����}uu�v�����o�À�v���}��µ��v}����v���o��}��Z��

u������µv�����]��µ��]}vU�o]u]�����Æ���]u�v��o��v���������o�����U�
�v����Ç���oo}P���Z]������X�
í� ~����X��}µ�}µÀ�v]�U�W�}PX� /v}�PX��Z�uXU�íõóìU�ííU�îïïV�íõóõU�

îòU�ïìíV�~���'X�,}P���ZU�W�}PX�/v}�PX��Z�uXU�îììñU�ñïU�óíX�
î� ~���:X��}}l�}v��v��WX��X�����U���o�}v�d��v�XU�îììóU�íñU�íðñõV�

~��� �X� ZX� dX� d]�l]vl��v�� /X� ,�]�µ�U�W�}PX� /v}�PX��Z�uXU�îììñU�

ñðU� íîóV� ~��� �X� ^X� >�]� �v�� �X� ZX� dX� d]�l]vlU� ��Ç���vP�}uuU�
îììïU�ñU� îñïV� ~��� �X� ZX� dX� d]�l]vl� �v�� /X� ,�]�µ�U� W�}PX� /v}�PX�
�Z�uXU� îììñUñðU� íîóV� ~��� �X� ^X� >�]� �v�� �X� ZX� dX� d]�l]vlU�
��Ç���vP�}uuU�îììïU�ñU�îñïV� ~���dX�Klµ�}U�EX�d�v�l�U�<X�,X�
<]uU� ,X� z}v�U� DX� D��l�Á�� �v�� dX� <µ�}��r^}Á�U� /v}�PX�
�Z�uXU�îìíìU�ðõU�ïóììV�~(��dX�Klµ�}U�,X��vu�U�EX�d�v�l�U�<X�

,]u}�}U� ^X�^�l]U��X� ^��l]U�DX�D��l�Á���v��dX�<µ�}��r^}Á�U�
�Z�uX��}uuµvXU�îìíïU�ðõU�ðïíòV�~P��WX� /X��o�u�v�}vU��}}��X�
�Z�uX�Z�ÀXU�íõõìU�íìòU�íóíX�

ï� ~��� ZX� <��}U� �Z�uX� Z�ÀXU� �îììðU�íìð�U� ñïíõtñïðòV� ~��� DX�
�}µ����µU�>X� s�o���U�:X� WX� >�P�}�U�WX� ����}µÆU�DX� '����µ�l���
�v�� >X� sX� /v�����v��U� :X� �uX� �Z�uX� ^}�XU�íõôòU�íìôU� íõìôt
íõíòV� ~��� <X� <µ�}U�dX� ^Z]P�U�dX� z�u�u}�}U��X� d�i]u�U�dX�

GQRUP  
�GL���UL

YG:��������GH���UH
YG:

UL
YG: UH

YG:
�
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dZ]��i}µ�v�o�]����dZ��Z}Ç�o�^}�]��Ç�}(��Z�u]���Ç�îìÆÆ� :X�E�u�XU �îìíïU�ììU�írï�n�õ �

Wo������}�v}����iµ���u��P]v��

Wo������}�v}����iµ���u��P]v��
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ïí�DX� ,���r'}��}vU� :X� �X� W}�o�� �v�� DX� :X� &�]��ZU� �Z�uX� WZÇ�X�

>���XU�íõôôU�íñïU�ñìïrñìòX�
ïî� ^X�&X��}Ç���v��&X����v���]U�D}oX�WZÇ�XU�íõóìU�íõU�ññïX�
ïï�DX�:X�&�]��ZU�'X�tX�d�µ�l�U�,X��X�^�Zo�P�oU�'X��X�^�µ���]�U�DX��X�

Z}��U�:X�ZX��Z����u�vU�:X��X�D}v�P}u��ÇU�dX�s��À�v�:�XU�<X�EX�

<µ�]vU� :X� �X��µ��v�U� :X�DX�D]oo�uU� ^X� ^X� /Ç�vP��U� :X� d}u��]U�sX�
���}v�U� �X�D�vvµ��]U�DX� �}��]U� 'X� ^��ou�v]U� EX� Z�P�U� 'X� �X�
W������}vU� ,X� E�l���µi]U� DX� ,���U� DX� �Z���U� <X� d}Ç}��U� ZX�

&µlµ��U� :X� ,���P�Á�U� DX� /�Z]��U� dX� E�l�i]u�U� zX� ,}v��U� KX�
<]��}U�,X�E�l�]U�DXV�<o�v�U�yX�>]U�:X��X�<v}ÆU�,X�WX�,����Z]�vU�:X�
�X���}��U�sX���ll�vU��X����u}U�:X�:���u]oo}U�ZX�'}u�����U�ZX��X�

^����u�vvU�KX�z�ÌÇ�ÀU��X�:X��µ��]vU�ZX���uu]U��X�W}u�oo]U�:X�tX�
K�Z����l]U�WX�zX��Ç�o�U�<X�D}�}lµu�U�'X��X�s}�ZU�WX�^�oÀ��}�U�
:X�:X���vv�v���PU�sX�'X���l�Ì�Á�l]U�^X������]�ZU��X��X���v]�o�U�

DX� �X� ^���]vU� KX� &��l��U� �X� <X� D�o]�lU� �X� �X� Z��µ�lU� <X�
Z�PZ�À��Z��]U�:X��X�&}���u�vU�:X�sX�K��]ÌU�YX��µ]U��X�'X����}µoU�
^X��o]((}��U� :X��]}�o}Á�l]U��X��X�^��(�v}ÀU�'X�>]µU��X�>]��Z�vl}U�

WX�W]�l}�ÌU�/X�<}u��}u]U�ZX�>X�D���]vU��X�:X�&}ÆU�dX�<�]�ZU�DX��X�
�or>�Z�uU��X�zX�W�vPU��X�E�v�Ç�ll���U�DX��Z�oo��}u��U�WX�DX�
tX�']ooU��X�:}Zv�}vU�tX��Z�vU�tX�DX�t}vPU��X�'}vÌ�o�Ì��v��:X�

�X�W}�o�U�'�µ��]�vU�/v�XU�t�oo]vP(}����dU�îììðX�
ïð�DX��X�^���lu�v��v��:X�:X�D�<]vv}vU���Ç���vP�}uuU�îììîU�ðU�

ïóôrïõîX�

ïñ�DX� �X� ^���lu�v� �v�� WX� 'X� �Ç�}uU� �Z�uX� WZÇX� >���XU� íõõóU�
îòóU�ïìõX��

ïò� :X� :X� D�<]vv}vU� �X� ^X� D]��Z�ooU� �v�� DX� �X� ^���lu�vU� �Z�ur

�µ�X�:XU�íõõôU�ðU�îíïòrîíðíX�
ïó� :X�:X�D�<]vv}vU� DX� �X� ^���lu�v� �v�� �X� ^X� D]��Z�ooU� �����

��Ç���oo}P�X�^��X��U�îììðU�òìU�òîóròòôX�
ïô� �X�>X�Z}ZoU�DX�D}���U�tX�<�u]v�lÇU�<X��o��}�vU�:X�:X�D�<]vv}v�

�v���X�<�Z�U���Ç��X�'�}Á�Z����XU�îììôU�ôU�ðñíórðñîñX��
ïõ� �X�W��l]vU�'X�����U�tX��}vPU��X� :X�']ou}��U��X� :�Ç��]o�l�U� :X� :X�

D�<]vv}vU�DX��X�^���lu�v��v���X��X�t]o�}vU���Ç���vP�}uuU�
îììóU�õU�òðôròñîX�

ðì� ^X�<X�t}o((U��X�:X�'���vÁ}}�U�:X�:X�D�<]vv}vU��X�:�Ç��]o�l���v��

DX��X�^���lu�vU���Ç���o��Æ�o}����ïXíV�hv]À���]�Ç�}(�t�����v�

�µ����o]�W�W���ZU��µ����o]�U�îìíîX�
ðí� :X� :X� <}�v���]vl��v�� �X� :X� À�v� �}}�vU� /u�P�� s]�]}v� �}u�µ�X�

íõõîU�íìU�ññórñòðX�
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