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6SUHDGLQJ��GLOXWLRQ�DQG�PL[LQJ�SURFHVVHV� LQ� WKH�JURXQGZDWHU�DUH� LQIOXHQFHG�QRW�RQO\�E\� WKH�KHWHURJHQHRXV�
SURSHUWLHV�RI�WKH�SRURXV�PHGLD�EXW�DOVR�E\�WKH�ERXQGDU\�FRQGLWLRQV��$OWKRXJK�OHVV�VWXGLHG�WKDQ�WKH�KHWHURJHQHLW\�
RI�WKH�VRLO�PDWUL[��KLJKO\�WUDQVLHQW�ERXQGDU\�FRQGLWLRQV�FDQ�RIWHQ�RFFXU�LQ�WKH�ILHOG�DQG�FDQ�DOVR�HQKDQFH�PL[LQJ�
LQ�'DUF\�IORZV��,Q�WKLV�ZRUN��ZH�IRFXV�RQ�VXUIDFH�ZDWHU�JURXQGZDWHU�LQWHUDFWLRQ��LQ�SDUWLFXODU�RQ�ULYHUV�DIIHFWHG�
E\�K\GURSHDNLQJ��DQ�DUWLILFLDO� IORZ� UHJLPH�ZLWK�VKDUS�DQG� IUHTXHQW ZDWHU� OHYHO� IOXFWXDWLRQV� UHVXOWLQJ� IURP� WKH�
RSHUDWLRQ�RI� K\GURSRZHU�SODQWV��7R�VWXG\�KRZ�K\GURSHDNLQJ�FDQ�DIIHFW� WKH�JURXQGZDWHU� IORZ� ILHOG�DQG� WKXV�
PL[LQJ�LQ�WKH�VXEVXUIDFH��ZH�PRGHOHG�D�FURVV�VHFWLRQ�RI�WKH�$GLJH�9DOOH\��LQ�,WDO\��ZKHUH�WZR�$OSLQH�ULYHUV��WKH�
1RFH�DQG�WKH�$GLJH��DUH�GLIIHUHQWO\�DIIHFWHG�E\�K\GURSHDNLQJ��:H�SHUIRUPHG�WZR�GLPHQVLRQDO�IORZ�DQG�WUDQVSRUW�
VLPXODWLRQV� XVLQJ� D� FDOLEUDWHG� PRGHO�� DQG� LQYHVWLJDWHG� GLIIHUHQW� VFHQDULRV�� FRQVLGHULQJ� ERWK� VXE�GDLO\� DQG�
VHDVRQDO�IOXFWXDWLRQV��:H�FKDUDFWHUL]HG�WKH�IORZ�ILHOG�DSSO\LQJ�GLIIHUHQW�WRSRORJLFDO�DQG�NLQHPDWLF�LQGLFDWRUV�DQG�
VKRZ�WKHLU�UHODWLRQ�WR�PL[LQJ�SURFHVVHV�LQ�WKH�VXEVXUIDFH��2XU�UHVXOWV�VKRZ�WKDW�K\GURSHDNLQJ�DQG�KHQFH�WKH�
PDQDJHPHQW�RI�K\GURSRZHU�SODQWV�KDYH�D�PDMRU�HIIHFW�RQ�JURXQGZDWHU�VROXWH�WUDQVSRUW�

.H\ZRUGV� +\GURSHDNLQJ��*URXQGZDWHU��6ROXWH�WUDQVSRUW��5LYHUEHG

�� ,1752'8&7,21

1DWXUDO�JURXQGZDWHU�V\VWHPV�PD\�EH�FRQQHFWHG�WR�IOXFWXDWLQJ�VXUIDFH�ZDWHU�ERGLHV��ZDWHU�VLQNV�DQG�VRXUFH�
WHUPV ZKLFK� OHDG� WR WUDQVLHQW� ERXQGDU\� FRQGLWLRQV�� 7KHVH� FRQGLWLRQV�� WRJHWKHU� ZLWK� WKH� KHWHURJHQHRXV�
SURSHUWLHV� RI� WKH�SRURXV�PHGLD�� DIIHFW� VSUHDGLQJ��PL[LQJ�DQG�GLOXWLRQ�SURFHVVHV� LQ� WKH�DTXLIHUV� �5ROOH�	�/H�
%RUJQH���������:KLOH�VRPH�WUDQVLHQW�ERXQGDU\�FRQGLWLRQV�DUH�GXH�WR�QDWXUDO�IDFWRUV��VXFK�DV�RFHDQ�WLGHV���*HQJ�
HW�DO���������7UHIU\�HW�DO�������� DQG�VHDVRQDO�IOXFWXDWLRQV�DV�RFFXUV�LQ ULYHUV�FRQWUROOHG�E\�JODFLHU�PHOWLQJ��3pUH]�
&LULD�HW�DO����������RWKHUV�FKDQJHV�DUH�FDXVHG�E\�DQWKURSRJHQLF�IDFWRUV��LQFOXGLQJ�HQJLQHHUHG�SXPSLQJ�V\VWHPV�
�&KR�HW�DO���������1HXSDXHU�HW�DO�������� DQG�ZDWHU�PDQDJHPHQW��LQ�SDUWLFXODU�K\GURSHDNLQJ��DQ�DUWLILFLDO�IORZ�
UHJLPH�FKDUDFWHUL]HG�E\�FKDQJHV�LQ�WKH�ZDWHU�OHYHO�GXH�WR�WKH�RSHUDWLRQ�RI�K\GURSRZHU SODQWV���)HUHQF]�HW�DO���
������$UQW]HQ�HW�DO����������

6HYHUDO�ZRUNV�KDYH�VKRZQ�WKH�HIIHFWV�RI�K\GURSHDNLQJ�RQ WKH�K\GURORJLFDO�F\FOH�DQG�VHGLPHQW�WUDQVSRUW�
�%UXQR�HW�DO���������)HWWH�HW�DO���������� WKH�SK\VLFRFKHPLFDO�FKDUDFWHULVWLFV�RI� WKH�ZDWHU� �+DXHU HW�DO���������
=ROH]]L�HW�DO����������DQG�WKH�LQWHUDFWLRQ�ZLWK�K\SRUKHLF�ZDWHU��6LQJK�HW�DO���������6RQJ�HW�DO���������6DZ\HU�HW�
DO��� �������ZLWK�PRVWO\� QHJDWLYH� LPSDFWV� IRU� ULYHULQH� HFRV\VWHPV� �%HMDUDQR� HW� DO��� ������&DVDV�0XOHW� HW� DO���
�������%H\RQG�WKH�K\SRUKHLF�]RQH��K\GURSHDNLQJ�FDQ�FDXVH�YDULDWLRQV�LQ�WKH�JURXQGZDWHU�OHYHO�LQ�ULYHU�FRUULGRUV�
DQG�ULYHULQH�LVODQGV��)UDQFLV�HW�DO���������6RQJ�HW�DO����������DQG�LQIOXHQFH�WKH�WUDQVSRUW�RI�GLVVROYHG�VROXWHV�
QHDU�WKH�VKRUH��=DFKDUD�HW�DO����������0RUH�UHFHQWO\��DQ�H[SHULPHQWDO�VWXG\�DW�ODERUDWRU\�VFDOH�E\�=LOLRWWR�HW�DO��
������ KDV� VKRZQ� WKDW� K\GURSHDNLQJ� KDV� WKH� SRWHQWLDO� WR� HQKDQFH� WKH� GLVSHUVLRQ� DQG� VSUHDGLQJ� RI� D�
FRQVHUYDWLYH�SOXPH�PRYLQJ�EHORZ�WZR�ULYHUV LQ�D�KRPRJHQRXV�DTXLIHU��

8QGHUVWDQGLQJ�PHFKDQLVPV� EHKLQG�PL[LQJ� HQKDQFHPHQW� LV� UHOHYDQW� EHFDXVH�PL[LQJ� LV� VORZ� LQ� SRURXV�
PHGLD� DQG� UHDFWLRQV� DUH� RIWHQ� LQFRPSOHWH� �9DORFFKL� HW� DO��� ������ :ULJKW� HW� DO��� ������� WKXV� KLQGHULQJ� WKH�
GHJUDGDWLRQ�RI�FRQWDPLQDQWV� LQ� WKH�JURXQGZDWHU�� ,Q�JHQHUDO��YDULDWLRQV� LQ� WKH�PDJQLWXGH�DQG�GLUHFWLRQ�RI� WKH�
YHORFLW\�FDQ�LQFUHDVH�PHFKDQLFDO�GLVSHUVLRQ� VWUHWFKLQJ�DQG�IROGLQJ WKHUHIRUH�HQKDQFLQJ PL[LQJ��1HXSDXHU�HW�
DO��� ������ GH� $QQD� HW� DO��� ������� :KLOH� WKHVH� YHORFLW\� YDULDWLRQV� DUH� JHQHUDOO\� GXH� WR� KHWHURJHQHLWLHV� DQG�
DQLVRWURSLHV�LQ�WKH�SRURXV�PHGLD��<H�HW�DO���������&LUSND�HW�DO����������WKH\�FDQ�DOVR�EH�FDXVHG�E\�WUDQVLHQW�
ERXQGDU\�FRQGLWLRQV��3LVFRSR�HW�DO���������GH�'UHX]\�HW�DO���������'HQW]�	�&DUUHUD���������,Q�IDFW�� LQMHFWLRQ�
H[WUDFWLRQ�V\VWHPV �1HXSDXHU�HW�DO���������6SRVLWR������� DQG�WLGDO�IRUFLQJ��:X�HW�DO���������7UHIU\�HW�DO��������
FDQ�JHQHUDWH�WUDQVLHQW�IORZ�ILHOGV�ZLWK�D�FRPSOH[ DQG�FKDRWLF PL[LQJ�G\QDPLFV��

7KH�LQWHUDFWLRQ�EHWZHHQ�WUDQVLHQW�ERXQGDU\�FRQGLWLRQV�DQG�KHWHURJHQHLW\�DQG�WKHLU�HIIHFW�IRU�VROXWH�WUDQVSRUW�
KDV� EHHQ� VWXGLHG� IRU� GLIIHUHQW� JURXQGZDWHU� VFHQDULRV�� IRU� LQVWDQFH�� GH� 'UHX]\� HW� DO�� ������ IRU� XQLIRUP�
IOXFWXDWLRQV��1HXSDXHU�HW�DO� ������ IRU�HQJLQHHUHG�V\VWHPV��DQG�*HQJ�HW�DO�� ������ IRU�FRDVWDO�DTXLIHUV�� ,Q�
WHUPV�RI�ULYHU�DTXLIHU�V\VWHPV��&DUGHQDV�HW�DO�������� DQDO\]HG�WKH�HIIHFW�RI�KHWHURJHQHLW\�LQ�WKH�K\SRUKHLF�]RQH�
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ZLWK�LWV�JHRPHWU\��DQG�6RQJ�HW�DO�������� VWXGLHG�WKH�LPSDFW�RI�K\GURSHDNLQJ�RQ�WKH�WKHUPDO�UHJLPH�DQG�WKH�
ELRJHRFKHPLFDO�UHDFWLRQV�RI�D�KHWHURJHQRXV�FURVV�VHFWLRQ�RI�WKH�K\SRUKHLF�]RQH��,Q�WKLV�ZRUN��ZH�DLP�WR�VWXG\�
WKH�LQWHUDFWLRQ�EHWZHHQ�ULYHU�VWDJH�IOXFWXDWLRQV�DQG�WKH�KHWHURJHQHLW\�RI�DQ�DTXLIHU��FRQVLGHULQJ�WKH�FRQGXFWLYLW\�
RI WKH�ULYHU�EHG� )RU�WKLV��ZH�PRGHO�D�FURVV�VHFWLRQ�RI�DQ�DTXLIHU�ORFDWHG�LQ�DQ�$OSLQH�YDOOH\ WKDW�LV WUDYHUVHG�E\�
WZR�ULYHUV GLIIHUHQWO\�DIIHFWHG�E\�K\GURSHDNLQJ��DQG SHUIRUP�IORZ�DQG�WUDQVSRUW�VLPXODWLRQV ZLWK�VHDVRQDO��GDLO\�
UHVROXWLRQ��DQG�VXE�GDLO\��KRXUO\�UHVROXWLRQ��IOXFWXDWLRQV��:H�H[SORUH�WKHUHIRUH��WKH�HIIHFWV�RI�VXFK�IOXFWXDWLRQV�
RQ�D�FRQVHUYDWLYH�WUDFHU�SOXPH�E\�DQDO\]LQJ�LWV�VSDWLDO�GLVWULEXWLRQ�DQG�GLOXWLRQ�LQGH[��XQGHU�GLIIHUHQW�K\GUDXOLF�
VFHQDULRV�

�� 0(7+2'2/2*<

��� 6WXG\�DUHD�DQG�PRGHO

:H�VWXG\ WKH�DTXLIHU�XQGHU�WKH�$GLJH�9DOOH\ �QRUWK�RI�,WDO\���LQ�SDUWLFXODU�WKH�DUHD�EHWZHHQ�0H]]RORPEDUGR�
DQG� 6DQ� 0LFKHOH� DOO¶$GLJH� �)LJXUH� �D��� 7KH� YDOOH\� LV� FRPSRVHG� E\� ORRVH� VHGLPHQWV� IURP� WKH� DOOXYLDO� IDQ�
IRUPDWLRQV�RI�WKH�$GLJH�5LYHU�DQG�LWV�WULEXWDULHV��DQG�WR�WKH�HDVW�DQG�ZHVW�LV�ERUGHUHG�E\�FDOFDUHRXV�GRORPLWLF�
PRXQWDLQV�� 2ULJLQDOO\� D� ZHWODQG�� WKH� DUHD� KDV� D KLJK� GHPDQG� RI� JURXQGZDWHU� IRU� LUULJDWLRQ RI� YLQH\DUGV
�&DVWDJQD�HW�DO����������$V�LQ�PRVW�$OSLQH�FDWFKPHQWV�� LWV�K\GURORJLFDO�UHJLPH�LV�FKDUDFWHUL]HG�E\�VQRZ�DQG�
JODFLHU�PHOWLQJ�LQ�VSULQJ��KRZHYHU�LW�LV�KHDYLO\�LPSDFWHG�E\�K\GURSHDNLQJ��&KLRJQD�HW�DO����������

)LJXUH����D��0RGHOHG�DUHD�LQ�WKH�$GLJH�9DOOH\��E��PRGHO�DQG�K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�FURVV�VHFWLRQ��DQG�F��
K\GURJUDSK�DW GDLO\ DQG�KRXUO\�WLPHVFDOHV�ZLWK�SUHFLSLWDWLRQ�

)LJXUH��E VKRZV WKH�PRGHOHG YHUWLFDO�FURVV�VHFWLRQ�RI�WKH�$GLJH�9DOOH\��ZKLFK�LV WUDYHUVHG�E\�WKH�$GLJH�
5LYHU�DQG�WKH�1RFH�5LYHU��D�WULEXWDU\ RI�WKH�$GLJH��7KH�PRGHO�RULJLQ�LV�DW�ORQJ �����������DQG�ODW �����������
�:*6���± 870���1���7KH�ERWWRP�RI�WKH�XQFRQILQHG�DTXLIHU�LV�DW�����P�D�V�O��DQG�WKH�WRSRJUDSKLFDO�HOHYDWLRQ�
RI�WKH�VXUIDFH�YDULHV�IURP�����WR�����P�D�V�O��)URP�ZHVW�WR�HDVW��WKH�PRGHO�H[WHQGV�RI�DSSUR[LPDWHO\����� P�
7KH�PRGHO�LV�WKHUHIRUH�GLVFUHWL]HG�LQ���� FROXPQV�RI�ο� ൌ Ͷ P�DQG����OD\HUV�RI ο� ൌ ͳ P� 2YHUDOO��ZH�IROORZ�WKH�
PHWKRGRORJ\�XVHG�LQ��&DVWDJQD�HW�DO�������� WR�PRGHO�D�ODUJHU�VHFWLRQ�RI�WKH�$GLJH�9DOOH\��DQG�ZH�FRQVLGHU WKH
K\GUDXOLF�FRQGXFWLYLW\� ILHOG�ZKLFK� LV�XVHG�E\� WKH�*HRORJLFDO�6XUYH\�RI�7UHQWR��7KH� OHIW�DQG�ULJKW�VLGHV�RI� WKH�
FURVV�VHFWLRQ�DUH�'LULFKOHW�ERXQGDU\�FRQGLWLRQV��2Q�WKH�OHIW��ZH�XVH�WKH�PHDVXUHPHQWV�RI�WKH�SLH]RPHWHU�3����
WR�LPSOHPHQW�D WLPH�YDULDQW�VSHFLILHG�KHDG��DQG�RQ�WKH�ULJKW��ZH�DSSO\ D�FRQVWDQW�KHDG��7KLV ERXQGDU\�LV�IDU�
IURP�WKH�DUHDV�FORVH�WR�WKH KLJKO\�WUDQVLHQW�ERXQGDU\�FRQGLWLRQV��L�H� ULYHUV� DQG�LW GRHV�QRW�DIIHFW�VLJQLILFDQWO\�
WKH�WUDQVLHQW�PRGHO��

2Q�WKH�WRS RI�WKH�PRGHO� ZH�DSSO\�&DXFK\�ERXQGDU\�FRQGLWLRQV WR�LPSOHPHQW�WKH�DTXLIHU¶V�UHFKDUJH��ZKLFK�
LV�FRPSXWHG�DIWHU�D OHDNDJH�PRGHO EDVHG�RQ�VRLO�VDWXUDWLRQ�PRLVWXUH��/DLR�HW�DO���������5RGULJXH]�,WXUEH�HW�DO���
������ 3UHFLSLWDWLRQ GDWD� ZDV� REWDLQHG� IURP� WKH�PHWHRURORJLFDO� VWDWLRQV� DW� 0H]]RORPEDUGR �0HWHRWUHQWLQR��
����� DQG�6DQ�0LFKHOH�DOO¶$GLJH���%0HWHR�������� 3UHFLSLWDWLRQ�DW�0H]]RORPEDUGR�DJJUHJDWHG�IRU�GDLO\�VWHSV�
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LV�VKRZQ�LQ�WKH�WRS�D[LV�RI�)LJXUH��F� (YDSRWUDQVSLUDWLRQ�DQG�LUULJDWLRQ�ZHUH�REWDLQQHG�IURP �*DOOL�������� :H�
DVVLJQ� WKH�UHFKDUJH� WR�HDFK�FHOO�DIWHU� WKH�7K\HVHQ�SRO\JRQ�PHWKRG��&DXFK\�ERXQGDU\�FRQGLWLRQV�ZHUH�DOVR�
DSSOLHG�WR�LQWURGXFH�WKH�SXPSLQJ�ZHOOV��,Q�IDFW��WKH�FURVV�VHFWLRQ�FRQWDLQV�VHYHUDO�SXPSLQJ�ZHOOV��ZKLFK�ORFDWLRQ��
XVH DQG�PD[LPXP�DOORZHG�SXPSLQJ� UDWH�ZHUH SURYLGHG�E\� WKH�*HRORJLFDO�6XUYH\�RI�7UHQWR� 7KH� ULYHUV�DUH�
LPSOHPHQWHG�DV�1HXPDQQ�ERXQGDU\�FRQGLWLRQV��RU�KHDG�GHSHQGLQJ�IOX[��7R�HVWLPDWH�WKH�ULYHU�VWDJH� ZH�FROOHFW�
KRXUO\�GDWD�IURP�WKH�JDXJLQJ�VWDWLRQV�RI�0H]]RORPEDUGR�3RQWH�5XSH�DQG�6DQ�0LFKHOH�DOO¶$GLJH��SURYLGHG�E\�
WKH�'DP�2IILFH�RI�WKH $XWRQRPRXV�3URYLQFH�RI�7UHQWR��3URYLQFLD�$XWRQRPD�GL�7UHQWR�� 8IILFLR�'LJKH�������� :H�
FDOFXODWH�WKH�VWDJH�DW�WKH�PRGHO�DUHD�XVLQJ�WKH�&Kp]\�HTXDWLRQ�XQGHU�WKH�DVVXPSWLRQ RI�D�UHFWDQJXODU�FKDQQHO�
DQG WKDW�WKH�ULYHU�IORZ�LV�FRQVWDQW�EHWZHHQ�WKH�JDXJLQJ�VWDWLRQV�DQG�WKH�DUHD�RI�LQWHUHVW� :H�FRQVLGHU�D�PRGHO�
DW�GDLO\�UHVROXWLRQ�WR�FRQVLGHU�ZHHNO\�DQG�VHDVRQDO�IOXFWXDWLRQV��DQG�D�PRGHO�DW�KRXUO\�UHVROXWLRQ�WR�DFFRXQW�IRU�
VXE�GDLO\�IOXFWXDWLRQV� 7KH�GDLO\�UHVROXWLRQ�VLPXODWLRQ�LV�IURP�)HEUXDU\���WK WR�0D\���WK��������ZKLOH�WKH�KRXUO\�
UHVROXWLRQ� VLPXODWLRQ� LV� IRU� D� RQH�PRQWK� SHULRG�� IURP� )HEUXDU\� ��WK WR� 0DUFK� ��WK RI� WKH� VDPH� \HDU�� 7KH�
K\GURJUDSK�RI�WKH�1RFH�DQG�WKH�$GLJH�ULYHUV�IRU�ERWK�GDLO\�DQG�KRXUO\ PRGHOV�LV�VKRZQ�LQ�)LJXUH��F�

��� 0RGHO�FDOLEUDWLRQ�DQG�V\QWKHWLF�VFHQDULRV

:H FDOLEUDWH� WKH VSHFLILF� \LHOG� DQG� WKH� YHUWLFDO� K\GUDXOLF� FRQGXFWLYLW\� RI� ERWK� WKH� 1RFH� DQG� WKH� $GLJH�
ULYHUEHGV��DQG�DGMXVW�WKH�ERWWRP�RI�WKH�ULYHUEHG�DW�WKH�$GLJH��)RU�WKLV��ZH�XVH�D 0RQWHFDUOR�DSSURDFK�DQG�DSSO\�
DV�REMHFWLYH�IXQFWLRQV�WKH�PHDQ�DYHUDJH�HUURU��0$(���DQG�URRW�PHDQ�VTXDUHG�HUURU��506(���DQG�WKH�1DVK�
6WXWFOLIIH� FRHIILFLHQW� �16(�� 3LH]RPHWHU� 3��� LV� XVHG� DV� FDOLEUDWLRQ� SRLQW�� :H� FDOLEUDWH� WKH� PRGHO� DW� GDLO\�
UHVROXWLRQ� �0$( ������ 506( ������ 16( ����� DQG� YDOLGDWH� LW� ZLWK� WKH KRXUO\� UHVROXWLRQ� �0$( ������
506( ������16( �������,Q�DGGLWLRQ�WR�WKH�FDOLEUDWHG�PRGHO��ZH�VLPXODWH V\QWKHWLF�VFHQDULRV�WR�DFFRXQW�IRU�WKH�
EURDG�UDQJH�RI�YDOXHV�LQ�WKH�K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�ULYHUEHG��7DQJ�HW�DO����������DV�ZHOO�DV�WKH�FDVH�RI�D�
VWHDG\�ULYHU�VWDJH��7KHUHIRUH��ZH�FRQVLGHU�WKH FDVHV�RI�WKH YHUWLFDO�K\GUDXOLF�FRQGXFWLYLW\�N�RI�WKH ULYHU�DV IROORZV��
����N�����N� ���N� ���N�DQG���N IRU�WKH�WUDQVLHQW�PRGHOV��DQG�N�IRU�WKH�VWHDG\�VWDWH�VLPXODWLRQ��ZKHUH�N�LV�WKH�
FDOLEUDWHG� K\GUDXOLF� FRQGXFWLYLW\�� )RU� FRPSDUDELOLW\� SXUSRVHV� EHWZHHQ� WKH� VLPXODWLRQV� DW� GDLO\� DQG� KRXUO\�
UHVROXWLRQ�� WKH� VWHDG\� VWDWH� VLPXODWLRQ� XVHV� WKH� PHDQ� JURXQGZDWHU� DQG� ULYHU� KHDGV� RI� WKH� KRXUO\ PRGHO�
�)HEUXDU\ ��WK � 0DUFK���WK��������

��� *URXQGZDWHU�IORZ�DQG�WUDQVSRUW�HTXDWLRQV

7KH�JURXQGZDWHU�IORZ�HTXDWLRQ�IRU�D�UHSUHVHQWDWLYH�YROXPH�FDQ�EH�GHVFULEHG�E\�D�FRPELQDWLRQ�RI�WKH�
'DUF\¶V�ODZ�ZLWK�WKH�FRQWLQXLW\�HTXDWLRQ

ܵ
߲݄

ݐ߲
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ZKHUH�۹ ሾିܶܮଵሿ FRUUHVSRQGV�WR�WKH�K\GUDXOLF�FRQGXFWLYLW\�WHQVRU݄ߘ��ሾെሿ LV�WKH�K\GUDXOLF�KHDG�JUDGLHQWࢗ��ᇱሾିܶܮଵሿ
DFFRXQWV�IRU�WKH�VRXUFH�DQG�VLQN��DQG�ܵ ሾെሿ LV�WKH�VWRUDJH�FRHIILFLHQW� :H�VROYH�WKH�JURXQGZDWHU�IORZ�HTXDWLRQ�
ZLWK�WKH�ILQLWH�GLIIHUHQFHV�FRGH�02')/2:�2:+0 �%R\FH���������6SHFLILFDOO\��ZH�DSSO\�WKH�1HZWRQ�5DSKVRQ�
VROYHU��1LVZRQJHU�HW�DO����������ZKLFK�LV�UHFRPPHQGHG�IRU�FDVHV�ZLWK�ZDWHU�WDEOH�IOXFWXDWLRQV�DFURVV�GLIIHUHQW�
OD\HUV��

7KH�ULYHUV�ZHUH�LPSOHPHQWHG�XVLQJ�WKH�ULYHU�SDFNDJH�RI�02')/2:��$V�PHQWLRQHG�HDUOLHU�� WKH�PRGHO� LV�
FDOLEUDWHG� IRU� WKH YHUWLFDO K\GUDXOLF�FRQGXFWLYLW\�N�RI� WKH� ULYHU�EHGV��7KLV�SDUDPHWHU� LV� LQWURGXFHG� LQ� WKH� ULYHU�
SDFNDJH WKURXJK�WKH�ULYHUEHG�FRQGXFWDQFH��GHILQHG DV

ܥ ൌ
ο�ο�݇

ܯ
ǡ

>�@

ZKHUH�ο� DQG�ο� DUH�WKH�OHQJWK�DQG�ZLGWK�RI�WKH�FHOO�RFFXSLHG�E\�WKH�ULYHU��DQGܯ� LV�WKH�WKLFNQHVV�RI�WKH�ULYHUEHG��
:H�DVVXPH�D� WKLFNQHVV�RI���P� LQ�RUGHU� WR�FDOFXODWH� WKH�YHUWLFDO�K\GUDXOLF�FRQGXFWLYLW\ ݇ IURP� WKH�FDOLEUDWHG�
ULYHUEHG�FRQGXFWDQFH�

7KH�WUDQVSRUW�RI�VROXWHV�LV�VROYHG�E\�WKH�DGYHFWLRQ�GLVSHUVLRQ�HTXDWLRQ �$'(�� )RU�D�FRQVHUYDWLYH�WUDFHU��
WKH�DGYHFWLRQ�GLVSHUVLRQ�HTXDWLRQ�LV�ZULWWHQ�DV

߲ሺ݊ܥሻ

ݐ߲
ൌ ׏ ή ሺ݊ܥ׏ࡰሻ െ ׏ ή ሺ݊࢜ሻǡ >�@

EHLQJ ሾ��ିଷሿܥ WKH�WUDFHU�FRQFHQWUDWLRQ��݊ሾെሿ WKH�SRURVLW\��DQG ሾ�ଶ�ିଵሿࡰ WKH�GLVSHUVLRQ�WHQVRU� :H�VROYH�WKH�
$'(� XVLQJ� 07�'�86*6� �%HGHNDU� HW� DO��� ������� 7KH� GLVSHUVLRQ� WHQVRU� XVHV� D� ORQJLWXGLQDO� GLVSHUVLRQ�
FRHIILFLHQW� �௅ܦ ZKLOH�WKH WUDQVYHUVH�GLVSHUVLRQ�FRHIILFLHQW LV�SDUDPHWUL]HG�DV்ܦ� ൌ ͲǤͳܦ௅�
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��� 'LOXWLRQ�,QGH[�

:H�XVH�WKH�GLOXWLRQ�LQGH[��.LWDQLGLV������� WR�HYDOXDWH�PL[LQJ�IRU�WKH�VROXWH�FRQFHQWUDWLRQV�HVWLPDWHG�ZLWK�
WKH�$'(��7KH�GLOXWLRQ�LQGH[�LV�XQGHUVWRRG�DV�WKH�H[SRQHQWLDO�RI�WKH�HQWURS\�RI�WKH�V\VWHP��GHILQHG�E\

ሻݐሺܧ ൌ ��� ቈെන݌ ሺ࢞ǡ ሻݐ ݈݊ ǡ࢞ሺ݌ ሻݐ ܸ݀ሿ
௏

቉ǡ >�@

ZKHUH݌� ሺ࢞ǡ ሻݐ LV�WKH�PDVV�SUREDELOLW\�GHQVLW\�IXQFWLRQ�RI�WKH�FRQFHQWUDWLRQ�DW�WKH�FRRUGLQDWHV࢞���DW�WLPH ݐ LQ�D�
V\VWHP�RI�YROXPH�ܸ��DQG�LW�LV�FDOFXODWHG�E\

ǡ࢞ሺ݌ ሻݐ ൌ
ǡ࢞ሺܥ ሻݐ

׬ ܥ ሺ࢞ǡ ሻܸ݀ݐ
௏

ǡ >�@

+LJKHU�YDOXHV�RI�WKH�GLOXWLRQ�LQGH[�FRUUHVSRQG�WR�D�EHWWHU�GLOXWLRQ�RI�WKH�V\VWHP�

�� 5(68/76�$1'�',6&86,21

��� 5LYHU�IOXFWXDWLRQV�DQG�JURXQGZDWHU�KHDGV

:H�VWDUW�WKH�DQDO\VLV�ZLWK�WKH�PRGHO�DW�GDLO\�UHVROXWLRQ��ZKLFK�UHTXLUHV�D�VLPXODWLRQ�WLPH�PXFK�ORZHU�WKDQ�
WKH�PRGHO�DW�KRXUO\� UHVROXWLRQ� �OHVV� WKDQ�D� WKLUG���DQG� LQ� WKH�DUHD�RI� WKH�1RFH�5LYHU�� ,Q�DGGLWLRQ� WR� WKH� ILHOG�
REVHUYDWLRQV��ZH�DGGHG�REVHUYDWLRQ�SRLQWV�IRU�WKH�VLPXODWHG�JURXQGZDWHU�KHDGV�EHORZ�WKH�ULYHU�DQG����P�EHIRUH�
WKH�ILUVW�ULYHU�FHOO��'XULQJ�PRVW�RI�WKH�VLPXODWHG�SHULRG��WKH�HVWLPDWHG�ULYHU�KHDG�RI WKH�1RFH�LV�KLJKHU��ͲǤͳͷ േ
ͲǤͳͷ P��WKDQ�WKH�PHDVXUHG�JURXQGZDWHU�KHDG�DW�SLH]RPHWHU������ORFDWHG����P�WR�WKH�OHIW�RI�WKH�ULYHU� &RPSDUHG�
WR� WKH�JURXQGZDWHU�KHDG�EHORZ�WKH�ULYHU�� WKH�1RFH� LV�ͲǤͲ͸ േ ͲǤͲ͵ P�KLJKHU�� LQGLFDWLQJ�WKDW� WKH�1RFH�5LYHU� LV�
IHHGLQJ�WKH DTXLIHU��2Q�WKH�VLGH�RI�WKH�$GLJH�5LYHU��WKH�HVWLPDWHG�ULYHU�KHDG�LV�ͲǤ͵͸ േ ͲǤͲ͸ P�ORZHU�WKDQ�WKH�
JURXQGZDWHU�KHDG�DW�SLH]RPHWHU��� ����P�IURP�WKH�ULYHU���DQG�WKH�JURXQGZDWHU�OHYHO�EHORZ�WKH�ULYHUEHG�LV�ͲǤͲͳ േ
ͲǤͲͲͺ P�KLJKHU�WKDQ�WKH�ULYHU�KHDG��LQGLFDWLQJ�WKDW�DW�WKH�VWXGLHG�FURVV�VHFWLRQ��WKH�DTXLIHU�LV�IHHGLQJ�WKH�ULYHU��
DQG�WKH�JURXQGZDWHU�IORZV�WRZDUGV�WKH�$GLJH�

)LJXUH����5LYHU�IOXFWXDWLRQV�DQG�VLPXODWHG JURXQGZDWHU�KHDGV�IRU�WKH�PRGHO�DW�D��GDLO\�DQG�E��KRXUO\�
UHVROXWLRQ�IRU�FDOLEUDWHG�DQG�V\QWKHWLF�VFHQDULRV�GXULQJ�RQH�PRQWK��

$V� D� FRPSDUDWLYH� H[DPSOH� RI� WKH� VLPXODWHG� JURXQGZDWHU� KHDGV� LQ� WKH� FDOLEUDWHG� PRGHO� DQG� VHOHFWHG�
V\QWKHWLF�VFHQDULRV��ZH�VKRZ�LQ�)LJXUH��D WKH�FDVH�IRU�WKH�GDLO\�REVHUYDWLRQ�SRLQWV�SODFHG����P�WR�WKH�OHIW�RI�WKH�
1RFH�5LYHU�GXULQJ�WKH�SHULRG�IURP�)HEUXDU\���WK WR�0DUFK���WK��������:H�DOVR�LQFOXGHG�WKH�HVWLPDWHG�ULYHU�KHDG�
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DW�WKH�FURVV�VHFWLRQ��7KH�VLPXODWHG�JURXQGZDWHU�OHYHOV�DUH�KLJKO\�GHSHQGHQW�RQ�WKH�ERXQGDU\�FRQGLWLRQV��DV�LW�
LV�QRWLFHDEOH� LQ�SDUWLFXODU�DIWHU�0DUFK��WK��ZKHQ�WKH�JURXQGZDWHU�KHDG�GURSV��+RZHYHU�� LW� LV�DOVR�SRVVLEOH� WR�
REVHUYH�FKDQJHV�LQ�WKH�JURXQGZDWHU�GXH�WKH�ULYHU�IOXFWXDWLRQ��DV�WKH�WRXJK�LQ�)HEUXDU\���VW RU�SHDNV�LQ�)HEUXDU\�
��WK DQG�0DUFK��WK��LQ�SDUWLFXODU�IRU�N DQG���N��

��� ,QWHUSOD\�RI�K\GUDXOLF�FRQGXFWLYLW\��ULYHU�IOXFWXDWLRQV�DQG�ULYHUEHG�FRQGXFWDQFH

,Q�RUGHU�WR�VWXG\�KRZ�VROXWH�WUDQVSRUW�LV�DIIHFWHG�E\�K\GURSHDNLQJ�LQ�D�KHWHURJHQRXV�DTXLIHU�FURVV�VHFWLRQ��
ZH�SUHSDUHG�WKH�WUDQVSRUW�VLPXODWLRQ�LQ�WKH�VHDVRQDO�PRGHO�DQG�FRQVLGHUHG D�FRQVHUYDWLYH�WUDFHU�UHSUHVHQWLQJ�
D�FRQWDPLQDQW�SOXPH�ZLWK�DQ�LQLWLDO�UHFWDQJXODU�VKDSH����P�OHQJWK����P�ZLGH�DQG�ZLWK�D�FHQWURLG�SODFHG����P�
WR�WKH�OHIW�RI WKH�1RFH�5LYHU�DQG����P�EHORZ�LWV�ULYHUEHG� ,WV�LQLWLDO�FRQFHQWUDWLRQ�LV ����>0�/�@�

$V�WKH�SOXPH�VWDUWV�PRYLQJ� LW�LV�SXVKHG�WRZDUGV�WKH�ERWWRP�RI�WKH�DTXLIHU�GXH�WR�WKH�FRPELQHG�HIIHFW�RI�WKH�
ULYHU�VWDJH KLJKHU�WKDQ�WKH�JURXQGZDWHU DQG�WKH�K\GUDXOLF�FRQGXFWLYLW\�ILHOG��,Q�IDFW��WKH�K\GUDXOLF�FRQGXFWLYLW\�
EHORZ�WKH�1RFH�LV�ORZHU�FRPSDUHG�WR�WKH�UHJLRQ�EHORZ�WKH�WUDFHU�SOXPH��IRUPLQJ WKHUHIRUH�D�SUHIHUHQWLDO�SDWK�LQ�
WKH�YHUWLFDO�GLUHFWLRQ�HQKDQFHG�E\�WKH�YHUWLFDO�FRPSRQHQW�RI�WKH�YHORFLW\� 2QFH�WKH�SOXPH�UHDFKHV�WKH�ERWWRP
RI�WKH�DTXLIHU��LW�PRYHV�WR�WKH�ULJKW�GLUHFWLRQ�WKURXJK�WKH�DUHD�ZLWK�KLJK�K\GUDXOLF�FRQGXFWLYLW\��)LJXUH��E EHWZHHQ�
����DQG�����P�D�V�O��DQG���DQG������P LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�� 7KH�SOXPH�GLVWULEXWLRQ DQG�LWV�FRQFHQWUDWLRQ
DW�WKH�HQG�RI�WKH�VLPXODWLRQ�LV�VHHQ�LQ�)LJXUH �D �OHIW�FRORUEDU���WKH�PDJQLWXGH�RI�WKH�YHORFLW\�ILHOG�LV�VKRZQ�DV�
EDFNJURXQG �ULJKW�FRORUEDU�� DQG�WKH�EOXH�UHFWDQJOH�RQ�WKH�WRS�LQGLFDWHV�WKH�ORFDWLRQ�RI�WKH�1RFH�ULYHU�

)LJXUH����0DJQLWXGH�RI�WKH�YHORFLW\�ILHOG�DQG�VROXWH�WUDFHU GLVWULEXWLRQ DIWHU�����GD\V IRU�WKH�FDOLEUDWHG�
WUDQVLHQW�PRGHO �D��DQG�WKH�V\QWKHWLF�VFHQDULRV��E�J��

7KH� ILQDO�SOXPH�GLVWULEXWLRQ� IRU� WKH�VWHDG\�VWDWH�VLPXODWLRQ�DQG� WKH���������N����N�DQG����N�VFHQDULRV� LV�
VKRZQ�LQ�)LJXUHV��E��J��7KHVH�VFHQDULRV�DOORZ�XV�WR�DQDO\]H�WKH�LQWHUSOD\�RI�WKH�KHWHURJHQHRXV�FRQGXFWLYLW\�
ILHOG�ZLWK�WKH�ULYHUEHG�FRQGXFWDQFH�DQG�WKH�ULYHU�IOXFWXDWLRQV��$OO�WKH�SOXPHV�KDYH�D�KDW�FDS�VKDSH�GXH�WR�WKH�
IDFW�WKDW�ZKHUH�WKH�SOXPH�KDV�D�ODUJHU�ORQJLWXGLQDO�GLVSHUVLRQ�LQ�WKH�DUHD�RI�KLJKHU�YHORFLW\�DW�WKH�ERWWRP RI�WKH�
DTXLIHU��%XW� WKH\�FDQ�DOVR�EH�JURXSHG� LQ�GLIIHUHQW�EHKDYLRUV��)RU� LQVWDQFH�� WKH�SOXPHV�RI� N����� N DQG����N�
�)LJXUHV��D���H DQG��J�� UHVSHFWLYHO\�� ORRN�YHU\�VLPLODU�DW� WKH� ILUVW�VLJKW��DQG� WKH�VLPXODWHG�KHDGV��FRPSDUHG�
EHORZ�WKH�ULYHU�DQG�DW�GLVWDQFHV����DQG����P�EHIRUH�WKH�ULYHU��GR�QRW�VKRZ�D�VLJQLILFDQW�YDULDWLRQ��+RZHYHU��WKH�
SHDN�FRQFHQWUDWLRQ�RI�WKH�SOXPH�LV�VOLJKWO\�GLIIHUHQW��,Q����N��WKH�SHDN�LV�EHWZHHQ�����DQG�����P��ZKLOH�LQ����N��
WKH�SHDN�LV�EHWZHHQ����DQG�����P��,Q�N��WKH�FRQFHQWUDWLRQ�GLVSOD\V�WZR�ORFDO�PD[LPD�LQ�WKRVH�WZR�ORFDWLRQV��$�
SRVVLEOH�H[SODQDWLRQ�LV�WKH�LQWHUSOD\�EHWZHHQ�WKH�UHJLRQDO�IORZ�GLUHFWLRQ��WR�WKH�ULJKW��DQG WKH�IHHGLQJ�ULYHU�WKDW�
JHQHUDWHV ORFDOO\ D�IORZ�LQ�WKH�RSSRVLWH�GLUHFWLRQ��WKDW�LV��IURP�WKH�ULYHU�WR�WKH�OHIW�ERXQGDU\��:KHQ�N�LV�KLJKHU��
PRUH�ZDWHU�LV�H[FKDQJHG�EHWZHHQ�WKH�ULYHU�DQG�WKH�JURXQGZDWHU�DQG�WKH�IORZ�YHORFLW\�WRZDUGV�WKH�OHIW�ERXQGDU\�
LV�KLJKHU��SXVKLQJ�WKH�SOXPH�EDFNZDUGV�

7KH�SOXPHV�N�VWHDG\�DQG����N�ORRN�VLPLODU�WR�HDFK�RWKHU��)LJXUHV��E DQG��G���/LNH�WKH�ILUVW�GHVFULEHG�JURXS��
WKH\�DOVR�PRYH� WRZDUGV� WKH�ERWWRP�RI� WKH�DTXLIHU��EXW� WKH SHDN�FRQFHQWUDWLRQ� LV�QRW�DV�VWUHWFKHG DV� IRU� WKH�
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IRUPHU�WKUHH�FDVHV DQG�LW�DUULYHV�IXUWKHU��DURXQG�����P�IRU����N�DQG�����P�IRU�WKH�VWHDG\�VWDWH��$�UHDVRQ�ZK\�
N�VWHDG\�UHDFKHV�D�IDUWKHU�GLVWDQFH�WKDQ����N�LV�WKDW�LW�LV�GRHV�QRW�H[SHULHQFH�WKH�IOXFWXDWLRQV�WKDW�FDQ�LQFUHDVH�
WKH� IORZ� GLUHFWLRQ� EDFNZDUG� DQG� WKHUHIRUH� GHOD\� WKH� SOXPH�� 7KH� PRVW� GLIIHUHQW� ILQDO� WUDFHU� GLVWULEXWLRQ� LV�
HQFRXQWHUHG�IRU�WKH�FDVH ����N��)LJXUH��F���ZKLFK�GRHV�QRW�UHDFK�WKH�ERWWRP�RI�WKH�DTXLIHU��+HUH��WKH�PDJQLWXGH�
RI� WKH� YHORFLW\� ILHOG� EHORZ� WKH� 1RFH� 5LYHU� LV� DOVR� GLIIHUHQW� IURP� WKH� RWKHU� FDVHV� 'XH� WR� WKH� ORZ� ULYHUEHG�
FRQGXFWDQFH��WKH�YHUWLFDO�YHORFLW\�LV�QRW�SXVKLQJ�WKH�SOXPH�WR�WKH�ERWWRP�RI�WKH�DTXLIHU�DQG�WKH�SOXPH�PRYHV�
UDWKHU�KRUL]RQWDOO\� 7KLV�FDVH�LV�UHSUHVHQWDWLYH�IRU D�FORJJHG�ULYHUEHG�

:KLOH�WKH�ILQDO�SOXPH�GLVWULEXWLRQ�LV�GLIIHUHQW ZKHQ�WKH�K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�ULYHUEHG�YDULHV�LQ�RUGHUV�
RI�PDJQLWXGH�� LW� LV� LQWHUHVWLQJ�WR�REVHUYH�WKDW�WKH�YDULDWLRQV�LQ�WKH�JURXQGZDWHU�KHDG�DW����IURP�WKH�ULYHU�DUH�
PLQLPDO �H�J��)LJXUH��D��� ,Q� IDFW��DVVXPLQJ� WKDW WKH�UHVXOWV� IRU N�DUH D�PHDVXUHG�JURXQGZDWHU�KHDG� 0$(�൑
ͲǤͲʹͳ��506(൑ ͲǤͲʹͶ DQG�16(!��� IRU WKH VFHQDULRV�൒ ͲǤͳN IRU� WKH� IRXU�PRQWKV� VLPXODWHG�SHULRG��2QO\� WKH�
VFHQDULR�RI�����N JDYH�SRRU�VWDWLVWLFDO�YDOXHV� :LWK�UHVSHFW�WR�WKH�FDOLEUDWLRQ�SRLQW��WKH�ULYHUEHG�FRQGXFWDQFH�RI�
WKH� 1RFH ULYHU LV OHVV VHQVLWLYH WKDQ� WKH� ULYHU� EHG� FRQGXFWDQFH� RI� WKH� $GLJH� ULYHU�� &RQVLGHULQJ� WKDW� WKH�
FRQGXFWLYLW\�RI� WKH� ULYHU�EHG�FDQ�FKDQJH�VLJQLILFDQWO\�RYHU� VKRUW� GLVWDQFH�� LW� LV� LPSRUWDQW� WR�EH�DZDUH�RI� WKH�
GLIIHUHQW�SRVVLEOH�VFHQDULRV�DQG�WKH ORZ PRGHO�VHQVLWLYLW\�WR�WKH�JURXQGZDWHU�KHDGV��LQ�SDUWLFXODU�ZKHQ�PRGHOLQJ�
VROXWH�WUDQVSRUW�LQ�D�UHJLRQDO�PRGHO XQGHU�KLJKO\�WUDQVLHQW�ERXQGDULHV�LQ WKLV KHWHURJHQHRXV�DTXLIHU�

��� 6HQVLWLYLW\�RI�GLOXWLRQ�LQGH[�DW�GDLO\�DQG�KRXUO\�UHVROXWLRQ

:H�H[WHQG� WKH SUHYLRXV DQDO\VLV RI� VROXWH� WUDQVSRUW� WR� WKH�$GLJH� ULYHU� DQG� WR� WKH� VLPXODWLRQV� DW� KRXUO\�
UHVROXWLRQ E\�HVWLPDWLQJ�WKH�GLOXWLRQ�LQGH[��$V�PHQWLRQHG�HDUOLHU��WKH�KRXUO\�UHVROXWLRQ�DFFRXQWV IRU�WKH�VXEGDLO\
IOXFWXDWLRQV�W\SLFDO�RI�ULYHUV�XQGHU�K\GURSHDNLQJ� )LUVW�RI�DOO��ZH�SODFH�DQ LQLWLDO VROXWH FRQFHQWUDWLRQ�QHDU�WKH�
$GLJH�5LYHU�DW�WKH�VDPH�UHODWLYH�GLVWDQFH�DV WKH�SOXPH�QHDU�WKH�1RFH�5LYHU��+HUH��WKH�SOXPH�PRYHV�WRZDUGV�
WKH�ULYHU�DQG�VWDUWV�OHDYLQJ�WKH�V\VWHP�DIWHU����GD\V��7R�NHHS�RQO\�WKH�SHULRG�LQ�ZKLFK�WKH�WUDFHU�LV�SUHVHQW�RQO\�
LQ�WKH�DTXLIHU�DQG�IRU�FRPSDULVRQ�SXUSRVHV��ZH�SUHVHQW�LQ�)LJXUH�� WKH�GLOXWLRQ�LQGH[�IRU�ERWK�WLPH�UHVROXWLRQV�
DQG�ERWK�ULYHUV�GXULQJ�WKH�ILUVW����GD\V��'HVSLWH�WKH�GLIIHUHQFHV�IRXQG�LQ�WKH�ORFDWLRQ�DQG�GLVWULEXWLRQ�RI�WKH�WUDFHU�
FRQFHQWUDWLRQ�LQ�VHFWLRQ������WKH�GLOXWLRQ�LQGH[�UHDFKHV�VLPLODU�YDOXHV�IRU�DOO�WKH�WUDQVLHQW�VLPXODWHG�VFHQDULRV
�)LJXUH��D�� RQO\�WKH�VWHDG\�VWDWH�VFHQDULR�GLVSOD\V�D�GLIIHUHQW GLOXWLRQ��7KH�KRXUO\�VLPXODWLRQV��)LJXUH��F���RQ�
WKH�FRQWUDU\��VKRZ�D�EURDGHU�UDQJH�RI�WKH�GLOXWLRQ�LQGH[��7KH�ORZHVW�ILQDO�GLOXWLRQ�YDOXH LV�WKH�VDPH�DV�LQ�WKH�
GDLO\�VLPXODWLRQ��WKH�VWHDG\�VWDWH�VFHQDULR��+RZHYHU��WKH�GLOXWLRQ�LQGH[�DIWHU����GD\V�LQFUHDVHV�DV�WKH�YHUWLFDO�
K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�1RFH�5LYH�LQFUHDVHV� &RQVLGHULQJ�KRXUO\�UHVROXWLRQ�UDWKHU�WKDQ�D�GDLO\�RQH�PD\�EH�
SDUWLFXODUO\� LPSRUWDQW�ZKHQ�DQDO\]LQJ�FRQWDPLQDQW�SOXPHV��)RU� LQVWDQFH��D�GDLO\� UHVROXWLRQ�PRGHO�PD\�VKRZ�
WKDW�D�SOXPH�KDV�DOUHDG\�GLOXWHG�WR�QR�KDUPIXO�FRQFHQWUDWLRQV��ZKLOH�WKH�VDPH�PRGHO�EXW�DW�KRXUO\�UHVROXWLRQ�
PD\�UHYHDO�WKDW�WKH�SHDN�FRQFHQWUDWLRQV�DUH�VWLOO�GDQJHURXV�IRU�WKH�HQYLURQPHQW�

6LPLODU�WR�WKH�DQDO\VLV�RI�WKH�1RFH��ZH�FRPSDUHG�WKH�VFHQDULRV�ZLWK�WKH�VLPXODWHG�KHDG����P�WR�WKH�OHIW�RI�
WKH�$GLJH�5LYHU� IRU� WKH� KRXUO\� VLPXODWLRQV �)LJXUH� �E��� 7KH�GLIIHUHQW� ULYHUEHG� FRQGXFWDQFHV�RI� WKH� WUDQVLHQW�
VLPXODWLRQV�DUH�QRW�VHQVLWLYH�WR�WKH�JURXQGZDWHU�KHDG�LQ�WKDW�SRLQW��0$(��������506(�������DQG�16(!�������
H[FHSW�IRU�����N��0$( ������506( �����DQG 16( �������ZKHUH�WKH�JURXQGZDWHU�KHDG�LV�KLJKHU�WKDQ�WKH�RWKHU�
FDVHV�� VLQFH OHVV�ZDWHU� IURP� WKH�DTXLIHU� JRHV� LQWR� WKH� ULYHU��$W� WKH� FDOLEUDWLRQ�SRLQW�� LW� LV� SRVVLEOH� WR� QRWLFH�
FKDQJHV�LQ�WKH VLPXODWHG�JURXQGZDWHU�KHDG��VKRZLQJ�WKDW�WKH�JURXQGZDWHU�KHDG�SURSDJDWLRQ�LV�DOVR�VHQVLWLYH�
WR�WKH�K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�ULYHUEHG��8QOLNH�WKH�SOXPH�QHDU�WKH�1RFH�WKDW�LV�DIIHFWHG�E\�WKH�VXEGDLO\�ULYHU�
IOXFWXDWLRQV��WKH�EHKDYLRU�RI�WKH�GLOXWLRQ�LQGH[�RI�WKH�SOXPH�QHDU�WKH�$GLJH�ULYHU�LV�FRQWUROOHG�E\�WKH�DGYHFWLRQ�
IRUFHV�OHDGLQJ�WKH�SOXPH�WRZDUGV�WKH�ULYHU �)LJXUHV��E DQG��G���,Q�IDFW� WKH�GLOXWLRQ�LQGH[�ORRNV�DOPRVW�WKH�VDPH�
IRU� DOO� WUDQVLHQW� VFHQDULRV� DQG� WKH� VWHDG\� VWDWH� PRGHO�� H[FHSW� IRU� ����N�� ,Q� WKLV� FDVH�� WKH� ORZ� ULYHUEHG�
FRQGXFWDQFH� OHDGV� WR�D� ORZHU�YHORFLW\�RI� WKH�DTXLIHU�ZDWHU� IHHGLQJ� WKH� ULYHU��6LPLODU� WR� WKH�1RFH�� WKH�KRXUO\�
UHVROXWLRQ�DOVR�OHDGV�WR�ODUJHU�YDOXHV�RI�WKH�GLOXWLRQ�LQGH[��DQG LW�LQFUHDVHV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�KLJKHU�
DQG�ORZHVW�GLOXWLRQ�YDOXH������N�LQ�WKLV�FDVH���

2YHUDOO��RXU�UHVXOWV�HPSKDVL]H�ERWK�WKH�QHFHVVLW\�WR�DFFRXQW�IRU�VXE�GDLO\�IOXFWXDWLRQV�UDWKHU�WKDQ�XVLQJ�WKH�
PHDQ�GDLO\�YDOXHV�ZKHQ�VWXG\LQJ�VROXWH�WUDQVSRUW�LQ�KLJKO\�WUDQVLHQW�V\VWHPV DQG�WKH�KHWHURJHQHRXV�UHVSRQVH�
RI�VXUIDFH�ZDWHU�±JURXQGZDWHU�LQWHUDFWLRQ�LQ�WZR�ULYHUV��ERWK�DIIHFWHG�E\�K\GURSHDNLQJ�XQGHU�VLPLODU�K\GURORJLFDO�
DQG�JHRORJLFDO�FRQGLWLRQV�
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)LJXUH��� 'LOXWLRQ�LQGH[�IRU�ERWK�ULYHUV�IRU�WKH KRXUO\�DQG�GDLO\ VLPXODWLRQV GXULQJ�WKH�ILUVW����GD\V�

�� &21&/86,216

,Q� WKLV�ZRUN��ZH�PRGHOHG�DQ�DTXLIHU� FURVV�VHFWLRQ�RI�DQ�$OSLQH�YDOOH\�GLIIHUHQWO\� LPSDFWHG�E\� WZR� ULYHUV�
DIIHFWHG�E\�K\GURSHDNLQJ��:H�SHUIRUPHG�VLPXODWLRQV�DW�GDLO\�VFDOH� WR�FRQVLGHU�VHDVRQDO� IOXFWXDWLRQV��DQG�DW�
KRXUO\�UHVROXWLRQ�WR�FRQVLGHU�WKH�HIIHFW�RI VXE�GDLO\�IOXFWXDWLRQQV� :H� FRPSDUHG� VFHQDULRV� ZLWK� GLIIHUHQW�
K\GUDXOLF� FRQGXFWLYLW\�RI� WKH� ULYHU�EHG�E\�DQDO\]LQJ�YDULDWLRQV� LQ� WKH�JURXQGZDWHU�KHDG�� WKH�GLVWULEXWLRQ�RI�D�
WUDFHU�SOXPH�DQG�WKH�GLOXWLRQ�LQGH[� 2XU�UHVXOWV�VKRZ�WKDW�LQ�D�QDWXUDO�V\VWHP��WKH�LQWHUSOD\�EHWZHHQ�WKH�ULYHU�
IOXFWXDWLRQV��DQG�RI�WKH�K\GUDXOLF�FRQGXFWLYLW\�RI�WKH�DTXLIHU�DQG�RI�WKH�ULYHU�EHG�FDQ�OHDG�WR�D�FRPSOH[�WUDQVSRUW�
G\QDPLF��,Q�SDUWLFXODU��WKH�HIIHFW�RI�VXE�GDLO\�ULYHU�VWDJH�IOXFWXDWLRQV�FDQ�EH�D�UHOHYDQW�WR�FRUUHFWO\�TXDQWLI\�WKH�
GLOXWLRQ�LQGH[�RI�D�SOXPH�SDVVLQJ�FORVH�WR�WKH�ULYHU�

�� $&.12:/('*(0(176

7KLV� UHVHDUFK� LV� D� UHVXOW� RI� WKH�810,;� SURMHFW� �81FHUWDLQWLHV� GXH� WR� ERXQGDU\� FRQGLWLRQV� LQ� SUHGLFWLQJ�
0,;LQJ� LQ� JURXQGZDWHU��� ZKLFK� LV VXSSRUWHG� E\� 'HXWVFKH� )RUVFKXQJVJHPHLQVFKDIW� �')*�� WKURXJK� 780�
,QWHUQDWLRQDO� *UDGXDWH� 6FKRRO� RI� 6FLHQFH� DQG� (QJLQHHULQJ� �,*66(��� *6&� ���� :H� DFNQRZOHGJH� WKH� KHOS�
SURYLGHG�E\�0DUWD�&DVWDJQD��DV�ZHOO� DV�*LDQOXFD�7RPDVL� IURP� WKH�*HRORJLFDO�6XUYH\�RI�7UHQWR��0%+ DOVR�
DFNQRZOHGJHV� WKH� 0H[LFDQ� 1DWLRQDO� &RXQFLO� IRU� 6FLHQFH� DQG� 7HFKQRORJ\� �&21$&<7�� DQG� WKH� &RQVHMR�
9HUDFUX]DQR�GH�,QYHVWLJDFLyQ�&LHQWtILFD�\�'HVDUUROOR�7HFQROyJLFR��&29(,&<'(7���$GGLWLRQDO�ILQDQFLDO�VXSSRUW�
IRU�*&�ZDV�SURYLGHG�E\�')*��&+���������SURMHFW�+\GURPL[��

�� 5()(5(1&(6

�%0HWHR�� �������� 0HWHR� PHVH�� VWRULFR� GL� 6DQ� 0LFKHOH� $OO
DGLJH� ������ 5HWULHYHG� IURP�
KWWSV���ZZZ��EPHWHR�FRP�PHWHR�VDQ�PLFKHOH�DOODGLJH�VWRULFR

$UQW]HQ��(�9���*HLVW��'�5���	�'UHVHO��3�(����������(IIHFWV�RI�IOXFWXDWLQJ�ULYHU�IORZ�RQ�JURXQGZDWHU�VXUIDFH�ZDWHU�
PL[LQJ�LQ�WKH�K\SRUKHLF�]RQH�RI�D�UHJXODWHG��ODUJH�FREEOH�EHG�ULYHU��5LYHU�5HVHDUFK�DQG�$SSOLFDWLRQV���������
���±�����

%HGHNDU��9���0RUZD\��(�'���/DQJHYLQ��&�'���	�7RQNLQ��0����������07�'�86*6�YHUVLRQ����$�8�6��*HRORJLFDO�
6XUYH\�UHOHDVH�RI�07�'06�XSGDWHG�ZLWK�QHZ�DQG�H[SDQGHG�WUDQVSRUW�FDSDELOLWLHV�IRU�XVH�ZLWK�02')/2:�

%HMDUDQR��0�'���-DQVVRQ��5���	�1LOVVRQ��&����������7KH�HIIHFWV�RI�K\GURSHDNLQJ�RQ�ULYHULQH�SODQWV��D�UHYLHZ��
%LRORJLFDO�5HYLHZV�RI�WKH�&DPEULGJH�3KLORVRSKLFDO�6RFLHW\������������±�����
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

%R\FH�� 6�(�� �������� 02')/2:� 2QH�:DWHU� +\GURORJLF� )ORZ� 0RGHO� �0)�2:+0�� &RQMXQFWLYH� 8VH� DQG�
,QWHJUDWHG�+\GURORJLF�)ORZ�0RGHOLQJ�6RIWZDUH��YHUVLRQ��������8�6��*HRORJLFDO�6XUYH\�6RIWZDUH�5HOHDVH�

%UXQR��0�&���0DLROLQL��%���&DUROOL��0���	�6LOYHUL��/����������,PSDFW�RI�K\GURSHDNLQJ�RQ�K\SRUKHLF�LQYHUWHEUDWHV�LQ�
DQ�$OSLQH�VWUHDP��7UHQWLQR��,WDO\���$QQDOHV�'H�/LPQRORJLH�� ,QWHUQDWLRQDO�-RXUQDO�RI�/LPQRORJ\������������±
�����

&DUGHQDV��0�%���:LOVRQ��-�/���	�=ORWQLN��9�$����������,PSDFW�RI�KHWHURJHQHLW\��EHG�IRUPV��DQG�VWUHDP�FXUYDWXUH�
RQ�VXEFKDQQHO�K\SRUKHLF�H[FKDQJH��:DWHU�5HVRXUFHV�5HVHDUFK���������

&DVDV�0XOHW��5���0DWWKHZV��(���*HLVW��-���'XUDQFH� ,���	�&DEOH��-����������1HJDWLYH�HIIHFWV�RI�SDUDVLWH�H[SRVXUH�
DQG�YDULDEOH�WKHUPDO�VWUHVV�RQ�EURZQ�WURXW��6DOPR�WUXWWD��XQGHU�IXWXUH�FOLPDWLF�DQG�K\GURSRZHU�SURGXFWLRQ�
VFHQDULRV��&OLPDWH�&KDQJH�(FRORJ\������������

&DVWDJQD��0���%HOOLQ��$���	�&KLRJQD��*�� ��������8QFHUWDLQW\�(VWLPDWLRQ�DQG�(YDOXDWLRQ�RI�6KDOORZ�$TXLIHUV¶�
([SORLWDELOLW\��7KH�&DVH�6WXG\�RI�WKH�$GLJH�9DOOH\�$TXLIHU��,WDO\���:DWHU�������������±������

&KLRJQD��*���0DMRQH��%���&DQR�3DROL��.���'LDPDQWLQL��(���6WHOOD��(���	�0DOOXFFL��6���HW�DO�� ��������$�UHYLHZ�RI�
K\GURORJLFDO�DQG�FKHPLFDO�VWUHVVRUV� LQ�WKH�$GLJH�FDWFKPHQW�DQG� LWV�HFRORJLFDO�VWDWXV��7KH�6FLHQFH�RI� WKH�
7RWDO�(QYLURQPHQW����������±����

&KR��0�6���6RODQR��)���7KRPVRQ��1��5���7UHIU\��0�*���/HVWHU��'�5���	�0HWFDOIH��*����������)LHOG�7ULDOV RI�&KDRWLF�
$GYHFWLRQ�WR�(QKDQFH�5HDJHQW�'HOLYHU\��*URXQGZDWHU�0RQLWRULQJ�	�5HPHGLDWLRQ�����������±����

&LUSND��2��$���&KLRJQD��*���5ROOH��0���	�%HOOLQ��$����������7UDQVYHUVH�PL[LQJ�LQ�WKUHH�GLPHQVLRQDO�QRQVWDWLRQDU\�
DQLVRWURSLF� KHWHURJHQHRXV� SRURXV� PHGLD� :DWHU� 5HVRXUFHV� 5HVHDUFK�� ������� ���±�����
KWWSV���GRL�RUJ�������������:5������

GH�$QQD��3���'HQW]��0���7DUWDNRYVN\��$���	�/H�%RUJQH��7����������7KH�ILODPHQWDU\�VWUXFWXUH�RI�PL[LQJ�IURQWV�DQG�
LWV�FRQWURO�RQ�UHDFWLRQ�NLQHWLFV�LQ�SRURXV�PHGLD�IORZV��*HRSK\VLFDO�5HVHDUFK�/HWWHUV��������������±������

'HQW]��0���	�&DUUHUD��-����������(IIHFWLYH�VROXWH�WUDQVSRUW�LQ�WHPSRUDOO\�IOXFWXDWLQJ�IORZ�WKURXJK�KHWHURJHQHRXV�
PHGLD��:DWHU�5HVRXUFHV�5HVHDUFK���������

GH�'UHX]\��-��5���&DUUHUD��-���'HQW]��0���	�/H�%RUJQH��7�� ��������$V\PSWRWLF�GLVSHUVLRQ� IRU� WZR�GLPHQVLRQDO�
KLJKO\� KHWHURJHQHRXV� SHUPHDELOLW\� ILHOGV� XQGHU� WHPSRUDOO\� IOXFWXDWLQJ� IORZ��:DWHU� 5HVRXUFHV� 5HVHDUFK��
�������

)HUHQF]��6�%���&DUGHQDV��0�%���	�1HLOVRQ��%�7����������$QDO\VLV�RI�WKH�(IIHFWV�RI�'DP�5HOHDVH�3URSHUWLHV�DQG�
$PELHQW�*URXQGZDWHU�)ORZ�RQ�6XUIDFH�:DWHUǦ*URXQGZDWHU�([FKDQJH�2YHU�D����ǦNPǦ/RQJ�5HDFK��:DWHU�
5HVRXUFHV�5HVHDUFK��������������±������

)HWWH��0���:HEHU��&���3HWHU��$���	�:HKUOL��%�� ��������+\GURSRZHU�SURGXFWLRQ�DQG� ULYHU� UHKDELOLWDWLRQ��$�FDVH�
VWXG\�RQ�DQ�DOSLQH�ULYHU��(QYLURQPHQWDO�0RGHOLQJ�	�$VVHVVPHQW������������±�����

)UDQFLV��%�$���)UDQFLV��/�.���	�&DUGHQDV��0�%����������:DWHU�WDEOH�G\QDPLFV�DQG�JURXQGZDWHU�VXUIDFH�ZDWHU�
LQWHUDFWLRQ�GXULQJ� ILOOLQJ�DQG�GUDLQLQJ�RI�D� ODUJH� IOXYLDO� LVODQG�GXH� WR�GDP�LQGXFHG�ULYHU�VWDJH� IOXFWXDWLRQV��
:DWHU�5HVRXUFHV�5HVHDUFK���������

*DOOL�� 0�� �������� (IIHFW� RI� K\GURSHDNLQJ� RQ� JURXQGZDWHU� IORZ� LQ� WKH� $GLJH� DTXLIHU� �,WDO\�� �0DVWHU
V� WKHVLV���
7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK�

*HQJ��;���0LFKDHO��+�$���%RXIDGHO��0�&���0RO]��)�-���*HUJHV��)���	�/HH��.����������+HWHURJHQHLW\�$IIHFWV�,QWHUWLGDO�
)ORZ�7RSRORJ\�LQ�&RDVWDO�%HDFK�$TXLIHUV��*HRSK\VLFDO�5HVHDUFK�/HWWHUV����������

+DXHU��&���6LYLJOLD��$���	�=ROH]]L��*����������+\GURSHDNLQJ�LQ�UHJXODWHG�ULYHUV�� )URP�SURFHVV�XQGHUVWDQGLQJ�WR�
GHVLJQ�RI�PLWLJDWLRQ�PHDVXUHV��7KH�6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW���������±����

.LWDQLGLV��3��.����������7KH�FRQFHSW�RI�WKH�'LOXWLRQ�,QGH[��:DWHU�5HVRXUFHV�5HVHDUFK�������������±������
/DLR��)���3RUSRUDWR��$���5LGROIL��/���	�5RGULJXH]�,WXUEH��,����������3ODQWV�LQ�ZDWHU�FRQWUROOHG�HFRV\VWHPV��DFWLYH�

UROH�LQ�K\GURORJLF�SURFHVVHV�DQG�UHVSRQVH�WR�ZDWHU�VWUHVV��$GYDQFHV�LQ�:DWHU�5HVRXUFHV������������±�����
0HWHRWUHQWLQR�� �������� 6WD]LRQL� 0HWHRURORJLFKH� 7����� 0H]]RORPEDUGR� �0DVR� 'HOOH� 3DUW��� 5HWULHYHG� IURP�

KWWS���VWRULFR�PHWHRWUHQWLQR�LW�ZHE�KWP"SSEP 7����	UV	�	GI

1HXSDXHU��5�0���0HLVV��-�'���	�0D\V��'�&����������&KDRWLF�DGYHFWLRQ�DQG�UHDFWLRQ�GXULQJ�HQJLQHHUHG�LQMHFWLRQ�
DQG�H[WUDFWLRQ�LQ�KHWHURJHQHRXV�SRURXV�PHGLD��:DWHU�5HVRXUFHV�5HVHDUFK�������������±������

1HXSDXHU��5�0���6DWKHU��/�-���0D\V��'�&���&ULPDOGL��-�3���	�5RWK��(�-����������&RQWULEXWLRQV�RI�3RUHǦ6FDOH�0L[LQJ�
DQG� 0HFKDQLFDO� 'LVSHUVLRQ� WR� 5HDFWLRQ� 'XULQJ� $FWLYH� 6SUHDGLQJ� E\� 5DGLDO� *URXQGZDWHU� )ORZ��:DWHU�
5HVRXUFHV�5HVHDUFK���������

1LVZRQJHU��5��*���3DQGD\��6���	�,EDUDNL��0����������02')/2:�1:7��$�1HZWRQ�IRUPXODWLRQ�IRU�02')/2:�
������8�6��*HRORJLFDO�6XUYH\�7HFKQLTXHV�DQG�0HWKRGV��±$���
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3pUH]�&LULD��7���/DEDW��'���	�&KLRJQD��*����������'HWHFWLRQ�DQG�LQWHUSUHWDWLRQ�RI�UHFHQW�DQG�KLVWRULFDO�VWUHDPIORZ�
DOWHUDWLRQV�FDXVHG�E\� ULYHU�GDPPLQJ�DQG�K\GURSRZHU�SURGXFWLRQ� LQ� WKH�$GLJH�DQG� ,QQ� ULYHU�EDVLQV�XVLQJ�
FRQWLQXRXV��GLVFUHWH�DQG�PXOWLUHVROXWLRQ�ZDYHOHW�DQDO\VLV��-RXUQDO�RI�+\GURORJ\���������������

3LVFRSR��$�1���1HXSDXHU��5�0���	�0D\V��'�&����������(QJLQHHUHG�LQMHFWLRQ�DQG�H[WUDFWLRQ�WR�HQKDQFH�UHDFWLRQ�
IRU�LPSURYHG�LQ�VLWX�UHPHGLDWLRQ��:DWHU�5HVRXUFHV�5HVHDUFK�������������±������

3URYLQFLD�$XWRQRPD�GL�7UHQWR�� 8IILFLR�'LJKH����������'DWL�GHOOD�UHWH�GL�PRQLWRUDJJLR�GHOO
8IILFLR�'LJKH�± 6HUYL]LR�
3UHYHQ]LRQH� ULVFKL� GHOOD� 3URYLQFLD� $XWRQRPD� GL� 7UHQWR�� 5HWULHYHG� IURP�
KWWSV���ZZZ�IORRGV�LW�SXEOLF�'DWL/LYH�SKS

5RGULJXH]�,WXUEH��,���3RUSRUDWR��$���/DLR��)���	�5LGROIL��/����������3ODQWV�LQ�ZDWHU�FRQWUROOHG�HFRV\VWHPV��DFWLYH�
UROH�LQ�K\GURORJLF�SURFHVVHV�DQG�UHVSRQVH�WR�ZDWHU�VWUHVV��$GYDQFHV�LQ�:DWHU�5HVRXUFHV������������±�����

5ROOH��0���	�/H�%RUJQH��7����������0L[LQJ�DQG�5HDFWLYH�)URQWV�LQ�WKH�6XEVXUIDFH��5HYLHZV�LQ�0LQHUDORJ\�DQG�
*HRFKHPLVWU\������������±�����

6DZ\HU�� $�+��� &DUGHQDV�� 0�%��� %RPDU�� $��� 	� 0DFNH\�� 0�� �������� ,PSDFW� RI� GDP� RSHUDWLRQV� RQ� K\SRUKHLF�
H[FKDQJH�LQ�WKH�ULSDULDQ�]RQH�RI�D�UHJXODWHG�ULYHU��+\GURORJLFDO�3URFHVVHV��������������±������

6LQJK��7���:X��/���*RPH]Ǧ9HOH]��-�'���/HZDQGRZVNL��-���+DQQDK��'��0���	�.UDXVH��6����������'\QDPLF�+\SRUKHLF�
=RQHV��([SORULQJ�WKH�5ROH�RI�3HDN�)ORZ�(YHQWV�RQ�%HGIRUPǦ,QGXFHG�+\SRUKHLF�([FKDQJH��:DWHU�5HVRXUFHV�
5HVHDUFK������������±�����

6RQJ��;���&KHQ��;���6WHJHQ��-���+DPPRQG��*���6RQJ��+�Ǧ6���	�'DL��+���HW�DO����������'URXJKW�&RQGLWLRQV�0D[LPL]H�
WKH� ,PSDFW�RI�+LJKǦ)UHTXHQF\�)ORZ�9DULDWLRQV�RQ�7KHUPDO�5HJLPHV�DQG�%LRJHRFKHPLFDO�)XQFWLRQ� LQ� WKH�
+\SRUKHLF�=RQH��:DWHU�5HVRXUFHV�5HVHDUFK��������������±������

6RQJ��;���&KHQ��;���=DFKDUD��-�0���*RPH]Ǧ9HOH]��-�'���6KXDL��3���5HQ��+���	�+DPPRQG��*�(�� ��������5LYHU�
'\QDPLFV� &RQWURO� 7UDQVLW� 7LPH� 'LVWULEXWLRQV� DQG� %LRJHRFKHPLFDO� 5HDFWLRQV� LQ� D� 'DPǦ5HJXODWHG� 5LYHU�
&RUULGRU��:DWHU�5HVRXUFHV�5HVHDUFK��������

6SRVLWR��*����������&KDRWLF�VROXWH�DGYHFWLRQ�E\�XQVWHDG\�JURXQGZDWHU�IORZ��:DWHU�5HVRXUFHV�5HVHDUFK���������

7DQJ��4���.XUW]��:���%UXQQHU��3���9HUHHFNHQ��+���	�+HQGULFNV�)UDQVVHQ��+��-����������&KDUDFWHULVDWLRQ�RI�ULYHU±
DTXLIHU� H[FKDQJH� IOX[HV�� 7KH� UROH� RI� VSDWLDO� SDWWHUQV� RI� ULYHUEHG� K\GUDXOLF� FRQGXFWLYLWLHV�� -RXUQDO� RI�
+\GURORJ\����������±�����

7UHIU\�� 0�*��� /HVWHU�� '�5��� 0HWFDOIH�� *��� 	� :X�� -�� �������� 7HPSRUDO� )OXFWXDWLRQV� DQG� 3RURHODVWLFLW\� &DQ�
*HQHUDWH�&KDRWLF�$GYHFWLRQ� LQ�1DWXUDO�*URXQGZDWHU�6\VWHPV��:DWHU�5HVRXUFHV�5HVHDUFK�������������±
������

9DORFFKL��$�-���%ROVWHU��'���	�:HUWK��&�-����������0L[LQJ�/LPLWHG�5HDFWLRQV�LQ�3RURXV�0HGLD��7UDQVSRUW�LQ�3RURXV�
0HGLD�������������±�����

:ULJKW��(�(���5LFKWHU��'�+���	�%ROVWHU��'�� ��������(IIHFWV�RI� LQFRPSOHWH�PL[LQJ�RQ� UHDFWLYH� WUDQVSRUW� LQ� IORZV�
WKURXJK�KHWHURJHQHRXV�SRURXV�PHGLD��3K\VLFDO�5HYLHZ�)OXLGV���������

:X�� -��� /HVWHU�� '�5��� 7UHIU\��0�*��� 	�0HWFDOIH��*�� ��������:KHQ�'R�&RPSOH[� 7UDQVSRUW�'\QDPLFV�$ULVH� LQ�
1DWXUDO�*URXQGZDWHU�6\VWHPV"�:DWHU�5HVRXUFHV�5HVHDUFK���������

<H��<���&KLRJQD��*���/X��&���	�5ROOH��0����������3OXPH�GHIRUPDWLRQ��PL[LQJ��DQG�UHDFWLRQ�NLQHWLFV��$Q�DQDO\VLV�
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