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,QWURGXFWLRQ0DQ\� LPPDWXUH�SK\WRSKDJRXV� LQVHFWV�OLYH� LQ� D� QXWULWLRQDOO\� KHWHURJHQHRXV�HQYLURQPHQW��7KH\�DUH�IDFHG�ZLWK�YDULDWLRQV�LQ� WKH� DPRXQWV� DQG�SURSRUWLRQV� RI� QXWULHQWV��H�J��� SURWHLQ�� OLSLGV�� FDUERK\GUDWH�� HOHPHQWV�DQG�YLWDPLQV��LQ�WKHLU�IRRG�WKDW�FRXOG�GLUHFWO\�DIIHFW� WKHLU� JURZWK� DQG� UHSURGXFWLRQ��7DEDVKQLN� DQG� 6ODQVN\�� ������� 7KXV��EHFDXVH� JURZWK� DQG� GHYHORSPHQW� DUH� RI�SULPDU\� LPSRUWDQFH� WR� DOO� DQLPDOV�� LQVHFWV�

PD\�UHVSRQG�WR�VXFK�YDULDWLRQV�LQ�WZR�ZD\V��)LUVW�� E\� GLHWDU\� VHOI�VHOHFWLRQ� �L�H���DGMXVWPHQW�RI��WKH�EDODQFH�RI�WKHLU�LQWDNH�E\�VHOHFWLQJ� DPRQJ� GLIIHUHQW� DYDLODEOH� IRRGV��:DOGEDXHU� DQG� )ULHGPDQ�� ������� 6HFRQG��E\� DGMXVWLQJ� WKH� DPRXQW� RI� IRRG� HDWHQ��6FULEHU�DQG�6ODQVN\��������5HFHQWO\�� $KPDG� HW� DO��� �������LQYHVWLJDWHG�GLHWDU\�VHOI�VHOHFWLRQ� LQ� WKH� ODVW�LQVWDU� RI� � WKH� $UP\ZRUP� 6SRGRSWHUD�H[HPSWD ODUYDH�� IHG� RQ� GHILQHG� DUWLILFLDO�
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GLHWV��7KH\�VKRZHG�WKDW�LI�6��H[HPSWD� ODUYDH�ZHUH� JLYHQ� WKH� RSSRUWXQLW\� WR� VHOI�VHOHFW�EHWZHHQ� WZR� QXWULWLRQDOO\� LQFRPSOHWH� EXW�FRPSOHPHQWDU\�GLHWV�RQH�ZKLFK� ODFNHG�RQO\�VXFURVH� �WKH� RQO\� GLJHVWLEOH� FDUERK\GUDWH��DQG� DQRWKHU� RQH� ZKLFK� ODFNHG� RQO\� FDVHLQ��WKH� RQO\� SURWHLQ��� WKH\� ZHUH� DEOH� WR� VHOI �VHOHFW��7KH\�DWH�WKHVH�GLHWV�LQ�D�PHDQ�UDWLR�RI������ FDVHLQ�� ����� VXFURVH��$QG��ZKHQ� WKH�ODUYDH� ZHUH� SURYLGHG� ZLWK� D� QXWULWLRQDOO\�FRPSOHWH� GLHW�ZLWK� D� FDVHLQ�VXFURVH� UDWLR�RI���������������RU�������� WKH\�SHUIRUPHG�EHVW�LQ�������GLHWV��DV�FRPSDUHG�ZLWK�WKH�������RU�������GLHWV�7KH� ZRUN� RI� SUHYLRXV� ZRUNHUV��LQFOXGLQJ��:DOGEDXHU�HW�DO�� ������+HOLRWKLV�]HD��� � $KPDG� ����� �0DQGXFD� VH[WD�� � DQG�$KPDG� HW� DO�� ����� �6SRGRSWHUD� H[HPSWD���KDYH� UHVWULFWHG� WKHLU� VWXGLHV� RI� GLHWDU\� VHOI �VHOHFWLRQ� WR� VXFURVH� DV� WKH� VRXUFH� RI�FDUERK\GUDWH�� �7KH� UHDVRQ� IRU� WKLV�KDV�EHHQ�WKH� IDFW� WKDW� H[FHSW� IRU� VXFURVH�� UHODWLYHO\�OLWWOH�LV�NQRZQ�DERXW�WKH�QXWULWLRQDO�YDOXH�RI�RWKHU� FDUERK\GUDWHV� WR� OHSLGRSWHURXV� ODUYDH��7KHUHIRUH�� LW� ZRXOG� EH� RI� LQWHUHVW� WR� NQRZ�ZKHWKHU� � 6SRGRSWHUD� H[HPSWD ODUYD� ZRXOG�WKULYH� ZKHQ� DOORZV� WR� IHHG� RQ� � FRPSOHWH�GHILQHG� GLHWV� ZKLFK� FRQWDLQHG� YDULRXV�FDUERK\GUDWHV�,Q� QDWXUH�� � 6SRGRSWHUD� H[HPSWD ODUYD�LV� D� JHQHUDOLVW� IHHGHU� WKDW� IHHGV� RQ� YDULRXV�ZLOG� DQG� FXOWLYDWHG� *UDPLQDH� �.DOVKRYHQ�������� *HQHUDOO\�� WKHVH� SODQWV� PD\� FRQWDLQ�GLIIHUHQW� VXJDU� DQG� FDUERK\GUDWHV�� DPRQJ�RWKHUV�� VWDUFK��JOXFRVH�� VXFURVH�DQG�IUXFWRVH��&UHHFK�������7R� VXSSRUW� WKLV� VWXG\�� .DPDO� �������WHVWHG�VHYHUDO�FDUERK\GUDWHV�IRU� WKHLU�DELOLW\�WR� VWLPXODWH� ODVW� LQVWDU� ODUYDH�RI� 6SRGRSWHUD�H[HPSWD WR� ELWH�� KH� VKRZHG� WKDW� VXFURVH��IUXFWRVH�� JOXFRVH�� DQG� PDOWRVH� VWURQJO\�VWLPXODWHG� ELWLQJ�� ZKLOH� PDQQLWRO� GLG� QRW�VWLPXODWH�ELWLQJ��+LV�ILQGLQJV�DQG�SUHYLRXVO\�E\� 6FKLII� HW� DO��� ������ ZKLFK� VKRZHG� WKDW�PDQQLWRO� LV� QXWULWLYH� EXW� QRW�SKDJRVWLPXODWRU\� LQ�+HOLRWKLV� ]HD� RSHQ� WKH�ZD\� WR� VWXG\� WKH HIIHFWV� RI� IHHGLQJ� RQ� GLHW�ZKLFK� FRQWDLQHG� FDUERK\GUDWH� ZKLFK� LV�

SKDJRVWLPXODWRU\� EXW� QRW� QXWULWLRXV� DQG� QRW�SKDJRVWLPXODWRU\�EXW�QXWULWLRXV��7KH� SUHVHQW� VWXG\� ZDV� FRQGXFWHG� WR�GHWHUPLQH� WKH� QXWULWLRQDO� YDOXH� RI� VHYHUDO�FDUERK\GUDWHV� WR� VXSSRUW� WKH� JURZWK� DQG�IRRG�XWLOL]DWLRQ�RI�WKH�ODVW�LQVWDU� 6SRGRSWHUD�H[HPSWD��DV�ZHOO�DV�SURYLGLQJ�VXSSRUW�WR�WKH�K\SRWKHVLV�WKDW�IHHGLQJ�UHJXODWLRQ�LV�EDVHG�LQ�PHWDEROLF� IHHGEDFN� DQG� WKDW� RI�FKHPRVHQVRU\� PD\� SOD\� DQ� LPSRUWDQW� EXW�VHFRQGDU\�UROH��&RKHQ�HW�DO�� ������
0DWHULDOV�DQG�0HWKRGV/DUYDH�RI� � 6�� H[HPSWD��ZHUH�REWDLQHG�IURP� D� ODERUDWRU\� FRORQ\�PDLQWDLQHG� DW� RXU�/DERUDWRU\�� 'HSDUWPHQW� %LRORJ\� ,QVWLWXW�7HNQRORJL� %DQGXQJ�� 7KH� DQLPDOV� ZHUH�UHDUHG� RQ� WKHLU� QDWXUDO� GLHW�� � WKH� PXVWDUG�JUHHQ��%UDVVLFD�MXQFHD �/����0HWKRGV�XVHG�WR�UHDU� ODUYDH� DQG� DGXOWV� ZHUH� HVVHQWLDOO\� DV�GHVFULEHG� E\� 3DWDQD� �������� � $OO� DQLPDOV�ZHUH� NHSW� DW� �����R &�� �����5+�DQG���� K�OLJKW����K�GDUN�F\FOH�7KH�GLHWV�XVHG�LQ�DOO�H[SHULPHQWV�ZHUH�EDVHG� RQ� WKH� GHILQHG� GLHW� GHYHORSHG� E\�$KPDG� HW� DO�� �������� ZKLFK� FRQWDLQHG� D������� SURWHLQ� �FDVHLQ� DQG�RYDOEXPLQ��FDUERK\GUDWH� �VXFURVH�� UDWLR��7KLV� EDVLF� UDWLR� DV� ZHOO� DV� WKH� VRXUFH� RI�FDUERK\GUDWH� IRU� WKH� FRPSOHWH� GLHW� ZDV�PRGLILHG� LQ� DFFRUGDQFH�ZLWK� WKH� GHVLJQDWHG�H[SHULPHQWV�� ([FHSW� ZKHUH� QRWHG�� DOO� GLHWV�FRQWDLQHG� VLPLODU� FRQFHQWUDWLRQV� RI� FDVHLQ��YLWDPLQV�� PLQHUDOV�� OLSLGV�� VDOWV�� DJDU��FHOOXORVH�SRZGHU�DQG�DQWLELRWLF�VXEVWDQFHV�7KH� H[SHULPHQWV� ZHUH� SHUIRUPHG� LQ�FLUFXODU� DUHQDV�����FP�GLDPHWHU�SHWUL�GLVKHV�OLQHG� ZLWK� ZDWHU�VDWXUDWHG� :KDWPDQ� QR�� ��ILOWHU� SDSHU� 2QH� ODVW� LQVWDU� ODUYD� SHU� DUHQD�ZLWK� � GLHW� RI� NQRZQ�TXDQWLW\�ZDV� SODFHG� LQ�WKH�DUHQD�RQ�D�VPDOO�VWULS�RI�DOXPLQXP�IRLO��7KLV� H[SHULPHQW� LQFOXGHG� VL[� JURXSV� RI�ODUYDH� � WKDW� UHFHLYHG� FRPSOHWH� GLHWV�� ZLWK�������SURWHLQ�FDUERK\GUDWH�UDWLR��(DFK�JURXS�FRQWDLQLQJ� WKH� VDPH� VRXUFH� RI� SURWHLQ��FDVHLQ�� EXW� GLIIHUHQW� VRXUFH� � RI�FDUERK\GUDWHV� �L�H��� VXFURVH�� JOXFRVH��IUXFWRVH�� PDQQLWRO�� DQG� � PDOWRVH�� DQG� D�
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FRQWURO� JURXS� � �QR� FDUERK\GUDWH�� RQO\�SURWHLQ��� 6XFURVH�� JOXFRVH�� IUXFWRVH�� DQG�PDOWRVH� DUH� NQRZQ� IRU� WKHLU� DELOL W\� WR�VWLPXODWH�ELWLQJ��SKDJRVWLPXODWRU\���ZKHUHDV�PDQQLWRO� LV� NQRZQ� WR� EH� WDVWHOHVV� IRU�6�H[HPSWD �.DPDO�� ������� � 7KH H[SHULPHQW�EHJDQ� ZLWK� QHZO\� PROWHG�� XQIHG�� �WK�LQVWDU�ODUYDH� DQG� HQGHG� ZKHQ� WKHVH� LQVHFW� KDG�EHFRPH�SKDUDWH�SXSDH7KH� H[SHULPHQWV� ZHUH� UXQ� LQ� D�ODERUDWRU\�URRP�DW����� ��R &�XQGHU�D�������OLJKW�� GDUN� SKRWRSHULRG�� 7KH�5+�ZLWKLQ� WKH�DUHQDV�ZDV�DSSUR[LPDWHO\�������7KH�DUHQDV�ZHUH�FKHFNHG�HYHU\����K�IRU�ODUYDH�WKDW�KDG�VWRSSHG� IHHGLQJ� DQG� WKHQ� ZHUH� WUDQVIHUUHG�IRU�SXSDWLRQ�WR�D�SODVWLF�FRQWDLQHU�ILOOHG�ZLWK�PRLVW�VDZGXVW�
)RRG�FRQVXPSWLRQ�DQG�JURZWK7KH� JUDYLPHWULF�PHWKRG� GHVFULEHG� E\�:DOGEDXHU� ������� ZDV� XVHG� WR� GHWHUPLQH�IRRG�FRQVXPSWLRQ�DQG�JURZWK�SDUDPHWHUV�RI�DOO�H[SHULPHQWV��7KH�LQLWLDO�PHDQ�GU\�PDWWHU�RI� ODUYDH� ZDV� HVWLPDWHG� E\� ZHLJKLQJ� DQG�WKHQ� NLOOLQJ� WHQ� FDWHUSLOODUV� IURP� WKH� JURXS�XVHG� LQ� DQ� H[SHULPHQW�� RYHQ�GU\LQJ� WKHP�DW���R &� IRU� �� GD\V�� DQG� UH�ZHLJKLQJ� WKHP��7KXV��WKH�LQLWLDO�GU\�ZHLJKW�RI�HDFK�ODUYD�ZDV�FDOFXODWHG� IURP� LWV� IUHVK� ZHLJKW� DQG� WKH�PHDQ� SHUFHQW� GU\� PDWWHU� RI� DQ� DOLTXRW� RI�VLPLODU� ODUYDH�� 7KH� LQLWLDO� GU\� ZHLJKWV� RI��GLHW�V��ZHUH�PHDVXUHG�E\�WDNLQJ�WHQ�DOLTXRWV�RI� HDFK� GLHW� DQG� RYHQ�GU\LQJ� WKHP� WR�FRQVWDQW� ZHLJKW� � WR� HVWDEOLVK� WKH� DYHUDJH�SHUFHQW� GU\� ZHLJKW� RI� WKH� GLHW�� 7KH� GU\�ZHLJKWV�IHG�WR�WKH�ODUYDH�ZHUH�GHWHUPLQHG�E\�PXOWLSO\LQJ�WKH�IUHVK�ZHLJKW�RI�IHG�GLHW�V��E\�WKLV�FRQVWDQW
1XWULWLRQDO�LQGLFHV1XWULWLRQDO�LQGLFHV�DUH�FDOFXODWHG�DFFRUGLQJ�WR�:DOGEDXHU��������DQG��6FULEHU�DQG�6ODQVN\��������&5� �FRQVXPSWLRQ�UDWH�*5� �JURZWK�UDWH$'� �DSSUR[LPDWH�GLJHVWLELOLW\(&'  �HIILFLHQF\�RI�FRQYHUVLRQ�RI�GLJHVWHG�IRRG�WR�ELRPDVV

(&,�  � HIILFLHQF\� RI� FRQYHUVLRQ� RI� LQJHVWHG�IRRG�WR�ELRPDVV7KHVH�LQGLFHV�DUH�FDOFXODWHG�RQ�D�GU\�ZHLJKW�EDVLV�DV�IROORZV�
:W��IRRG�HDWHQGXUDWLRQ�RI�H[S���GD\V�

:W��*DLQGXUDWLRQ�RI�H[S���GD\V�
:W��JDLQ����:W��IRRG�HDWHQ

:W��IRRG�HDWHQ�� ZW��)HFHVZW��IRRG�HDWHQ
:W��JDLQ���������������:W��IRRG�HDWHQ�� ZW��IHFHV����������������������������

:HLJKW� JDLQ� ZDV� FDOFXODWHG� E\�VXEWUDFWLQJ� WKH� ILQDO�GU\�ZHLJKW�RI� WKH�SXSD�IURP�WKH�LQLWLDO�GU\�ZHLJKW�RI�WKH�ODUYD��PHDQ�ZHLJKW�RI�DQ�LQVHFW�GXULQJ�WKH�IHHGLQJ�SHULRG�ZDV�FDOFXODWHG� WR�EH�RQH�KDOI� WKH�VXP�RI�LWV�LQLWLDO�DQG�ILQDO�ZHLJKWV��:DOGEDXHU��������7KH� GDWD� ZHUH� DQDO\]HG� XVLQJ�$129$� IROORZHG� E\� 'XQFDQ� WHVW� �=DU��������
5HVXOWV�DQG�GLVFXVVLRQ7KH� 7DEOH� ��� 6KRZV� WKH� IRRG�FRQVXPSWLRQ� DQG� XWLOL]DWLRQ� SDUDPHWHUV� RI�ILIWK� LQVWDU� 6�� H[HPSWD ODUYDH� RQ� FRPSOHWH�GHILQHG� GLHWV� FRQWDLQLQJ� FDVHLQ� DQG� RQH� RI�WKH� FDUERK\GUDWHV� �L�H�� VXFURVH�� JOXFRVH��IUXFWRVH��PDQQLWRO��RU�PDOWRVH��
)RRG� FRQVXPSWLRQ�� JURZWK� UDWH� DQG� ZHLJK�JDLQ ,Q� JHQHUDO�� WKH� UHVXOWV� VKRZ� WKDW�GLIIHUHQW� FDUERK\GUDWH� FRQWHQW� RI� WKH� GLHWV�OHG� WR� DQ� HLWKHU� LQFUHDVH� RU� GHFUHDVH� LQ� WKH�DPRXQW� RI� IRRG� HDWHQ��7KH� IRRG�HDWHQ�ZHUH�VLPLODU� ZKHQ� ODUYDH� ZHUH� IHG� WKH� FDVHLQ�VXFURVH�� FDVHLQ�IUXFWRVH�� RU� FDVHLQ�PDOWRVH�GLHWV�� RQ� WKHVH� GLHWV� WKH\� DWH� VLJQLILFDQWO\�PRUH� IRRG� WKDQ� ZKHQ� IHG� WKH� RWKHU� GLHWV���
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7KH�LQVHFWV�DWH�WKH�OHDVW�DPRXQW�RI�GLHW�RQ�QRFDUERK\GUDWH�GLHW��FRQWURO��7KH� DELOLW\� RI� YDULRXV� FDUERK\GUDWHV�L�H�� VXFURVH��JOXFRVH��IUXFWRVH�DQG�PDOWRVH�WR�VWLPXODWH�IHHGLQJ�KDV�EHHQ�VWXGLHG�LQ�VHYHUDO�OHSLGRSWHURXV� ODUYDH�� LQFOXGLQJ� 6�� OLWWRUDOLV�0HLVQHU�HW�DO�����������+HOLRWKLV�]HD �6FKLII��HW�DO� �������DQG�6��H[HPSWD �.DPDO���������7KHUHIRUH��FRQVLGHULQJ�WKH�OHYHOV�RI�VXFURVH��JOXFRVH�� IUXFWRVH� DQG� PDOWRVH� JLYHQ� LQ� WKH�H[SHULPHQW�����J�OLWHU�ZDWHU����LW�LV�OLNHO\�WKDW�WKH�ODUYDH�ZHUH�DEOH�WR�WDVWH�WKH�FDUERK\GUDWH�LQ� WKH� FRPSOHWH� GLHW�� WKXV� LQFUHDVLQJ� WKH�DPRXQW� RI� IRRG� HDWHQ� VLJQLILFDQWO\� DV�FRPSDUHG� WR� WKRVH� ODUYDH� IHHGLQJ� RQ�FRPSOHWH� GLHW� FRQWDLQLQJ� QRQ�SKDJRVWLPXODWRU\�FDUERK\GUDWH��PDQQLWRO��RU��FRQWURO��ZLWKRXW��FDUERK\GUDWH���)ROORZLQJ�ZLWK�WKH�UHVXOWV�UHSRUWHG�E\��.DPDO� ������� ZKLFK� VKRZHG� WKDW� PDQQLWRO�ZDV� QRW� D� IHHGLQJ� VWLPXODQW� IRU� 6�� H[HPSWD��RQH�PLJKW�H[SHFW�D�ORZHU�IRRG�FRQVXPSWLRQ�LQ� WKH� FRPSOHWH� GLHW� ZKLFK� FRQWDLQHG�PDQQLWRO� DV� FRPSDUHG� WR� WKH� GLHW� ZKLFK�FRQWDLQHG� IHHGLQJ� VWLPXODQW� �JOXFRVH���8QIRUWXQDWHO\�� WKLV� LV� QRW� WUXH�� VLQFH� WKHUH�ZDV� QR VLJQLILFDQW� GLIIHUHQFH� LQ� WKH� DPRXQW�RI� IRRG� HDWHQ� EHWZHHQ� � ODUYDH� IHHGLQJ� � RQ�FDVHLQ�JOXFRVH� � DQG� FDVHLQ�PDQQLWRO� GLHWV��7KLV�ILQGLQJ�LQGLFDWHV�WKDW�WKH�ODUYDH�UHJXODWH�WKHLU� LQWDNH� RI� IRRG�XSRQ� WKH� OHYHOV�RI�ERWK�SURWHLQ� DQG� FDUERK\GUDWH� LQ� WKH� GLHW�UHJDUGOHVV� ZKHWKHU� WKH� FDUERK\GUDWH� EHLQJ�HDWHQ� LV� SKDJRVWLPXODWRU\� RU� WDVWHOHVV��:LWK�WKLV�ILQGLQJ���ZH�KDYH�VXSSRUWHG�WKH�PDODLVH�K\SRWKHVLV� �&RKHQ� HW� DO��� ������ ZKLFK�SURSRVHV� WKDW� GLHWDU\� IHHGLQJ� LV� SULPDULO\�EDVHG�RQ�PHWDEROLF�IHHG�EDFN�IURP�LQJHVWHG�QXWULHQW�UDWKHU�WKDQ�RQ�WKH�LQQDWH�DELOLWLHV�RI�WKH�LQVHFW�WR�WDVWH�WKH��IRRG�EHLQJ�HDWHQ��+DG�WKH� ODUYDH� UHOLHG� RQO\� XSRQ� WKH� WDVWH� RI� WKH�IRRG�� WKH\� ZRXOG� KDYH� HDWHQ� PRUH� IRRG� RQ�FDVHLQ�JOXFRVH�GLHWV�7KH� LPSRUWDQFH� RI� WKH� FDUERK\GUDWH�VRXUFH� RQ� JURZWK� RI� WKH� ODUYDH� LV� PDGH�DSSDUHQW� E\� FRPSDULVRQ� RI� WKH� LQVWDU�GXUDWLRQ�� *5¶V� DQG� ZHLJK� JDLQV� RQ� DOO�WUHDWPHQWV�� %RWK� *5� � DQG� ZHLJKW� JDLQ� RI�ODUYDH� IHG� RQ� GLHW� FDVHLQ�VXFURVH� ZDV�

VLJQLILFDQWO\�KLJKHU�WKDQ�IRU�ODUYDH�IHG�RQ�WKH�RWKHU�GLHWV���,Q�SDUWLFXODU�ZHLJK�JDLQ�DQG�*5�ZHUH� UHGXFHG� WR� D� JUHDWHU� GHJUHH� IRU� WKH�ODUYDH� IHG� RQ� FDVHLQ�PDOWRVH� GLHW�� ZKLFK� LV�VLPLODU� WR� WKDW� RI� FRQWUROV�� 7KLV� ILQGLQJ�VXJJHVWV�WKDW��PDOWRVH�FDQ�QRW�EH�XVHG�E\�WKH�ODUYDH� DV� WKH� VRXUFH� RI� XWLOL]DEOH�FDUERK\GUDWH�WR�VXSSRUW�WKHLU�JURZWK�(YHQ� WRXJK� LQVWDU� GXUDWLRQ�� *5� DQG�ZHLJKW� JDLQV� ZHUH� VLJQLILFDQWO\� DIIHFWHG� E\�WKH� FDUERK\GUDWH� FRQWHQW� RI� WKH� GLHW� �VHH�7DEOH� ���� ,W� ZDV� DSSDUHQW� IURP� WKH�H[SHULPHQWV�WKDW�WKH�ODUYDH�FRXOG�VXUYLYH�RQ�D� GHILQHG� GLHW� WKDW� FRQWDLQV� RQO\� SURWHLQ��FDVHLQ��DQG�ODFNV�FDUERK\GUDWH��FRQWURO����RU��PDQQLWRO� �SUREDEO\� QRQ� XWLOL]DEOH�FDUERK\GUDWH��� 7KH� UHVXOWV�� LQ� JHQHUDO��LQGLFDWH� WKDW� WKH\� GR� QRW� KDYH� DQ� DEVROXWH�UHTXLUHPHQW� IRU� GLHWDU\� FDUERK\GUDWH��1RQHWKHOHVV��RXU�ILQGLQJ�VXJJHVW�WKDW�VHYHUDO�FDUERK\GUDWHV�L�H���VXFURVH��JOXFRVH��IUXFWRVH�DQG�PDQQLWRO�� ZKLFK�PLJKW� QRW� EH� HVVHQWLDO�QXWULWLRQDOO\�� GLG� PDNH� SRVVLEOH� RSWLPDO�JURZWK��$V� H[SHFWHG�� ODUYDH� WKDW� IHG� RQ� WKH�FDVHLQ�VXFURVH� GLHWV� ZHUH� VXSHULRU� WR� DOO�RWKHUV� LQ� RYHUDOO� IRRG� XWLOL]DWLRQ� �(&,�� DQG�WKH�HIILFLHQF\�RI�FRQYHUVLRQ�RI�GLJHVWHG�IRRG�WR� ELRPDVV� �(&'��� DOWKRXJK� GLJHVWLELOLW\��$'��ZDV� ORZHU� WKDQ� WKDW�RI� WKH� ODUYDH� WKDW�IHG� RQ� FDVHLQ�PDOWRVH� GLHWV�� EXW� � VLPLODU� WR�WKRVH� ODUYDH� WKDW� IHG� RQ� FDVHLQ�JOXFRVH��FDVHLQ�IUXFWRVH��DQG�FDVHLQ�PDQQLWRO�GLHWV�&RQVLGHULQJ� WKH� (&,� DQG� (&'�� WKH�YDOXHV� VKRZ� WKDW� ODVW� LQVWDU� ODUYDH� RI� 6��H[HPSWD� JURZ� WR� SXSDWLRQ� HTXDOO\� ZHOO� EXW�YDULDEO\� ZKHQ� IHG� RQ� D� VLQJOH� GLHWV�FRQWDLQLQJ� FDVHLQ�VXFURVH�� FDVHLQ�JOXFRVH��FDVHLQ�IUXFWRVH�� DQG� FDVHLQ�PDQQLWRO�� EXW�UDWKHU� SRRUO\�ZKHQ� IHG� RQ� D� FDVHLQ�PDOWRVH�RU�FDUERK\GUDWH�IUHH�GLHWV��7KH� PDOWRVH� DQG� FDUERK\GUDWH� IUHH�GLHWV�ZHUH� � LQIHULRU� LQ� DOPRVW� DOO� UHVSHFW� DV�FRPSDUHG� WR� WKH� FRPSOHWH� GLHWV� FRQWDLQLQJ�VXFURVH��JOXFRVH��IUXFWRVH��DQG�PDQQLWRO��,W�LV�SUREDEOH� WKDW� WKH� SRRU� SHUIRUPDQFH� RI� WKH�ODVW� LQVWDU� 6�� H[HPSWD RQ� WKH� PDOWRVH� DQG�FDUERK\GUDWH�IUHH�GLHWV��RQ�ZKLFK�JURZWK�UDWH�DQG� QXWULWLRQDO� LQGLFHV� ZHUH� DOPRVW� DOO�
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VLJQLILFDQWO\�ORZHU�WKDQ�RQ�WKH�RWKHU�GLHWV�LV�GXH�WR�ODFNV�RI�XWLOL]DEOH�FDUERK\GUDWHV�7KH�ILQGLQJ� � WKDW� WKH�(&'�RI�PDOWRVHGLHW� LV� VLJQLILFDQWO\� ORZHU� WKDQ� WKDW� RI�FDUERK\GUDWH�IUHH�GLHW��VXJJHVW�WKDW�QRW�RQO\�PDOWRVH�FDQ�QRW�EH�XWLOL]HG�IRU�HQHUJ\�E\�WKH�LQVHFW¶V� PHWDEROLF� SDWKZD\V�� EXW� DOVR�LQGLFDWHV� WKDW� KDQGOLQJ� PDOWRVH� HQWDLOV� DQ�

DGGLWLRQDO�PHWDEROLF�FRVW��+RZHYHU��LW�LV WKH�IDFW� WKDW� WKH� $'� LV� VLJQLILFDQWO\� KLJKHU� RQ�PDOWRVH� GLHW� WKDQ� RQ� WKH� UHVW� RI� WKH� GLHWV��6XJJHVWV� WKDW� WKH� LQVHFWV� GLG� QRW� KDYH� DQ\�SUREOHP�LQ�GLJHVWLQJ�WKH�PDOWRVH���+RZHYHU��H[FHVV� PDQQLWRO� GLJHVWLRQ� GRHV� QRW� OHDG� WR�LQFUHDVHG� PDVV�� DQG� �� LQ� IDFW�� WKHUH� LV� D�PHDVXUDEOH� PHWDEROLF� FRVW� �WKHUHIRUH��GHFUHDVHG� (&'�� DVVRFLDWHG� ZLWK� LWV�FDWDEROLVP�DQG�H[FUHWLRQ�,Q�FRQFOXVLRQ��RXU�VWXGLHV�VKRZ�WKDW�VXFURVH��JOXFRVH�� IUXFWRVH�� DQG�PDQQLWRO� DUH��FDUERK\GUDWHV�WKDW�DUH�QXWULWLRQDOO\�XWLOL]DEOH�E\� 6�� H[HPSWD ODUYDH�� :KHUHDV� PDOWRVH��DOEHLW� LWV� DELOLW\� WR� VWLPXODWH� IHHGLQJ�� LV�DSSDUHQWO\� D� QRQ�XWLOL]DEOH� FDUERK\GUDWH� IRU�

6�� H[HPSWD ODUYDH�� 2XU� VWXGLHV� DOVR� VKRZ���WKDW� FRPSOHWH� GLHW� FRQWDLQLQJ� PDQQLWRO� D�WDVWHOHVV� FDUERK\GUDWH� ZDV� DOPRVW� HTXDOO\�HDWHQ�DQG�ZHOO�XWLOL]HG�E\�6�H[HPSWD ODUYDH��ZKLFK� VXJJHVW� WKDW� IHHGLQJ� UHJXODWLRQ� LV�LQIOXHQFHG� E\� PHWDEROLF� IHHGEDFN� DQG� WKDW�WDVWH� RU� IHHGLQJ� VWLPXODQW� LV� QRW� D� SULPDU\�IDFWRU�LQ�IHHGLQJ�UHJXODWLRQ�����

$FNQRZOHGJHPHQWV7KH� UHVHDUFK� UHSRUWHG� KHUH� ZDV�SDUWLDOO\� VXSSRUWHG� E\� <RXQJ� $FDGHPLFV�*UDQW� IURP� 85*(� 3URMHFW�� 'LUHFWRUDWH�*HQHUDO�RI�+LJKHU�(GXFDWLRQ��'HSDUWPHQW�RI�1DWLRQDO�(GXFDWLRQ�WR�,QWDQ�$KPDG�
5HIHUHQFHV$KPDG�� ,�� ������ � 1XWULHQW� VHOI�VHOHFWLRQ� E\�WKH�WREDFFR�KRUQZRUP��0DQGXFD�VH[WD��/HSLGRSWHUD�� 6SKLQJLGDH��� %LRWD� ,9������������$KPDG� ,�� 6�� +DUL\DGL� DQG� 7�� $QJJUDHQL�������� 1XWULHQW� 6HOI� 6HOHFWLRQ� E\� WKH�DUP\ZRUP�� 6SRGRSWHUD� H[HPSWD:$/.(5� �/HSLGRSWHUD�� 1RFWXLGDH��

7DEOH���� 0HDQ�GU\�ZHLJKW�IRRG�FRQVXPSWLRQ�DQG�XWLOL]DWLRQ�SDUDPHWHUV�RI�ODVW�LQVWDU� 6SRGRSWHUD�H[HPSWD ODUYDH�RQ�FRPSOHWH�GLHW�FRQWDLQLQJ����J�SURWHLQ��FDVHLQ��DQG����J�FDUERK\GUDWH��HLWKHU��VXFURVH��JOXFRVH��IUXFWRVH��PDQQLWRO��RU�PDOWRVH���SHU�OLWHU�ZDWHU�RU�DQ�RWKHUZLVH�LGHQWLFDO�GLHW�ODFNLQJ�FDUERK\GUDWH��FRQWURO��6XFURVH *OXFRVH )UXFWRVH 0DQQLWRO 0DOWRVH &RQWURO$PRXQW HDWHQ��PJ� �����D r���� �����E� r���� �����D r���� ����� EF r���� �����D r���� �����F r����:HLJKW� JDLQ��PJ� �����D r���� �����E r���� �����E r���� �����E r���� ����F r���� ����F r����,QVWDU�GXUDWLRQ��G� ���D r���� ���E r���� ����E���� r���� ����F r���� ����G r���� ����H r����&5��PJ�G� �����D r���� �����FG r���� �����D r���� �����G r���� �����G r���� �����H r����*5��PJ�G� ����D�� r���� ����F r���� ����E r���� ����F������ r���� ����G r���� ����G r����(&'���� �����D r���� �����E r���� �����E r���� �����E r���� �����G���r���� �����F r����(&,���� �����D r���� �����E�� r���� �����E r���� �����E r���� �����F r���� �����F r����$'���� �����E r���� �����E r���� �����E r���� �����E r���� �����D r���� �����F r����1� ����SHU�WUHDWPHQW��$OO�YDOXHV�DUH�0HDQV�� 6(���0HDQV�ZLWKLQ�D�URZ�IROORZHG�E\�WKH�VDPH�VXSHUVFULSW�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW��$129$�IROORZHG�E\�'XQFDQ¶V�WHVW��S�������



&RQVXPSWLRQ�DQG�8WLOL]DWLRQ�E\�6SRGRSWHUD H[HPSWD

%LRWD�9RO��9,������2NWREHU��������

ODUYDH��3DNLVWDQ�-RXUQDO�RI�%LRORJLFDO�6FLHQFHV���������������$KPDG� ,� :DOGEDXHU� *� 3� 	� )ULHGPDQ� 6��������$�GHILQHG� DUWLILFLDO� GLHW� IRU� WKH���ODUYDH�RI��0DQGXFD�VH[WD� (QW��H[S��	�$SSO� ������������&RKHQ� 5:� +H\GRQ� 6/�� :DOGEDXHU� *3� 	�)ULHGPDQ� 6�� ������ 1XWULHQW� VHOI �VHOHFWLRQ� E\� WKH� RPQLYRURXV�FRFNURDFK� 6XSHOOD� ORQJLSDOSD �� � -��,QVHFW�3K\VLRO� ����������&UHHFK�� 5�*�� ������ &DUERK\GUDWH� V\QWKHVLV�LQ�PDL]H� $GY��$JURQ�������������.DOVKRYHQ� � /*(�� ������ 3HVWV� RI� FURSV� LQ�,QGRQHVLD�� 3�7�� ,FKWLDU� %DUX�9DQ�+RHYH��-DNDUWD�.DPDO� 0�� ������ .HPDPSXDQ� PHUDQJVDQJ�PDNDQ�GDQ�QLODL�QXWULVL�EHEHUDSD�MHQLV�NDUERKLGUDW� SDGD� ODUYD� XODW� *HUD\DN��6SRGRSWHUD� H[HPSWD :DONHU�� LQVWDU�DNKLU�� 0DVWHU¶V� 7KHVLV�� *UDGXDWH�3URJUDP� ,QVWLWXW� 7HNQRORJL� %DQGXQJ�����SS�0HLVQHU�� -��� .�5�6�� $VFKHU� DQG� +�0��)ORZHUV�� ������ 7KH� IHHGLQJ� UHVSRQVH�RI� WKH� ODUYDH� RI� WKH� (J\SWLDQ� FRWWRQ�OHDIZRUP�� 6SRGRSWHUD� OLWWRUDOLV%RLVG��� WR� VXJDUV� DQG� UHODWHG�FRPSRXQGV�,�� 3KDJRVWLPXODWRU\� DQG�GHWHUUHQW� HIIHFWV�� &RPS�� %LRFKHP��3K\VLRO����$����������3DWDQD� 5�� ������ 6SRGRSWHUD� H[LJXD�� ,Q��+DQGERRN�RI�,QVHFW�5HDULQJ�9RO��,,

�HGV��3�6LQJK�	�5�)��0RRUH��SS� ��������� (OVHYLHU� $PVWHUGDP�2[IRUG�1HZ<RUN�7RN\R�6FKLII�� 1�0��*�3�� :DOGEDXHU� � DQG� 6���)ULHGPDQ�������5HVSRQVH�RI�ODVW�LQVWDU�+HOLRWKLV� ]HD ODUYDH� WR�FDUERK\GUDWHV��VWLPXODWLRQ�RI�ELWLQJ��QXWULWLRQDO�YDOXH��(QWRPRO�H[S�DSSO������������6FULEHU� -�0�� DQG� )�6ODQVN\�� -U�� ������ 7KH�QXWULWLRQDO� HFRORJ\� RI� LPPDWXUH�LQVHFWV��$QQ��5HY��(QWRPRO������ ���������7DEDVKQLN�� %�� (� DQG� )�� 6ODQVN\�� -U�� ������1XWULWLRQDO� HFRORJ\� RI� IRUE� IROLDJH�FKHZLQJ� LQVHFWV�� SS�� ������� � ,Q� )��6ODQVN\��-U���	�-��*��5RGULJXH]��HGV����1XWULWLRQDO��(FRORJ\�RI�,QVHFWV��0LWHV��6SLGHUV� DQG� 5HODWHG� ,QYHUWHEUDWHV ��-RKQ�:LOH\�	�6RQV��1HZ�<RUN�:DOGEDXHU� *3� ������ 7KH� FRQVXPSWLRQ� DQG�XWLOL]DWLRQ� RI� IRRG� E\� LQVHFWV�� $GYDQ��,QVHFW�3K\VLRO�������������:DOGEDXHU�� *�3�� DQG� 6�� )ULHGPDQ�� ������6HOI�VHOHFWLRQ� RI� RSWLPDO� GLHWV� E\�,QVHFWV��$QQ��5HY��(QWRPRO ������������:DOGEDXHU�� *�3��� 5�:�� &RKHQ� DQG� 6��)ULHGPDQ���������6HOI�VHOHFWLRQ�RI�DQG�RSWLPDO� QXWULHQW� PL[� IURP� GHILQHG�GLHWV� E\� ODUYDH� RI� WKH� FRUQ� HDUZRUP��+HOLRWKLV�]HD �%RGGLH���3K\VLRO��=RRO�������������=DU��-��+��������%LRVWDWLVWLFDO��$QDO\VLV�� �QG�HG�� 3UHQWLFH�+DOO�� (QJOHZRRG� &OLII��1HZ�-HUVH\�
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