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GXULQJ� RQH� QLJKW� LQ� D� ���PO� (ULHQPH\HU� IODVN� ZLWKRXW� VWLUULQJ�� 2QFHFRQFHQWUDWLRQ�RI����WR����[���� FHOOV�PO�ZDV�UHDFKHG��WKH�FHOOV�ZHUH�KDUYHVWHG�RQ�DQLWURFHOOXORVH� ILOWHU� �0LOOLSRUH� ����PP��� ZDVKHG� WZLFH� ZLWK� D� ����� 0� .��1D�SKRVSKDWH� EXIIHU�� S+�  � ����� DQG� UHVXVSHQGHG LQ� WKH� VDPH� EXIIHU� WR� DFRQFHQWUDWLRQ� RI� ��� WR� ��� [� ��� FHOOV�PO�� 7KLV� VXVSHQVLRQ� ZDV� XVHG� WR� WKHLUUDGLDWLRQ��6HFWLRQ������������� <HDVWV� 7KH� \HDVW�OLNH� IXQJXV� (QGRP\FHV� PDJQXVLL UHSURGXFLQJ� E\GLYLVLRQ� DQG� \HDVWV� 7RUXORSVLV� VSKDHULFD�� 6DFFKDP\FRGHV� OXGZLJLL�� &DQGLGDERLGLQLL��&DQGLGD�PDOWRVD��6DFFKDURP\FHV�FHUHYLDH ���UHSURGXFLQJ�E\�EXGGLQJ�ZHUH� VWXGLHG�� 7KH� PLFURRUJDQLVPV� ZHUH� REWDLQHG� IURP� 9�.�0�� �$OO�8QLRQ&ROOHFWLRQ� RI� 0LFURRUJDQLVPV�� 0RVFRZ��� 7KH� \HDVW� FXOWXUHV� VWXGLHG� GLIIHUHGVXEVWDQWLDOO\� E\� VL]H� RI� LQGLYLGXDO� FHOOV�� VWUXFWXUDO� RUJDQL]DWLRQ�� DFWLYLW\� RIUHVSLUDWLRQ� DQG� IHUPHQWDWLRQDO� SURFHVVHV�� UHSURGXFWLRQ� UDWH�� DQG� VHQVLWLYLW\� WRYDULRXV�FKHPLFDO�DQG�SK\VLFDO�DJHQWV��6RPH�RI�WKH�ELRFKHPLFDO�FKDUDFWHULVWLFV�RIWKH�\HDVWV�XVHG�LQ�RXU�H[SHULPHQWV�DUH�SUHVHQWHG�LQ�7DEOH�,�$IWHU�JURZLQJ�IRU����K�RQ�ZRUW�DJDU�VODQWV��WKH�FHOOV�ZHUH�WUDQVIHUUHG�WR�URFNHU�PRXQWHG� IODVNV� ZLWK� OLTXLG� QXWULWLYH� PHGLXP� �ZRUW� ��� %DOJ� RU� 5HGHU� PHGLXPZLWK����JOXFRVH�RU����PHWKDQRO� DGGHG�DV�D� VRXUFH�RI�FDUERQ���7KH�FHOOV�ZHUHJURZQ�LQ�OLTXLG�QXWULWLYH�PHGLXP�DW����&�RQ�VKDNHUV�ZLWK�LQWHQVLYH�DHUDWLRQ�IRU��WR� ���K� WR� REWDLQ� WKH� UHTXLUHG�QXPEHU� RI� FHOOV� DW� WKH� ORJDULWKPLF� JURZWK� SKDVH�)HGRVH\HYD�HW�DO�� ����D��E���:H�DOVR�WULHG� WR�JURZ�WKH�\HDVW� LQ�3HWUL�GLVKHV� LQDJDU�ZRUW��EXW�WKLV�PHWKRG�GLG�QRW��H[FHSW�LQ�FDVH�RI�7��VSKDHULFD��)HGRVH\HYD�HWDO�� �������\LHOG�WKH�UHTXLUHG�QXPEHU�RI�FHOOV��7KH�\HDVWV�ZHUH�VHSDUDWHG�IURP�WKHQXWULWLYH�PHGLXP�E\�FHQWULIXJDWLRQ�DQG�ZDVKHG�ZLWK�WZLFH�VWHULOH�WDS�ZDWHU��7KHVXVSHQVLRQ�ZLWK�RSWLFDO�GHQVLW\�������O  �����QP��RSWLFDO�SDWK�����FP��LQ�.�1D�SKRVSKDWH�EXIIHU��S+� ������ZDV�SUHSDUHG�IRU�WKH�LUUDGLDWLRQ��6HFWLRQ������������� $QDHUREDFWHU SRO\HQGRVSRUXV�� $QDHUREDFWHU� SRO\HQGRVSRUXV� �%DFLOOXV��REWDLQHG� IURP� 3URI�� 9�� ,�� 'XGD�� ,QVWLWXWH� RI� 0LFURELRORJ\� RI� WKH� 5XVVLDQ$FDGHP\�RI�6FLHQFHV�� LV� D�*UDP�SRVLWLYH� IDFXOWDWLYH� DQDHURELF� VWUDLQ� VHSDUDWHGIURP�VRLO�RI�%LUPHDQ�ULFH�ILHOGV��'XGD�HW�DO�� �������%\�VSRUXODWLRQ��RQH�FHOO�RIWKLV� VWUDLQ� IRUPV� IURP��� WR���HQGRVSRUHV��7KH�FXOWXUH�ZDV� JURZQ�RQ�D�PLQHUDO�DJDU�PHGLXP�ZLWK�D�FRPSRVLWLRQ�DFFRUGLQJ�WR�3IHQQLQJ�DQG�/LSSHUW�DV�GHVFULEHGLQ��.XWRPNLQD�HW�DO�� �������7KH�FHOOV�ZHUH�DOORZHG�WR�JURZ�DQG�VSRUXODWH�IRU����GD\V�LQ�DHURELF�FRQGLWLRQV�DW����&�XQWLO�SUDFWLFDOO\�DOO�VSRUHV�KDG�EHHQ�UHOHDVHGIURP� WKH� VSRUDQJLD�� 7KH� VSRUHV� ZHUH� FROOHFWHG� RQ�:DWPDQ� 1 �� ILOWHU� SDSHU�ZDVKHG
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UHSHDWHGO\�ZLWK� VWHULOH�GLVWLOOHG�ZDWHU��DQG�D�VXVSHQVLRQ� LQ�D�FRQFHQWUDWLRQ�RI��[��� FHOOV�PO�LQ�WKH�GLVWLOOHG�ZDWHU�ZDV�SUHSDUHG�IRU�WKH�LUUDGLDWLRQ��6HFWLRQ������
�����,UUDGLDWLRQ������� /LJKW� VRXUFHV� %RWK� FRQYHQWLRQDO� OLJKW� VRXUFHV� �ODPSV� FRXSOHG� ZLWKDSSURSULDWH�JODVV�DQG�RU�LQWHUIHUHQFH�ILOWHUV�RU�ZLWK�D�PRQRFKURPDWRU��DQG�ODVHUVFDQ�EH�XVHG� LQDVPXFK� DV� WKH� �ODVHU�ELRVWLPXODWLRQ�� LV� EDVHG� RQ� SKRWRFKHPLFDOFRQYHUVLRQ� RI� SKRWRDEVRUELQJ� PROHFXOHV� LQ� D� FHOO� �.DUX�� ������ ����D�� E�� F�6PLWK�� ������� ,Q� RWKHU� ZRUGV�� WKH� ODVHU� ELRVWLPXODWLRQ� LV� D� SKRWRELRORJLFDOPHWKRG� DQG� VXFK� D� VSHFLILF� FKDUDFWHULVWLF� RI� WKH� OLJKW� OLNH� FRKHUHQFH� LV� QRWQHHGHG��.DUX��������6PLWK���������/DVHU�VRXUFHV�DUH�MXVW�KDQG\� WRROV�SURYLGLQJPDQ\� SUDFWLFDO� DGYDQWDJHV� �H�J��� HIILFLHQW� ILEHU� RSWLF� FRXSOLQJ�� KLJK� PRQR�FKURPDWLFLW\� DQG� HDV\� ZDYHOHQJWK� WXQDELOLW\�� VLPSOLFLW\� LQ� XVH� DQG� HOHFWULFDOVDIHW\� LQ� WKH� FDVH� RI� VHPLFRQGXFWRU� ODVHUV��� ,Q� GHFLGLQJ� RQ� D� SDUWLFXODU� OLJKWVRXUFH�� LW� LV� LPSRUWDQW� WR� XVH� DQ� DSSURSULDWH�ZDYHOHQJWK� �GHSHQGHQFHV� RQ� OLJKWZDYHOHQJWK�DUH�GLVFXVVHG� LQ�6HFWLRQ������ZLWK� WKH�PRQRFKURPDWLFLW\�ZLWKLQ� WKHEDQGZLGWK�RI�DEVRUSWLRQ�VSHFWUD�RI�SKRWRDFFHSWRU�PROHFXOHV�*ODVV�ILOWHUV�RU�PRQRFKURPDWRUV�FRXSOHG�ZLWK�FRQYHQWLRQDO�OLJKW�VRXUFHV�ZHUHXVHG�IRU�UHFRUGLQJ�WKH�DFWLRQ�VSHFWUD��)HGRVH\HYD�HW�DL� ����D��.DUX�HW�DO�� �����7LSKORYD�DQG�.DUX���������,Q�PRVW�VWXGLHV�WKH�IROORZLQJ�ODVHU�VRXUFHV�ZHUH�XVHG�+H�1H ODVHU��O  �������QP���)HGRVH\HYD HW�DO�� ���������D��E��.XWRPNLQD HW�DO��������7LSKORYD DQG�.DUX������������D��E��.DUX HW�DO�� ����������D��E���$U� ODVHU�O  �����QP���7LSKORYD DQG�.DUX���������VHPLFRQGXFWRU�ODVHUV�HPLWWLQJ�YDULRXVUHG�DQG�QHDU� LQIUDUHG� �,5��ZDYHOHQJWKV� �.DUX HW�DO���������������=KDURY HW�DO���������7KH�GHVLUHG� OLJKW�SDUDPHWHUV� VXFK� WKH� LQWHQVLW\� DQG�GRVH�GHSHQG�RQ� WKHREMHFW�RI�LUUDGLDWLRQ�DV�ZHOO�DV�RQ�LUUDGLDWLRQ�SURFHGXUH�DQG�ZLOO�EH�FRQVLGHUHG�LQ6HFWLRQV���DQG����������,UUDGLDWLRQ�SURFHGXUH� ,UUDGLDWLRQ�ZDV�SHUIRUPHG�LQ�GDUN�RU�LQ�GLP�QDWXUDOOLJKW�DW�URRP�WHPSHUDWXUH�ZLWKRXW�WKHUPRVWDWLF�FRQWURO�DQG�VWLUULQJ��,QDVPXFK�DVWKH� LUUDGLDWLRQ� ODVWHG� IRU� D� VKRUW� SHULRG� �IURP� VRPH� WHQV� RI� VHFRQG� WR� VRPHPLQXWHV��� QHLWKHU� WKHUPRVWDWLF� FRQWURO� QRU� VWLUULQJ�ZHUH� QHHGHG� �)HGRVH\HYD�HWDO�� ����D��.XWRPNLQD�HW�DO�� ������7LSKORYD�DQG�.DUX�����������D��.DUX�HW�DO��������� 6WLUULQJ� DSSHDUHG� WR� EH� GDPDJLQJ� HYHQ� LQ� FDVH� RI� EXGGLQJ� \HDVWV�)HGRVH\HYD�HW�DO�� XQSXEOLVKHG��([WUDQHRXV� LOOXPLQDWLRQ� �VXQVKLQH�RU� DUWLILFLDO� OLJKW�� HVSHFLDOO\� WKDW� IURP� WKHIOXRUHVFHQW� EXOEV�� ZDV� FDUHIXOO\� DYRLGHG� GXULQJ� SUHSDUDWLRQ� RI� WKH� VXVSHQVLRQDQG�WKH�LUUDGLDWLRQ�7KH� VXVSHQVLRQ� RI� WKH�PLFURRUJDQLVPV� XQGHU� LUUDGLDWLRQ� ILOOHG� WKH� IROORZLQJUHTXLUHPHQWV�� VPDOO� WKLFNQHVV� RI� WKH� OD\HU� �QRW� PRUH� WKDQ� VHYHUDO� PLOOLPHWHUV�DQG�SURSHU�RSWLFDO� GHQVLW\�� ,Q� RXU� H[SHULPHQWDO� FRQGLWLRQV�� WKH� RSWLPDO� RSWLFDOGHQVLW\�RI�\HDVW�VXVSHQVLRQ�ZDV�IRXQG�WR�EH�������)HGRVH\HYD�HW�DO�� ����D���$WKLJKHU� RSWLFDO� GHQVLWLHV� RI� VXVSHQVLRQ�� DQ� LQFUHDVHG� OLJKW� VFDWWHULQJ� DV� ZHOO� DVSDUWLDO� VFUHHQLQJ� RI� FHOOV� RFFXUUHG�� $W� GHQVLWLHV� ����������� LW� ZDV� SUDFWLFDOO\LPSRVVLEOH� WR� SHUIRUP� WKH� LUUDGLDWLRQ�� 7DEOH� ,,� SUHVHQWV� VRPH� H[DPSOHV� RI� WKHUHODWLRQVKLS�EHWZHHQ�RSWLFDO�GHQVLW\�RI�VXVSHQVLRQ�DQG�UHTXLUHG�LUUDGLDWLRQ�GRVHVZKHQ�WKH�\HDVWV�ZHUH�LUUDGLDWHG�ZLWK�D�+H�1H�ODVHU�,Q� FDVH� RI� (�� FROL� WKH� VXVSHQVLRQ� FRQWDLQLQJ� ��� WR� ��� [� ��� FHOOV�PO� ZDVLUUDGLDWHG�� 7KLV� GHQVLW\� ZDV� IRXQG� WR� EH� RSWLPDO� LQ� RXU� LUUDGLDWLRQ� FRQGLWLRQV�.DUX�HW�DO�� ������,Q�FDVH�RI�$��SRO\HQGRVSRUXV� VXVSHQVLRQ�ZLWK�GHQVLW\�RI�[���� FHOOV�PO�ZDVLUUDGLDWHG��.XWRPNLQD�HW�DO�� ������)LJXUH���SUHVHQWV�WKUHH�SULQFLSDO�LUUDGLDWLRQ�VFKHPHV�XVHG�LQ�RXU�H[SHULPHQWV�,Q� PRVW� FDVHV�� WKH� LUUDGLDWLRQ� ZDV� SHUIRUPHG� LQ� JODVV� RU� TXDUW]� IODVNV� ZLWKGLDPHWHU�RI����PP��OD\HU�RI� WKH� VXVSHQVLRQ�ZDV�����PP��RU����PP��OD\HU����PP�LQ�WKLV�FDVH��IURP�WKH�ERWWRP�RI�WKH



7$%/(�,,5HODWLRQVKLS� EHWZHHQ� RSWLFDO� GHQVLW\� RI� \HDVWVXVSHQVLRQ� DQG� RSWLPDO� GRVH� �J � ������ QP�� IRUSURWHLQ�V\QWKHVLV�VWLPXODWLRQ
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([SHULPHQWDO�GHWDLOV�FDQ�EH�IRXQG�LQ�)HGRVH\HYD�HO�DW�� ����D�
IODVN��)LJ���$���7KH�IODVN�ZLWK�WKH�GLDPHWHU�RI����PP�ZDV�XVHG�LQ�FDVH�RI�(��FROLDQG� WKH� IODVN� ZLWK� WKH� GLDPHWHU� RI� ��� PP�� IRU� LUUDGLDWLRQ� RI� \HDVWV� DQG� $�SRO\HQGRVSRUXV� 7KH�EHDP�ZDV�H[SDQGHG�ZLWK�D�OHQV��IODVN�ZLWK�WKH�GLDPHWHU�RI���PP��RU�D�VSHFLDO�REMHFWLYH��IODVN�ZLWK�WKH�GLDPHWHU�RI����PP��WR�SURYLGH�DQXQLIRUP� LOOXPLQDWLRQ� RI� ZKROH� DUHD� �)HGRVH\HYD HW� DO�� ����D�� E�� �����.XWRPNLQD HW� DO�� ������ 7LSKORYD DQG� .DUX�� ����������� ����D�� .DUX HW� DO������D��E���������,UUDGLDWLRQ�IURP�WKH�ERWWRP��)LJ���$��ZDV�SUHIHUUHG�WR�DYRLG�WKH�PHQLVFXV� HIIHFW��ZKLFK� RFFXUV� ZKHQ� LUUDGLDWLQJ� IURP� DERYH�� ,Q� WKLV� FDVH�� WKHPHQLVFXV�RI�WKH�OLTXLG�DFWV�OLNH�D�OHQV�DQG�WKH�GRVH�WKH�OLJKW�UHDFKLQJ�WKH�FHOOV��LIUHDFKLQJ� WKH� ORZHU� OD\HUV� DW� DOO�� ZLOO� EH� GHFUHDVHG� LQ� DQ� XQFRQWUROOHG� ZD\�� ,QWKHVH�FDVHV�ZKHQ�WKH�LUUDGLDWLRQ�VKRXOG�EH�SHUIRUPHG�IURP�DERYH��H�J���IRU�VRPHWHFKQLFDO�UHDVRQV���RQH�FDQ�UHFRPPHQG�WKH�VFKHPH�LQ�)LJXUH��K WKDW�ZH�XVHG�IRULUUDGLDWLRQ�RI�PDPPDOLDQ�FHOOV�VXVSHQVLRQ��+HUH��VSHFLDOO\�GHVLJQHG�IODVNV�IXOO\ILOOHG�ZLWK�WKH�VXVSHQVLRQV�ZHUH�XVHG�,Q� VRPH� W\SHV� RI� H[SHULPHQWV�� D� TXDUW]�FXYHWWH� SUHVHQWHG� LQ� )LJXUH� �%� ZDVXVHG��.DUX�HW�DO�� ������������7KLV�W\SH�RI�FXYHWWH�DOORZHG�LUUDGLDWLRQ�RI�RQO\�DVPDOO� QXPEHU�RI� FHOOV�� EXW�SURYLGHG� WKH�SRVVLELOLW\� RI� XVLQJ� KLJK� LQWHQVLWLHV� RIQRQIRFXVHG� ODVHU� EHDP�� 7KLV� FXYHWWH� FDQ� EH� HDVLO\� WHPSHUDWXUH� FRQWUROOHG� LIQHHGHG��+RZHYHU��WKH�PRVW�UHFRPPHQGHG�LUUDGLDWLRQ�VFKHPH�LV�VKRZQ�LQ�)LJXUH�$��ZKLFK�DOVR�DOORZV�LUUDGLDWLRQ�RI�DQ�DSSURSULDWH�QXPEHU�RI�FHOOV�
�����(YDOXDWLRQ�RI�WKH�,UUDGLDWLRQ�(IIHFWV7KH�LUUDGLDWLRQ�HIIHFW��JURZWK�VWLPXODWLRQ��ZDV�HYDOXDWHG�E\�FRXQWLQJ�WKH�QXPEHURI�YLDEOH�FHOOV��LQ�FDVH�RI�(��FROL GHWDLOV�ZLOO�EH�GHVFULEHG�LQ�6HFWLRQ�����DQG�FDVHRI�\HDVWV��LQ�6HFWLRQ�������EXGV��6HFWLRQ�������DV�ZHOO�DV�E\�PHDVXULQJ�WKH�DPRXQWRI� V\QWKHVL]HG� SURWHLQ� �6HFWLRQ� ������ 7KHVH� ZHUH� WKH� EDVLF� PHDVXUHPHQWVSHUIRUPHG�WR�FKDUDFWHUL]H�WKH�TXDQWLWDWLYH�ODZV�RI� OLJKW�DFWLRQ�RQ�WKH�JURZWK�RIPLFURRUJDQLVPV� �GHSHQGHQFHV� RQ� ZDYHOHQJWK�� GRVH�� LQWHQVLW\�� SXOVH� UHSHWLWLRQUDWH�� XSRQ� PHWDEROLVP� RI� SURNDU\RWLF� DQG� HXNDU\RWLF� PLFURRUJDQLVPV�� 7KHVHPHDVXUHPHQWV�ZLOO�EH�GHVFULEHG�LQ�6HFWLRQV���DQG���7KH�GDWD�DERXW�PRGLILFDWLRQ�RI�OLJKW�JURZWK�HIIHFWV�ZLWK�FKHPLFDOV��.DUX�����E�7LSKORYD DQG�.DUX������E��.DUX HW�DO�� ����E���GHSHQGHQFH�RI� WKHVH�HIIHFWV�RQJURZWK� FRQGLWLRQV� �7LSKORYD DQG�.DUX�� ����D��.DUX HW� DO�� ����D��� FKDQJHV� LQR[LGDWLYH� DQG� SKRVSKRURXV� PHWDEROLVP� LQ� LUUDGLDWHG� FHOOV� �)HGRVH\HYD HW� DO������E��� PRGLILFDWLRQ� RI� (� FR�L
�EDFWHULRSKDJH 7�� LQWHUDFWLRQ� �7LSKORYD DQG.DUX���������SURSRVHG�PROHFXODU�PHFKDQLVP�RI�OLJKW�HIIHFWV��.DUX������E������������� 7LSKORYD DQG� .DUX�� ����E�� .DUX HW� DO��� ������ FDQ� EH� IRXQG� LQ� WKHUHVSHFWLYH�UHIHUHQFHV�
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�����*URZWK�6WLPXODWLRQ�RI (VFKHULFKLD�FROL)LJXUH� �� SUHVHQWV� FRQWURO� JURZWK� FXUYHV� RI�(�� FROL :3�� WUS� DQG� WKH� JURZWKFXUYHV�DIWHU�LUUDGLDWLRQ�WKH�FHOOV�ZLWK�+H�1H�ODVHU�DQG�LQRFXODWLRQ�LQWR�GLIIHUHQWQXWULWLYH�PHGLD��.DUX�HW�DO�� ������7LSKORYD�DQG�.DUX������������D���5HFDOO�WKDWGXULQJ� WKH� LUUDGLDWLRQ�� WKH�FHOOV�ZHUH� LQ� WKH�EXIIHU�DQG�GLG�QRW�GLYLGH� �6HFWLRQV���� DQG� ������ $IWHU� WKH� LQFXEDWLRQ� LQ� WKH� QXWULWLYH� PHGLXP� IRU� WLPH� LQWHUYDOVKRZQ� LQ� WKH� DEVFLVVD�� WKH� QXPEHU� RI� FRORQ\� IRUPLQJ� FHOOV� SHU� PLOOLOLWHU� ZDVDVVD\HG�E\�WKH�VWDQGDUG�VXUIDFH�SODWLQJ�WHFKQLTXH��7LSKORYD�DQG�.DUX���������,WLV� LPSRUWDQW� WR�HPSKDVL]H� WKDW� IRU� HYHU\� GDWD�SRLQW�SUHVHQWHG� LQ� WKLV� ILJXUH�� LWVRZQ�SRUWLRQ�RI�FHOOV�ZDV�LUUDGLDWHG�DQG�DVVD\HG�7KH� HIIHFW� RI� WKH� LUUDGLDWLRQ� PDQLIHVWHG� LWVHOI� LQ� WKH� UHGXFWLRQ� RI� WKH� ODWHQWSHULRG��)LJ���$���7KH�VKDUS�LQFUHDVH�LQ�WKH�QXPEHU�RI�FHOOV�GXULQJ�WKH�ILUVW����WR��� PLQ� RI� LQFXEDWLRQ� RI� WKH� LUUDGLDWHG� FXOWXUH� �FXUYH� ��� DV� DJDLQVW� WKH� ZHDNJURZWK� RI� WKH� XQH[SRVHG� FXOWXUH� �FXUYH� ��� FRUUHVSRQGV� WR� D� ����� VWLPXODWLRQHIIHFW��7KXV��RQH�RI� WKH�IDFWRUV�GHWHUPLQLQJ�WKH�OHYHO�RI�VWLPXODWLRQ� LV� WKH�WLPHHODSVHG�DIWHU�WKH�LQRFXODWLRQ�RI�LUUDGLDWHG�LQ�WKH�EXIIHU�VROXWLRQ�EDFWHULD�LQWR�WKHQXWULWLYH�PHGLXP��7KH� WHUP� �JURZWK� VWLPXODWLRQ�� LQ� WKH� WH[W� EHORZ�PHDQV� WKHGLIIHUHQFH� EHWZHHQ� WKH� YLDEOH� FHOOV� LQ� WKH� LUUDGLDWHG� FXOWXUH� DQG� WKH� FRQWUROFXOWXUH�PHDVXUHG�E\�WKH�VXUIDFH�SODWLQJ�WHFKQLTXH�DIWHU����PLQ�LQFXEDWLRQ�ZLWK�DQXWULWLYH�PHGLXP�7KH� JURZWK� FXUYHV� RI� QRQLUUDGLDWHG� FHOOV� YDU\� GHSHQGLQJ� RQ� WKH� JURZWKFRQGLWLRQV�� ,Q� )LJXUH� �$�� WKH�+RWWLQJXHU� EURWK� ZDV� DV� WKH� QXWULWLYH� PHGLXP�7LSKORYD�DQG�.DUX���������)LJXUH��%�'�GHSLFWV�WKH�JURZWK�FXUYHV�ZKHQ�WKH�0�PLQLPDO�JURZWK�PHGLXP�VXSSOHPHQWHG�ZLWK�JOXFRVH��JO\FHURO��RU�DUDELQRVH�ZDVXVHG��7LSKORYD�DQG�.DUX������D���$�FRPSDULVRQ�RI�WKH�FXUYHV���DQG���LQ�)LJXUH�$�'� PDNHV� LW� SRVVLEOH� WR� UHYHDO� WKH� FKDUDFWHULVWLF� IHDWXUHV� RI� LQIOXHQFH� RILUUDGLDWLRQ� ZLWK� UHG� OLJKW� RQ� WKH� JURZWK� RII�� FROL� :3�� WUS� FXOWXUHV�� 7KHGLIIHUHQFH� EHWZHHQ� WKH� QXPEHU� RI� FHOOV� LQ� H[SRVHG� DQG� XQH[SRVHG� FXOWXUHV� LVVPDOO�IRU�FXOWXUHV�ZLWK�D�VKRUW�ODWHQW�SHULRG��H�J���)LJ���%��&���DQG�ODUJH�ZKHQ�WKHFRQWURO�FXOWXUH�EHJLQV�WR�GLYLGH�DIWHU�D�ORQJ�ODJ�SHULRG��H�J���)LJ���$��'���6R��WKHPDJQLWXGH�RI�SKRWRVWLPXODWLRQ�RI�(��FROL GLYLVLRQ�GHSHQGV�RQ�WKH�PHWDEROLF�VWDWHRI�WKH�LQLWLDO�FXOWXUH�RU��LQ�RWKHU�ZRUGV��RQ�WKH�SUHVHQFH�DQG�GXUDWLRQ�RI�WKH�ODWHQWSHULRG��7KH�HIIHFW� VKRZV�XS� MXVW� IRU� D�VKRUW� WLPH��EHLQJ�PD[LPDO� GXULQJ������PLQ� DIWHU� WKH� EHJLQQLQJ� RI� WKH� LQFXEDWLRQ�� 2Q� WKH� RWKHU� VLGH�� WKHUH� H[LVWV� DPD[LPDO� VSHFLILF� UDWH� RI� H[SRQHQWLDO� JURZWK� �LQ� RXU� H[SHULPHQWDO� FRQGLWLRQV������K�
��ZKLFK�OLPLWV�WKH�PDJQLWXGH�RI�WKH�SKRWRVWLPXODWLRQ�HIIHFW��7LSKORYD DQG.DUX������D��7KH�WUDQVLHQW�DFFHOHUDWLRQ�RI�FHOO�GLYLVLRQ�ZDV� IRXQG�WR�EH�HVSHFLDOO\�HYLGHQWLQ� WKH�FDVH�RI� VRPH�PXWDQW�(��FROL VWUDLQV� �7DEOH� ,,,���%HVLGHV�� WKH�FHOOV� LQ� WKHVWDWLRQDU\�SKDVH�RI�JURZWK�ZHUH�PXFK�OHVV�SKRWRVHQVLWLYH�WKDW�WKH�VDPH�FHOOV�LQWKH� ORJDULWKPLF� SKDVH� RI� JURZWK� �%HUWRORQL� HW� DO��� ������� 7KH� PRVWSKRWRVHQVLWLYH� VWUDLQ� IURP� WKRVH� FLWHG� LQ� 7DEOH� ,,,� DSSHDUHG� WR� EH� $%������ ,WZDV� IRXQG� DOVR� WKDW� D� UDGLRPRGLI\LQJ� HIIHFW� RI� +H�1H� ODVHU� UDGLDWLRQ� �(�� FROLVWUDLQV� $%����� DQG�*DP� ����ZHUH� LUUDGLDWHG� EHIRUH� RU� DIWHU� H[SRVXUH� RI� WKHFHOOV� WR� D�SDUWLFOHV� RU� J�UDGLDWLRQ�� RQ� (�� FROL .���� VWUDLQV� ZDV� JHQRW\SH�GHSHQGHQW��9RVNDQ\DQ�HW�DO�� ������������0RUSKRORJLFDO� VWXGLHV� VKRZHG� WKDW� WKH� LUUDGLDWLRQ� ZLWK� UHG� OLJKW� DW� ����QPLQFUHDVHG� SDFNLQJ� RI� WKH� F\WRSODVPLF� PDWUL[� DQG� QXPEHU� RI� ULERVRPHV� DQGGHFUHDVHG� XQWLO� DOPRVW� FRPSOHWH� GLVDSSHDUDQFH� RI� DSLFDO� YDFXROHV�(OHFWURSKRUHWLF�FKDQJHV�GLG�QRW� LQYROYH�SURWHLQV� IURP�RXWHU�PHPEUDQH�EXW� WKHSURWHLQ� EDQGV� IURP� WKH�F\WRSODVPDWLF�PHPEUDQH� ZHUH� VLJQLILFDQWO\� LQWHQVLILHG�%HUWRORQL�HW�DW�� ������



,1&8%$7,21�7,0(��K),*85(� �� *URZWK� FXUYHV� RI� ���� FRQWURO� DQG� ���� LUUDGLDWHG� ZLWK� +H�1H� ODVHUFXOWXUHV�RI�(��FROL:3���'� ���[�����-�P���FXOWLYDWHG�LQ��$��+RWWLQJXHU�EURWK�RU�LQ0��PHGLXP�VXSSOHPHQWHG�ZLWK��%��JOXFRVH���&��JO\FHURO��RU��'��/�DUDELQRVH��7KHH[SHULPHQWDO�GHWDLOV�DUH�GHVFULEHG�LQ�7LSKORYD�DQG�.DQ�������������D�
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7KH�UHVXOWV�RI� WKH� H[SHULPHQWV�ZLWK�(�� FROL :3��EDWFKHV�ZLWK� YDULRXV� LQLWLDOSDUDPHWHUV� �)LJ�� ��� VKRZ� WKDW� RQO\� D� FHUWDLQ� VORZ�JURZLQJ�VXESRSXODWLRQ�PD\UHDFW�WR�WKH�SKRWR�VWLPXOXV��,W�ZDV�SURSRVHG�WKDW�RQ�WKH�PHPEUDQH�RI�VXFK�D�FHOO�WKH�S+�JUDGLHQW�QHFHVVDU\� IRU� FHOO�F\FOH�LQLWLDWLRQ�KDV�EHHQ�DFKLHYHG� �7LSKORYDDQG� .DUX�� ����E��� $� VFKHPH� H[SODLQLQJ� WKH� JURZWK� FXUYHV� RI� FRQWURO� DQGLUUDGLDWHG�(�� FROL FXOWXUHV� LV� SUHVHQWHG� LQ� )LJXUH� ��� 7KH�JURZWK� FXUYHV� RI� ERWKFRQWURO�DQG�LUUDGLDWHG�FXOWXUHV�DUH�VXSSRVHG� WR� UHIOHFW� WKH�UHODWLRQ�EHWZHHQ�S+�VL]H�RI�PHPEUDQH�DUHD��DQG�TXDQWLW\�RI�+� WUDQVSRUW�HQ]\PHV� LQ� OLJKW� VHQVLWLYHEDFWHULDO�FHOOV��7KH�GHWDLOHG�H[SODQDWLRQ�RI�WKLV�VFKHPH�DV�ZHOO�DV�D�PRGHO�RI�WKHS+�GHSHQGHQW� VWHSV� LQ� LQLWLDWLRQ� RI� EDFWHULDO�'1$� UHSOLFDWLRQ� FDQ� EH� IRXQG� LQ�7LSKORYD�DQG�.DUX������E��,W�LV�HYLGHQW�WKDW�WKH�LUUDGLDWLRQ�RI�(��FROL JHQHUDWHV�D�WUDQVLHQW�DFFHOHUDWLRQ�RIFHOO�GLYLVLRQ�UHIOHFWLQJ�JUHDWHU�PHWDEROLF�DFWLYLW\�RQO\�LQ�WKH�FHOOV�ZKRVH�UDWH�RIJURZWK� LV� VORZ�� 7KH� LUUDGLDWLRQ� DOVR� LQFUHDVHV� WKH� DELOLW\� RII�� FROL FHOOV� WRSURPRWH�WKH�JURZWK�RIXQH[SRVHG�EDFWHULRSKDJH�7���7LSKORYD�DQG�.DUX��������
�����7KH�$FWLYDWLRQ�RI�<HDVW�0HWDEROLVP7KH�HIIHFW� RI� WKH� LUUDGLDWLRQ�RQ� WKH�\HDVW� FXOWXUHV� FDQ� DOVR�EH�HYDOXDWHG�E\� WKHJURZWK�FXUYHV��6DPSOHV�LUUDGLDWHG�LQ�EXIIHU��6HFWLRQ������DV�ZHOO�DV�FRQWURO�RQHV�NHSW� LQ� WKH�GDUN� IRU� WKH� VDPH� WLPH��ZHUH� WUDQVIHUUHG� WR����PO�URFKHU�PRXQWHGIODVNV�ZLWK�QXWULWLYH�PHGLXP�DQG�JURZHG�E\� LQWHQVH�DHUDWLRQ� IRU� WLPH� LQWHUYDOVIURP���WR����K�DV�GHVFULEHG�LQ�6HFWLRQ��������7KH�LQGLYLGXDO�SRUWLRQ�RI�FHOOV�ZDVLUUDGLDWHG�DQG�LQFXEDWHG�IRU�HYHU\�GDWD�SRLQW�VKRZQ�LQ�)LJXUHV������7KH�QXPEHURI�FHOOV�DQG�EXGV�DV�ZHOO�DV�WKH�DPRXQW�RI�V\QWKHVL]HG�SURWHLQ�ZHUH�PHDVXUHG�DVGHVFULEHG�LQ��)HGRVH\HYD�HW�DO�� ���������D��E���$V�VHHQ�LQ�)LJXUH��$��WKH�FHOOVRI�WKH�H[SRVHG�FXOWXUH�RII��PDJQXVLL UHDFK�WKH�VWDWLRQDU\�SKDVH�RI�JURZWK�DERXW����K�HDUOLHU� WKDW� WKH�XQH[SRVHG�RQH��6LPLODU�UHJXODULW\��QR�FKDQJHV� LQ�GXUDWLRQRI�WKH�ODJ�SHULRG�DQG�LQFUHDVHG�JURZWK�LQ�WKH�ORJ�SHULRG��LV�YDOLG�LQ�FDVH�RI�RWKHU\HDVWV�DOVR��.DUX������E��)HGRVH\HYD�HW�DO�� ����D��)LJXUH��%�SUHVHQWV�WKH�LQFUHDVH�LQ�QXPEHU�RI�FHOOV�DQG�EXGV�LQ�QRQ�LUUDGLDWHGDQG�LUUDGLDWHG�ZLWK�+H�1H�ODVHU�7��VSKDHULFD� 7KH�JURZWK�FXUYHV�VKRZ� WKDW� WKHGXUDWLRQ�RI�ODJ�SHULRG�LV�SUDFWLFDOO\�WKH�VDPH�LQ�LUUDGLDWHG�DQG�FRQWURO�FXOWXUH��,QWKH� ORJDULWKPLF� SKDVH� RI� WKH� JURZWK� WKH� DYHUDJH� JHQHUDWLRQ� WLPH� GHFUHDVHV� E\��������WLPHV�LQ�WKH�H[SRVHG�\HDVW��)HGRVH\HYD�HW�DO�� ������7KH�LQFUHDVHG�DFFXPXODWLRQ�RIELRPDVV RI�WKH�H[SRVHG�FXOWXUH�ZDV�IROORZHG�E\D�VWULFWO\�SURSRUWLRQDO�LQFUHDVH�LQ�WKH�QXPEHU�RI�FHOOV�DQG�EXGV�LQ�WKH�ORJDULWKPLFSKDVH�RI�JURZWK��)HGRVH\HYD�HW�DO�� �������,W�IROORZV�IURP�WKH�SRLQW�WKDW�WKH�VL]HRI�WKH�FHOOV�DQG�WKH�DPRXQW



,1&8%$7,21 7,0(),*85(���6FKHPHV�H[SODLQLQJ�WKH�JURZWK�FXUYHV�RI�����FRQWURO�DQG�����LUUDGLDWHG� (��FROL FXOWXUHV��,QWKH�FDVH�RI�QRQLUUDGLDWHG�FRQWURO�FXOWXUH��FXUYH�����DQ�LQFUHDVH�RI�WKH�FHOO�VL]H��$��GXULQJ�WKH�ODJ�SHULRGOHDGV� WR� D�SURSHU�S+�JUDGLHQW� DQG�� WKXV� WR� WKH� LQLWLDWLRQ�RI�GLYLVLRQ� �%��� $IWHU� WKH� GLYLVLRQ�� WKH� WZRGDXJKWHU�FHOOV�KDYH�ORZHUHG�S+�DQG�FDQQRW�LQLWLDWHG�UHSOLFDWLRQ�LPPHGLDWHO\��&���7KH�DFWLYDWLRQ�RI�WKHUHVSLUDWRU\� FKDLQ� E\� LUUDGLDWLRQ� FDQ� VKLIW� WKH� HTXLOLEULXP� LQ� S+� IRUPDWLRQ� DQG� XWLOL]DWLRQ� LQWR� WKHGLUHFWLRQ�RI�LQFUHDVHG�S+�SURGXFWLRQ��7LSKORYD�DQG�.DUX������E��ZLWKRXW�LQFUHDVLQJ�WKH�FHOO�VL]H��'��7KDW� JLYHV� WKH� LUUDGLDWHG� FHOOV� WKH� SRVVLELOLW\� RI� GLYLGLQJ� LPPHGLDWHO\�� UHVXOWLQJ� LQ� WZR� FHOOV� ZLWKUHGXFHG� VL]H� �(��� 'XULQJ� WKH� IROORZLQJ� SHULRG��ZKHQ� WKHVH� FHOOV� GR� QRW� GLYLGH�� WKH\� DFKLHYH� D� VL]HVLPLODU�WR�WKH�FRQWURO�FHOOV��)���$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�S+�GHSHQGHQW�GLYLVLRQ�PHFKDQLVP�FDQ�EHIRXQG�LQ�7LSKORYD�DQG�.DUX������E�



,QFXEDWLRQ�WLPH��K),*85%� �� �$�� *URZWK� FXUYHV� RI� (QGRP\FHV� PDJQXVLL �PHDVXUHG� DV� D� FKDQJH� LQ� DPRXQW� RIV\QWKHVL]HG�SURWHLQ�DV�GHVFULEHG�LQ�)HGRVH\HYD�HW�DO�� ���������FXOWXUH�LUUDGLDWHG�ZLWK�+H�1H�ODVHU�LQGRVH� ���� [� ��� -�P��� ��FRQWURO� FXOWXUH�� �%�� *URZWK� FXUYHV� RI� 7RUXORSVLV� VSKDHULFD �PHDVXUHG� DVFKDQJHV� LQ� WKH� QXPEHU� RI� FHOOV� DQG� EXGV� DV� GHVFULEHG� LQ� )HGRVH\HYD� HW� DO�� ���������� FRQWUROFXOWXUHV�������FXOWXUHV�LUUDGLDWHG�ZLWK�D�+H�1H�ODVHU�DW�WKH�GRVH�RI�����[���� -�P���



$&7,9,7<�2)�1$'+�'(+<'52*(1$6(���),*85(� �� &RUUHODWLRQ� RI� WKH� DFWLYLW\� RI� 1$'+�GHK\GURJHQDVH� DQG� WKH� DPRXQW� RI� V\QWKHVL]HGSURWHLQ�LQ�7RUXORSVLV�VSKDHULD LUUDGLDWHG�ZLWK�D�+H�1H�ODVHU�LQ�YDULRXV�GRVHV�IURP���[���� WR�����[��� -�P� DV�GHVFULEHG�LQ�)HGRVH\HYD�HW�DO�� ����E�
RI�SURWHLQ�LQ�WKH�VLQJOH�FHOO�DSSDUHQWO\�GR�QRW�GLIIHU�IRU�H[SRVHG�DQG�XQH[SRVHGFXOWXUHV��7KXV��WKH�LUUDGLDWLRQ�ZLWK�+H�1H�ODVHU�OHDGV�WR�LQWHQVLILFDWLRQ�RI�SURWHLQV\QWKHVLV�DQG�VSHHGV�XS�WKH�SUHSDUDWLRQ�RI�FHOOV�IRU�GLYLVLRQ�DQG�EXGGLQJ�0HWDEROLF�SURFHVVHV�LQ�LUUDGLDWHG�\HDVW�DUH�LQWHQVLILHG�DV�VXPPDUL]HG�LQ�7DEOH,9�� 7KH� GHFUHDVH� RI� DFWLYLW\� RI� DFLG� SKRVSKDWDVH�� WKH� PDUNHU� HQ]\PH� RIO\VRVRPHV� UHVSRQVLEOH� IRU� K\GURO\WLF� DFWLYLW\� LQ� D� FHOO�� VXJJHVWV� WKDW� V\QWKHWLFSURFHVVHV�SUHYDLO�RYHU�GHJUDGDWLYH�SURFHVVHV�LQ�WKH�LUUDGLDWHG�FHOOV��7KLV�VKLIW�WRWKH�V\QWKHWLF�SURFHVVHV�LV�FKDUDFWHULVWLF�RI�DFWLYHO\�PXOWLSO\LQJ�FHOOV��)HGRVH\HYDHW�DO�� ����E��7KH� LQFUHDVH� LQ� DFWLYLW\� RI� UHVSLUDWRU\� FKDLQ� HQ]\PHV�1$'+�GHJ\GURJHQDVHDQG�F\W� k R[LGDVH� �7DEOH� ,9�� LV� FRQVLVWHQW�ZLWK� WKH�HQKDQFHG H^ FRQVXPSWLRQE\� WKH� LUUDGLDWHG� FHOOV� �)HGRVH\HYD� HW� DO�� ����E��� 7KHUH� H[LVWV� D� FRUUHODWLRQEHWZHHQ� WKH� DFWLYDWLRQ� RI� SURWHLQ� V\QWKHVLV� DQG� DFWLYLW\� RI� 1$'+�GHK\GURJHQDVH�LQ�WKH�LUUDGLDWHG�FHOOV��)LJ�����(YHQ� WKRXJK� WKH� UHDFWLRQ� RI� YDULRXV�\HDVWV� WR� WKH� LUUDGLDWLRQ� LV� TXDOLWDWLYHO\VLPLODU��WKHUH�PD\�EH�HVVHQWLDO�TXDQWLWDWLYH�GLIIHUHQFHV��)RU�LQVWDQFH��WKH�DPRXQWRI�SURWHLQ�LQ�WKH�LUUDGLDWHG�FXOWXUH�RI�7��VSKDHULFD DW�WKH�HQG�RI� WKH�H[SRQHQWLDOJURZWK� SKDVH� LV� DOPRVW� GRXEOH� WKDW� RI� WKH� XQLUUDGLDWHG� FXOWXUH�� EXW� IRU� (�PDJQXVLL� RQO\������ �)LJ����� �)HGRVH\HYD�HW� DO�� �������'RVH�GHSHQGHQFHV� RISURWHLQ�V\QWKHVLV�VWLPXODWLRQ�IRU�YDULRXV�\HDVWV�DOVR�LOOXVWUDWH�WKLV�FRQFOXVLRQ��LQVRPH�FDVHV�WKH�PD[LPDO�HIIHFW�LV�����������EXW�LQ�RWKHU�FDVHV��RQO\����������)LJ�� ���� 7KH� SUREOHP� RI� RSWLPDO� OLJKW� SDUDPHWHUV� IRU� LUUDGLDWLRQ� ZLOO� EHFRQVLGHUHG�LQ�6HFWLRQ�����



),*85(���7KH�UDWLR�RI�WKH�JURZWK�RI�FRQWURO�DQG�H[SRVHG�WR�+H� 1H ODVHU�UDGLDWLRQ��GRVHV�RI�����[����-�P� DQG�����[���� -�P��� UHVSHFWLYHO\� LQ�FDVH�RI� 7�� VSKDHULFD DQG�(��PDJQXVLL� HYDOXDWHG� IURP� WKHTXDQWLW\�RI�V\QWKHVL]HG�SURWHLQ�DV�GHVFULEHG�LQ� )HGRVH\HYD HW�DO�� �����

'26(��-�P��),*85(���$PRXQW�RI�V\QWKHVL]HG�SURWHLQ�DV�D�SHUFHQWDJH�RI�FRQWURO� OHYHO�PHDVXUHG����K�DIWHU� WKHLUUDGLDWLRQ�ZLWK� D�+H�1H� ODVHU� LQ�YDULRXV�GRVHV�RI� IROORZLQJ� \HDVWV�� ���� 6DFFKDURP\FRGHV� OXGZLJLL�JURZQ�ZLWK� JOXFRVH� DV� D� FRUERQ�VRXUFH��� ���� &DQGLGD� ERLGLQLL �JOXFRVH��� ���� 7RUXORSVLV� VSKDHULFD�JOXFRVH��� ���� &DQGLGD� ERLGLQLL �PHWK�DQRO��� ���� &DQGLGD� PDOWRVD �JOXFRVH��� ���� 6DFFKDURP\FHVFHUHYLVLDH ����JOXFRVH���)HGRVH\HYD�HW�DW�� ����D�������(QGRP\FHV�PDJQXVLL )HGRVH\HYD�HO�DO�� ������&XUYH�����GHQRWHV�WKH�GRVH�GHSHQGHQFH�IRU� 6DFFKRURP\FRGHV�OXGZLJLL JURZQ�LQ�DQDHURELF�FRQGLWLRQV�.DQL� HO� DO�� ����D�� DQG� FXUYH� ���� GHSLFWV� WKH� GRVH� GHSHQGHQFH� IRU� HQGRVSRUH� JHUPLQDWLRQ� DQGRXWJURZWK�RI�$QDHUREDFWHU�SRO\HQGRVSRUXV �.XWRPNLQD�HW�DO�� ������



7$%/(�,9&KDQJHV�LQ�WKH�DFWLYLW\�RI�HQ]\PHV�RI�R[LGDWLYH�DQGSKRVSKRURXV�PHWDEROLVP�LQ�LUUDGLDWHG�ZLWK�+H�1H�ODVHU������[��� -�P���\HDVW�7��VSKDHULFD ����K�DIWHU�WKH�LUUDGLDWLRQ�
(Q]\PHV /RFDWLRQ�LQ�WKH�FHOO $FWLYLW\���RI�FRQWURO�YDOXH�1$'+�GHK\GURJHQDVH&\W� k R[LGDVH$FLG�SKRVSKDWDVH&DWDODVH6XSHUR[LGH�GLVPXWDVH

0LWRFKRQGULRQ0LWRFKRQGULRQ/\VRVRPH3HUR[LVRPH&\WRSODVP

����� � ��������� � ��������������������������
([SHULPHQWDO�GHWDLOV�DUH�GHVFULEHG�LQ�)HGRVH\HYD�HW�DO�� ����E�

7KXV�� WKH� LUUDGLDWLRQ�RI�\HDVWV� LQWHQVLILHV�SURWHLQ�V\QWKHVLV� DQG�VSHHGV�XS� WKHSUHSDUDWLRQ�RI�FHOOV�IRU�GLYLVLRQ�DQG�EXGGLQJ��,Q�FRQWUDVW�WR�WKH�FXOWXUH�RI�(��FROL�\HDVWV�GLG�QRW�VKRZ�DQ\�UHGXFWLRQ�RI� WKH�ODJ�SHULRG��7KH�JURZWK� VWLPXODWLRQ� LQ\HDVWV�PDQLIHVWHG�LWVHOI�DV�D�VKRUWHQLQJ�RI�WKH�DYHUDJH�JHQHUDWLRQ�WLPH��DQG�WKXV�HQKDQFHG�DFFXPXODWLRQ�RI�ELRPDVV��LQ�WKH�ORJDULWKPLF�SHULRG�RI�FXOWXUH�JURZWK�
�����,UUDGLDWLRQ�,QGXFHG�*HUPLQDWLRQ�RI�(QGRVSRUHV7R� HYDOXDWH� WKH� HIIHFW� RI� LUUDGLDWLRQ�� WKH� QXPEHU� RI� JHUPLQDWHG� DQG� RXWJURZQHQGRVSRUHV�ZDV�FRPSDUHG�EHWZHHQ�FRQWURO�DQG�+H�1H�ODVHU�LUUDGLDWHG�VDPSOHV���[� ��� HQGRVSRUHV� RI�$QDHUREDFWHU�SRO\HQGRVSRUXV ZHUH� SODWHG� RQ� HYHU\� 3HWULGLVK��.XWRPNLQD�HW�DO�� ������7KH�QXPEHU�RI�JHUPLQDWHG�DQG�RXWJURZQ�HQGRVSRUHV��FRXQWHG�DV� WKH�QXPEHURI�IRUPHG�FRORQLHV��ZDV�������������������LQ�FRQWURO�H[SHULPHQWV��7KH�HIIHFW�RILUUDGLDWLRQ� PDQLIHVWHG� LWVHOI� LQ� WKH� LQFUHDVH� RI� WKH� QXPEHU� RI� JHUPLQDWHG� DQGRXWJURZQ�HQGRVSRUHV��$V� VHHQ� LQ� )LJXUH� �� �FXUYH� ���� WKH� QXPEHU� RI� RXWJURZQHQGRVSRUHV�GHSHQGV�RQ�WKH�LUUDGLDWLRQ�GRVH��VWDUWLQJ� WR�LQFUHDVH�DW�KLJKHU�GRVHVWKDQ�����-�P� DQG�EHLQJ�PD[LPDO������WLPHV�KLJKHU�WKDQ�LQ�WKH�LQWDFW�FRQWURO��DW���� -�P��� )XUWKHU� LQFUHDVH� LQ� WKH� GRVH� FDXVHG� D� GHFUHDVH� RI� WKH� QXPEHU� RIRXWJURZQ�HQGRVSRUHV��EHLQJ�RQ�WKH�FRQWURO�OHYHO�DW�WKH�GRVH�QHDU�����-�P��7KXV�� LW� ZDV� IRXQG� WKDW� WKH� LUUDGLDWLRQ� ZLWK� +H�1H� ODVHU� DW� SDUWLFXODU� GRVHVLQFUHDVHG�WKH�QXPEHU�RI�JHUPLQDWHG�DQG�RXWJURZQ�HQGRVSRUHV��,W�LV�LQWHUHVWLQJ�WRUHFDOO�WKDW�WKLV�NLQG�RI�EHOO�VKDSHG�GRVH�GHSHQGHQFH�LV�FKDUDFWHULVWLF�IRU�YDULRXVW\SHV�RI�ORZ�SRZHU�ODVHU�HIIHFWV��)LJ�����DQG�DOVR�.DUX������E��7KH� PROHFXODU� PHFKDQLVP� RI� JHUPLQDWLRQ� LV� QRW� IXOO\� XQGHUVWRRG�� 7KHPHFKDQLVP� RI� DFWLYDWLRQ� RI� JHUPLQDWLRQ� E\� OLJKW� LV� QRW� FOHDU� HLWKHU�� $W� WKHPRPHQW��ZH�FDQ�RQO\�FRQFOXGH�WKDW�WKH�LUUDGLDWLRQ�ZLWK�OLJKW�DW�������QP�DQG�DWGRVH� UDQJH� IURP� ���� WR� ���� -�P� LQFUHDVHG� WKH� QXPEHU� RI� JHUPLQDWHG� DQGRXWJURZQ�HQGRVSRUHV�RI�$QDHUREDFWHU�SRO\HQGRVSRUXV�
���3266,%/(�0,67$.(6��',)),&8/7,(6�:+,&+�6+28/'�%(7$.(1�,172�&216,'(5$7,21
�����7KH�&XOWXUH�DQG�,WV�*URZWK�&RQGLWLRQV$V�LW�ZDV�LOOXVWUDWHG�LQ�)LJXUH����LQ�FDVH�RI�(��FROL:3��WUS�� WKH�HIIHFW�RI�JURZWKVWLPXODWLRQ�PDQLIHVWHG� LWVHOI� LQ� VSHFLILF�JURZWK�FRQGLWLRQV� �7LSKORYD�DQG�.DUX�����E���,W�ZDV�IRXQG�ODWHU�WKDW�RQO\�WKRVH�VWUDLQV�RI�(��FROL ZKRVH�QRUPDO�UDWH�RIJURZWK�ZDV�SDUWLFXODUO\�VORZ



GXH�WR�WKH�SUHVHQFH�RI�IDFWRUV�LQKLELWLQJ�FHOO�UHSURGXFWLRQ�RU�ZLWK�DOWHUDWLRQV� LQPHWDEROLF� SDWKZD\V�� FDQ� EH� VWLPXODWHG� �%HUWRORQL� HW� DO�� ������� 7KH� VDPHDXWKRUV� ZHUH� QRW� DEOH� WR� VWLPXODWH� D� IDVW�JURZLQJ� ZLOG� VWUDLQ� RII�� FROL �*�%HUWRORQL� DQG� *�� -RUL�� SHUVRQDO� FRPPXQLFDWLRQ��� 5HFDOO� DOVR� WKDW� WKHSKRWRVWLPXODWLRQ� ZDV� PDUNHGO\� PRUH� HIIHFWLYH� RQ� EDFWHULDO� FHOOV� GXULQJ� WKHH[SRQHQWLDO�SKDVH�RI�JURZWK�DV�FRPSDUHG�ZLWK� FHOOV� LQ� WKH�VWDWLRQDU\�SKDVH����7LSKORYD��7��.DUX��XQSXEOLVKHG��%HUWRORQL�HW�DO�� ������,Q�FDVH�RI�\HDVWV�� WKH�DFWLYDWLRQ�SHUFHQWDJH�RI�SURWHLQ�V\QWKHVLV�ZDV� IRXQG�WREH� FXOWXUH�GHSHQGHQW� �)HGRVH\HYD� HW� DO�� ����D��� 7KH� PRUH� SKRWRVHQVLWLYHFXOWXUHV� �D� ORZHU�GRVH� UDQJH�QHHGHG� IRU� DFWLYDWLRQ��ZHUH�DFWLYDWHG� WR�D� JUHDWHUGHJUHH� �)LJ������7KH�FXOWXUHV�ZLWK�PRUH� LQWHQVH�UHVSLUDWLRQ�ZHUH�DFWLYDWHG� WR�DKLJKHU�GHJUHH��WKH�DPRXQW�RI�V\QWKHVL]HG�SURWHLQ�ZDV�ODUJHU�DIWHU�WKH�LUUDGLDWLRQZLWK� WKH� RSWLPDO� GRVH� �)HGRVH\HYD� HW� DO�� ����D��� ,Q� RXU� H[SHULPHQWV� ZLWK\HDVWV�� ZH� IRXQG� WKDW� RSWLPDO� GRVHV� ZHUH� LQ� DJUHHPHQW� ZLWK� WKH� GHJUHH� RIODELOLW\� RI� WKHLU� PHWDEROLVP�� L�H�� ZLWK� WKH� SRVVLELOLW\� RI� UHVWRULQJ� QRUPDOPHWDEROLVP��)HGRVH\HYD HW�DO�� ����D���)RU�H[DPSOH��6DFFKDURP\FHV�FHUHYLVLDH���LV�FKDUDFWHUL]HG�E\�D�UDWKHU�FRQVHUYDWLYH�W\SH�RI�PHWDEROLVP��UHTXLUHG�D�YHU\ODUJH�OLJKW�GRVH�IRU�DFWLYDWLRQ��$W�WKH�VDPH�WLPH��WKH�VWLPXODWLRQ�ZLWK�WKH�RSWLPDOLUUDGLDWLRQ� FRQGLWLRQV� ZDV� WKH� ORZHVW� DPRQJ� \HDVWV� VWXGLHG�� ���� �� ���)HGRVH\HYD� HWDO�� ����D��� &OHDUO\�� 6DFFKDURP\FHV� FHUHYLVLDH LV� QRW� WKH� EHVWFKRLFH�IRU� LUUDGLDWLRQ�H[SHULPHQWV�DV�ZDV�DOVR�GHWHUPLQHG�E\��4XLFNHQGHQ�DQG'DQLHOV�� ������� 2Q� WKH� FRQWUDU\��6DFFKDURP\FRGHV� OXGZLJLL DQG� 7�� VSKDHULFDZLWK� YHU\� ODELOH� SRVVLELOLWLHV� IRU� DFFRPPRGDWLRQ�� DSSHDUHG� WR� EH� DFWLYDWHG� E\ORZ�GRVHV�RI�UHG�OLJKW��)LJ�����7R� GHPRQVWUDWH� KRZ� UHFRQVWUXFWLRQ� RI� FHOOXODU� PHWDEROLVP� LQIOXHQFHV� WKHSKRWRVHQVLWLYLW\��ZH�SHUIRUPHG�H[SHULPHQWV�ZLWK�&��ERLGLQLL JURZQ�RQ�WKH�5HGHUPHGLXP�ZLWK�JOXFRVH�RU�PHWKDQRO�DV�FDUERQ�VRXUFHV��)HGRVH\HYD�HW�DO�� ����D��)RU� WKH� \HDVW� JURZQ� RQ� PHWKDQRO� �WKRVH� FHOOV� KDYH� D� JO\R[\ODWLF W\SH� RIUHVSLUDWLRQ���WKH�RSWLPXP�GRVH��O �������QP��ZDV�KLJKHU�WKDQ�WKH�RSWLPDO�GRVHIRU�JOXFRVH�JURZQ�\HDVW������[���� DQG���[�����-�P���UHVSHFWLYHO\��FXUYHV���DQG��LQ� )LJ�� ���� DQG� WKH� DPRXQW� RI� WKH� SURWHLQ� V\QWKHVL]HG� XQGHU� DFWLRQ� RI� WKHRSWLPXP�GRVH�ZDV�KLJKHU��DOVR�����������DQG�����������UHVSHFWLYHO\��
�����,UUDGLDWLRQ�3URFHGXUH7KH�PDLQ�LPSRUWDQW�IHDWXUHV�RI�WKH�LUUDGLDWLRQ�SURFHGXUH�ZHUH�GHVFULEHG�DOUHDG\LQ� 6HFWLRQ� ����� 5HFDOO� EULHIO\� WKH� SRVVLEOH� VRXUFHV� RI� PLVWDNHV�� H[WUDQHRXVLOOXPLQDWLRQ� �VXQVKLQH� RU� URRP� OLJKWV�� GXULQJ� WKH� H[SHULPHQW�� KLJK� GHQVLW\� RIVXVSHQVLRQ� RI�PLFURRUJDQLVPV�� WRR� WKLFN� OD\HU� RI� VXVSHQVLRQ�� VXVSHQVLRQ� ZLWKPHQLVFXV� DQG� VWLUULQJ� RI� EXGGLQJ�\HDVWV��$OO� RI� WKHVH�PLVWDNHV� ZHUH� PDGH� E\4XLFNHQGHQ DQG� 'DQLHOV �������� DQG� 'DQLHOV DQG� 4XLFNHQGHQ �������� 7KHVHSURJUDPV� FDQ� VHUYH� DV� H[DPSOHV� WR� VWXGHQWV� KRZ� QRW� WR� LUUDGLDWH� FHOOVXVSHQVLRQV�� /DVW� EXW� QRW� OHDVW�� WKH� SDUDPHWHUV� RI� OLJKW� �ZDYHOHQJWK�� GRVH�LQWHQVLW\�� SXOVH� UHSHWLWLRQ� UDWH� DQG�RU� SXOVH� GXUDWLRQ� LQ� FDVH� RI� SXOVHG� OLJKW�VKRXOG�EH�WKH��ULJKW�RQHV���,Q�6HFWLRQ������LW�ZLOO�EH�VKRZQ�KRZ�WKH�VWLPXODWLYHHIIHFWV�RI�LUUDGLDWLRQ�GHSHQG�RQ�WKH�OLJKW�SDUDPHWHUV�
�����,UUDGLDWLRQ�3DUDPHWHUV)RU� HDFK� FXOWXUH� WKHUH� H[LVWV� D� SURSHU�GRVH UDQJH�� ZKLFK� FDQ� EH� GLIIHUHQW� IRUGLIIHUHQW� ZDYHOHQJWKV� �VHH�.DUX�� ����E��� DV� ZDV� DOUHDG\� LOOXVWUDWHG� IRU�\HDVWVZKHQ� LUUDGLDWLQJ�DW�������QP��)LJ������([SRVXUH� WR� ORZHU�RU�KLJKHU� OLJKW�GRVHVGRHV�QRW�SURGXFH�WKH�VWLPXODWLQJ�HIIHFWV�$FFRUGLQJ�WR�WKH�UHFLSURFLW\�ODZ��SKRWRELRORJLFDO�UHVSRQVH�LV�LQGHSHQGHQW�RI�WKHLQWHQVLW\�RI� OLJKW� DQG� LUUDGLDWLRQ� WLPH ZKHQ� WKH� GRVH� LV� NHSW� FRQVWDQW�� ,W� ZDVIRXQG�WKDW�ZKHQ



LUUDGLDWLQJ�(�� FROL :3�� DW� ����QP� �7LSKORYD� DQG�.DUX�� ���������E��� RU�+H/DFXOWXUH� DW� ���� QP� �.DUX�� ����E��� WKH� UHFLSURFLW\� ODZ� ZDV� LQYDOLG�� 7KH� HIIHFWVZHUH� IRXQG� WR�GHSHQG�RQ� WKH� OLJKW� LQWHQVLW\� DQG� LUUDGLDWLRQ� WLPH��ZLWK� WKH�GRVHEHLQJ�FRQVWDQW��/DWHU��WZR�GLIIHUHQW�PD[LPD�LQ�WKH�GRVH�GHSHQGHQFH�FXUYHV�RI�(�FROL:3��JURZWK�VWLPXODWLRQ��.DUX�HW�DO���������ZHUH�IRXQG�DV�VKRZQ�LQ�)LJXUHV�� DQG� ��� ,Q� WKH� FDVH� RI� WKH� ILUVW� PD[LPXP� �$�� )LJ�� ���� WKH� UHFLSURFLW\� ODZ� LVREH\HG��DQG�LQ�WKH�FDVH�RI�WKH�VHFRQG�PD[LPXP��%��)LJ������LW�LV�LQYDOLG��,Q�RWKHUZRUGV��WKH�PD[LPXP�$�GHSHQGV�RQ�WKH�LUUDGLDWLRQ� WLPH�� WKH�PD[LPXP < EHLQJLQGHSHQGHQW�RI� LW� �)LJ�� ���� )RU� WKH� ILUVW� VWLPXODWLRQ� PD[LPXP� �$�� WR� RFFXU� WKHFHOOV�PXVW�EH�H[SRVHG�WR�D�GRVH�RI�������-�P���)RU�WKH�VHFRQG�PD[LPXP��%���LW�LVQHFHVVDU\�WR�LUUDGLDWH�IRU�DW�OHDVW�����V��QR�PDWWHU�ZKDW�WKH�LUUDGLDWLRQ�LQWHQVLW\�LV�.DUX�HW�DO�� ������,Q�FDVH�RI�SXOVHG�OLJKW�� WKH�LUUDGLDWLRQ�HIIHFWV�DOVR�GHSHQG�RQ�SXOVH�UHSHWLWLRQUDWH DQG�RU� SXOVH� GXUDWLRQ� 7KHVH� HIIHFWV� DUH� VWXGLHG� PRUH� FDUHIXOO\� IRUPDPPDOLDQ�FHOOV��.DUX�HW�DO�������k� G���)RU�(��FROL:3��JURZWK�VWLPXODWLRQ��WKHGDWD� H[LVWV� IRU� IHPWRVHFRQG� SXOVHV� DW� ����QP� �.DUX� HW� DO�� ������� QDQRVHFRQGSXOVHV�DW�����QP��=KDURY�HW�DO�� ������DQG�PLOOL��DQG

),*85(� �� 'RVH� GHSHQGHQFH� IRU� (�� FROL :3�� JURZWK� VWLPXODWLRQ�� 7KH� EDFWHULDO� VXVSHQVLRQ� ZDVLUUDGLDWHG�DW�DQ�LQWHQVLW\�RI�����:�P� DQG�ZDYHOHQJWKV�RI�������������DQG������ QP�DV�GHVFULEHG�LQ.DUD�HO�DO�� �����



),*85(���(��FROL JURZWK�VWLPXODWLRQ�DV�D�IXQFWLRQ�RI�WKH�LUUDGLDWLRQ�WLPH��7KH�EDFWHULDO�VXVSHQVLRQ�ZDVLUUDGLDWHG�DW�������QP�DQG�LQWHQVLW\�RI�������[���� :�P�����������:�P����������:�P� DV�GHVFULEHG�LQ.DUD�HW�DO��������
PLFURVHFRQG�SXOVHV�DW�����QP��.DUX�HW�DO�� �������)LJXUH����SUHVHQWV�DQ�H[DPSOHRII��FROL�:3��JURZWK�VWLPXODWLRQ�ZKHQ�LUUDGLDWLQJ�DW�����QP�)LJXUH����LOOXVWUDWHV�WKH�GHSHQGHQFH�RI�LUUDGLDWLRQ�HIIHFW��JURZWK�VWLPXODWLRQ�RII�FROL�:3��WUS� DQG�SURWHLQ�V\QWKHVLV�VWLPXODWLRQ�RI�6DFFKDURP\FRGHV�OXGZLJLL� RQWKH�ZDYHOHQJWK RI� FRQWLQXRXV�ZDYH� OLJKW� �DFWLRQ� VSHFWUD��� $V� VHHQ� LQ� WKHVH� WZRDFWLRQ�VSHFWUD��WKHUH�DUH�PD[LPD�SUDFWLFDOO\�LQ�HYHU\�EDQG�RI�YLVLEOH�OLJKW��DV�ZHOODV�WKHLU�H[LVW��EXW�WKHUH�DUH�DOVR�ZDYHOHQJWKV�ZKLFK�DUH�QRW�HIIHFWLYH�6XPPLQJ� XS�� RQH� VKRXOG� HPSKDVL]H� WKDW� LQ� OLJKW�LQGXFHG� JURZWK� VWLPXODWLRQH[SHULPHQWV�� LW� LV� DV� QHFHVVDU\� WR� ILQG� WKH� ULJKW� SDUDPHWHUV� RI� OLJKW� DV� LW� LV� WRFKRRVH�WKH��ULJKW�FXOWXUH��DQG�WKH��ULJKW�FXOWLYDWLRQ�FRQGLWLRQV��
�����:KHQ�WR�0HDVXUH�WKH�,UUDGLDWLRQ�(IIHFW%LRFKHPLFDO�DQG�PRUSKRORJLFDO�FKDQJHV�LQ�WKH�LUUDGLDWHG�FHOOV�GHSHQG�RQ�WKH�WLPHHODSVHG�DIWHU�WKH�LUUDGLDWLRQ��6HFWLRQ�����7KLV�PHDQV�WKDW�WKH�PHDVXUHPHQWV�VKRXOGEH�PDGH�DW�WKH��ULJKW��WLPH��)RU�H[DPSOH��D�VLJQLILFDQW�LQFUHDVH�LQ�'1$�V\QWKHVLVRII��FROL:3��WUS� ZDV�GHWHFWDEOH



),*85(����6WLPXODWLRQ�RI�(��FROL :3��JURZWK�DIWHU�LUUDGLDWLRQ�ZLWK�D�VHPLFRQGXFWRU�ODVHU��O  ����QP��'� ���[���� -�P���LUUDGLDWLRQ�WLPH�����V��.DUX�HW�DO�� ������DV�D�IXQFWLRQ�RI�SXOVH�UHSHWLWLRQ�UDWHDQG�SXOVH�GXUDWLRQ�
RQO\�GXULQJ�ILUVW����PLQ�DIWHU�WKH�LQRFXODWLRQ��7LSKORYD�DQG�.DUX������E��.DUXHW� DO�� ������� DQG� WKH� JURZWK� VWLPXODWLRQ� ZDV� PD[LPDO� ��� PLQ� DIWHU� WKHLUUDGLDWLRQ� �7LSKORYD�DQG�.DUX������������E��)LJ������2QH�VKRXOG�QRWH� WKDW�ZHZHUH�QRW� DEOH� WR�GHWHFW� WKH�HIIHFW�RI�JURZWK� VWLPXODWLRQ� E\�VSHFWURSKRWRPHWULFPHDVXUHPHQWV� RI� WKH�GHQVLW\� RI� VXVSHQVLRQ� �7LSKORYD� DQG�.DUX�� XQSXEOLVKHG��$W�WKH�VDPH�WLPH��WKH�GHWHUPLQDWLRQ�RI�FHOO�QXPEHU�E\�VXUIDFH�SODWLQJ�WHFKQLTXHGLG�VKRZ�WKH�HIIHFW�:KHQ� LUUDGLDWLQJ� WKH�\HDVWV�� WKH� LUUDGLDWLRQ� HIIHFW� ZDV� UHYHDOHG� LQ� H[SRQHQWLDOSKDVH�RI



),*85(����$FWLRQ�VSHFWUD�RI�PRQRFKURPDWLF�OLJKW�XSRQ��$�� (��FROL :3��JURZWK��DQG��%��SURWHLQV\QWKHVLV�LQ�6DFFKRURP\FRGHV� OXGZLJLL� 7KH�H[SHULPHQWDO�FRQGLWLRQV�DUH�GHVFULEHG�LQ� 7LSKORYD�DQG.DUX��������DQG�)HGR�VH\HYD�HW�DO�� ����D��UHVSHFWLYHO\�
FXOWXUH�JURZWK� �3HGRVH\HYD�HW�DO�� ����������D��)LJ������$W� WKH� VDPH� WLPH�� WKHJURZWK� VWLPXODWLRQ� HIIHFW� RII�� FROL :3�� ZDV� GHWHFWDEOH� RQO\� LQ� ODJ�SKDVH� RIJURZWK��7LSKORYD�DQG�.DUX������������E��.DUX�HW�DO�� ������
���352%/(06�:+,&+�$5(�127�)8//<�81'(56722')LUVW�� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SKRWRVHQVLWLYLW\� RI�(�� FROL .���� JHQHWLFDOO\GLIIHUHQW�VWUDLQV��9RVNDQ\DQ�HW�DO�� ������������%HUWRORQL�HW�DO�� ������FHUWDLQO\GHVHUYHV�PRUH



DWWHQWLRQ� LQ� WKH� IXWXUH��5HFDOO� WKDW� WKH�VHQVLWLYLW\� RI�EDFWHULDO� FHOOV� WR� LUUDGLDWLRQZDV�SURSRVHG�WR�EH�D�S+�GHSHQGHQW�JHQHWLF�SURFHVV��7LSKORYD�DQG�.DUX������E�DOVR�VHH�)LJ�����6HFRQG�� WKH�GHSHQGHQFH�RI� WKH�SKRWRVHQVLWLYLW\� RI�\HDVWV�RQ� WKH� W\SH�RI� WKHLUPHWDEROLVP��)HGRVH\HYD�HW�DO�� ����D��6HFWLRQ������LV�D�SUREOHP�QRW�LQYHVWLJDWHGDQG�H[SODLQHG�VR�IDU�7KLUG�� LQ� H[SHULPHQWV� ZLWK� PLFURRUJDQLVPV� GXULQJ� PDQ\� \HDUV�� ZH� IRXQG� DVHDVRQDO� YDULDWLRQ� LQ�PD[LPDO� SRVVLEOH�SKRWRVWLPXODWLRQ� �.DUX������E���)LJXUH��� LOOXVWUDWHV� WKLV� ILQGLQJ��7KHUH�ZDV� SUDFWLFDOO\�QR�JURZWK�SKRWRVWLPXODWLRQ� LQVXPPHU��,Q�ZLQWHU��WKH�HIIHFW�ZDV�PD[LPXP��DQG�LQ�VSULQJ�DQG�DXWXPQ�WKH�HIIHFWZDV�LQWHUPHGLDWH�,Q�FDVH�RI�(��FROL� WKLV�SKHQRPHQRQ�ZDV� H[SODLQHG� LQ� WKH� IROORZLQJ�ZD\� �.DUX�����E��7LSKORYD� DQG�.DUX�� ����E��� ,Q� DXWXPQ� DQG�ZLQWHU�� WKH� FXOWXUH� IHDWXUHGUHODWLYHO\�VORZ�JURZWK�DQG�WKHQ�LUUDGLDWLRQ�KDG�D�VLJQLILFDQW�HIIHFW��H�J���)LJ�����,Q�VSULQJ�DQG�VXPPHU��ZKHQ�WKH�FXOWXUH�JURZWK�DFFHOHUDWHG�DQG�WKH�JURZWK�UDWH�RIWKH� FRQWURO� FXOWXUH�ZDV� DOPRVW� FRPSDUDEOH� WR� WKDW� RI� WKH� FXOWXUH� H[SRVHG� WR� WKHRSWLPXP� GRVH� RI� OLJKW� LQ� WKH� DXWXPQ�ZLQWHU� SHULRG�� LUUDGLDWLRQ� KDV� EXW� OLWWOHHIIHFW�

),*85(����9DULDWLRQ�RI�PD[LPDO�SRVVLEOH�JURZWK� VWLPXODWLRQ�RI� ���� (��FROL :3��� ��� L� VSKDHULFDDQG�����6DFFKDURP\FRGHV� OXGZLJLL GXULQJ�\HDU��VXPPDU\�RI�PHDVXUHPHQWV�SHUIRUPHG�LQ������������7KH� LUUDGLDWLRQ�ZDV�SHUIRUPHG�DOZD\V�DW�WKH�VDPH�WLPH��QHDU����D�P��IRU� (��FROL DQG�QHDU���S�P��IRU\HDVWV��ZLWK�D�+H�1H�ODVHU�LQ�GRVHV�������[���� -�P���������[���� -�P� RU��������-�P��



,W� LV� TXLWH� SRVVLEOH� WKDW� WKH� VHDVRQDO� YDULDWLRQ� RI� PD[LPDO� SRVVLEOHSKRWRVWLPXODWLRQ� LV� FRQQHFWHG� ZLWK� H[LVWLQJ� FHOOXODU�SHULRGLFLWLHV� DQG�RU� VRODUDFWLYLW\��6RPH�DVSHFWV�RI�WKLV�SUREOHP�ZHUH�GLVFXVVHG�LQ��.DUX������E���EXW�WKHSUREOHP�FOHDUO\�QHHGV�IXUWKHU�LQYHVWLJDWLRQ�
���&21&/86,2167KH�SURWRVHQVLWLYLW\�RI�QRQSKRWRV\QWKHVL]LQJ�PLFURRUJDQLVPV�WR�PRQRFKURPDWLFEDQGV� RI� YLVLEOH� OLJKW� ZDV� IRXQG� WR� EH� GHSHQGHQW� ERWK� RQ� SK\VLRORJLFDO�PHWDEROLF��VWDWH�RI�FHOOV�DV�ZHOO�DV�RQ�OLJKW�SDUDPHWHUV�,Q�FDVH�RI�(��FROL:3��WUS� WKH�LUUDGLDWLRQ�JHQHUDWHG�D�WUDQVLHQW�DFFHOHUDWLRQ�RIFHOO�GLYLVLRQ�ZKLFK�ZDV�H[SUHVVHG�LQ�UHGXFWLRQ�RI�WKH�ODWHQW�SHULRG�RI�WKH�JURZWK�$� PRGHO� H[SODLQLQJ� S+�GHSHQGHQW� VWHSV� LQ� LQLWLDWLRQ� RI� EDFWHULDO� '1$UHSOLFDWLRQ� ZDV� SURSRVHG� �7LSKORYD� DQG� .DUX�� ����E�� DQG� D� FKDQJH� LQLQWUDFHOOXODU� S+� ������� DIWHU� LUUDGLDWLRQ� KDV� EHHQ� DFWXDOO\� PHDVXUHG� UHFHQWO\�4XLFNHQGHQ�HO� DO�� �������7KH� LUUDGLDWLRQ� DOVR� LQFUHDVHG� WKH� DELOLW\� RI�(��FROL:3�� FHOOV� WR� SURPRWH� WKH� JURZWK� RIEDFWHULRSKDJH� 7�� �7LSKORYD� DQG� .DUX�������7KH�LUUDGLDWLRQ�RI�\HDVWV�OHG�WR�LQWHQVLILFDWLRQ�RI�SURWHLQ�V\QWKHVLV�DQG�VSHHGHGXS�WKH�SUHSDUDWLRQ�RI�FHOOV� IRU�GLYLVLRQ� DQG�EXGGLQJ�DV�H[SUHVVHG� LQ�VKRUWHQLQJRI�WKH�DYHUDJH�JHQHUDWLRQ�WLPH�LQ�WKH�ORJDULWKPLF�SKDVH�RI�WKH�FXOWXUH�JURZWK��$UHDUUDQJHPHQW� LQ� R[LGDWLYH� DQG� SKRVSKRURXV� PHWDEROLVP� RI� LUUDGLDWHG� FHOOVRFFXUUHG��)HGRVH\HYD�HW�DO�� ����E��.DUX�HW�DO�� ����D��E���6RPH�\HDVW�FXOWXUHVZHUH�PRUH�SKRWRVHQVLWLYH�WKDQ�RWKHUV�7KH�LUUDGLDWLRQ�ZLWK� D�+H�1H� ODVHU�ZLWKLQ�D�FHUWDLQ� GRVH� UDQJH� LQFUHDVHG� WKHQXPEHU� RI� JHUPLQDWHG� DQG� RXWJURZQ� HQGRVSRUHV� RI� $QDHUREDFWHUSRO\HQGRVSRUXV�7KH�VXUYLYDO�RI�D�PLFURRUJDQLVP�GHSHQGV�XSRQ�LWV�DELOLW\�WR�DGDSW�DQG�UHVSRQGWR� HQYLURQPHQWDO� IDFWRUV�� ,QDVPXFK� DV� WKH� YLVLEOH� OLJKW� LV� RQH� RI� WKHHQYLURQPHQWDO� IDFWRUV�� LW� LV� QRW� VXUSULVLQJ� WKDW� OLJKW�JURZWK� UHVSRQVHV� RIPLFURRUJDQLVPV� PDQLIHVW� WKHPVHOYHV� RQO\� LQ� VSHFLILF� FRQGLWLRQV� DQG� DUHGHSHQGHQW� RQ� OLJKW� SDUDPHWHUV� DV� ZHOO� DV� XSRQ� WKH� PHWDEROLF� VWDWH� RI� WKHLUUDGLDWHG�FHOOV�/LJKW�JURZWK�UHVSRQVHV�LQYROYH�WKH�UHVSLUDWRU\�FKDLQ��WKH�ORFDWLRQ�RI�SULPDU\SKRWR�DFFHSWRUV��IODYLQV�DQG�RU�F\WRFKURPHV��LV�EHOLHYHG�WR�EH�KHUH��.DUX������������� ����E�� ������ ������ 7LSKORYD� DQG� .DUX�� ����E��� 1DPHO\� WKLV� FRPPRQELRFKHPLFDO� EDVH� RI� WKH� SKRWRVHQVLWLYLW\� RI� QRQSKRWRV\QWKHVL]LQJ� FHOOVGHWHUPLQHV� WKH� YHUVDWLOLW\� RI� WKH� SKHQRPHQRQ�� 2QH� VKRXOG� UHFDOO� WKDWSKRWRVHQVLWLYH� V\VWHPV� DUH� ORFDWHG� QRW� LQ� KLJKO\� GLIIHUHQWLDWHG� RUJDQV� RURUJDQHOOHV� EXW� DUH� LQ� WKH� OLJKW�LQGXFHG� FKHPLFDO� UHDFWLRQV� ZLWK� PROHFXOHV� LQ�YROYHG�LQ�D�PHWDEROLF�SDWKZD\�ZKLFK�DUH�UDWKHU�XELTXLWRXV�LQ�QDWXUH��(ULDQJHU�������
'HGLFDWLRQ,�ZRXOG�OLNH�WR�GHGLFDWH�WKLV�SDSHU�WR�WKH�PHPRU\�RI�WKH�FRUUHVSRQGLQJ�PHPEHURI�WKH�$FDGHP\�RI�6FLHQFHV�3URIHVVRU�0D[LP�1LNRODHYLFK�0HLVVHO������������ZKR�DWWUDFWHG�P\�LQWHUHVW�WR�WKH�OLIH�RI�PLFURRUJDQLVPV�DQG�DFWLYHO\�SDUWLFLSDWHGLQ�WKH�ILUVW�H[SHULPHQWV�ZLWK�\HDVWV�
5HIHUHQFHV$EUDPRYD��1��9�� �������$FWLRQ�RI�PRQRFKURPDWLF� FRKHUHQW� UDGLDWLRQ� O  ������$� RQ� VXUYLYDO� RI\HDVW�6DFFKDURP\FHV�FHUHYLVLDH VWUDLQ�����(OHNWURQQD\D�REUDERWND�PDWHULDORY� 1��� ������%DVIRUG�� -�� 5�� ������� /RZ�HQHUJ\� ODVHU� WKHUDS\��&RQWURYHUVLHV� DQG� QHZ� UHVHDUFK� ILQGLQJV�� /DVHU6XUJ��0HG��������



%HONLQ��1���=DWXUXQVN\� <�� DQG�6FKZDQ]��0���������$�FULWLFDO�UHYLHZ�RI�ORZ�HQHUJ\�ODVHU� ELRHIIHFWV�/DVHUV�/LJKW�2SKWDOPRO� ���������%HPV��0��:�� DQG�1HOVRQ�� -�� 6�� ������� /DVHU� DSSOLFDWLRQ� LQ� ELRPHGLFLQH�� 3DQ� ,�� %LRSK\VLFV�� FHOOELRORJ\��DQG�ELRVWLPXODWLRQ��-��/DVHU�$SSOLFDWLRQV ���������%HUWRORQL�� *��� 6DFFKHWWR�� 5��� %DUR�� (��� &HFFKHUHOOL�� )��� DQG� -RUL�� *�� ������� %LRFKHPLFDO� DQGPRUSKRORJLFDO�FKDQJHV�LQ�(VFKHULFKLD�FROL LUUDGLDWHG�E\�FRKHUHQW�DQG�QRQ�FRKHUHQW���� ���QP�OLJKW�-��3KRORFKHP��3KRWRELRO��%��%LRO������������&DQWLQR��(� K�� DQG�+RUHQVWHLQ��(��$���������7KH�VWLPXODWRU\�HIIHFW�RI� OLJKW�XSRQ�JURZWK�DQG�&2AIL[DWLRQ�LQ�%ODVWRFODGLHOOD� ,��7KH�6.,�F\FOH��0\FRORJLD ������������&DUOLOH��0��-���������7KH�SKRWRELRORJ\�RI�IXQJL��$QQX��5HY��3ODQW�3K\VLRO� ��� ��������&DUOLOH��0��-���������7KH�SKRWRUHVSRQVHV�RI�IXQJL��,Q�� 3KRWRELRORJ\�D�0LFURRUJDQLVPV� HGLWHG�E\�3�+DOOGDO��/RQGRQ��:LOH\��SS����������&KHERWDU\RY��/��1��DQG� =HPO\DQXNKLQ��$��$��������� $ERXW� OLJKW�DFWLRQ�XSRQ�PHWDEROLVP�RI�\HDVW7RUXORSVLV�VSEDHULFD� 1DXFKQ\H�'RNODGLL�Y\VFKHL�VKNRO\��%LRO��QDXNL�1����������'DQLHOV�� /�� /�� DQG� 4XLFNHQGHQ�� 7�� ,�� ������� 'RHV� ORZ� LQWHQVLW\� +H1H� ODVHU� UDGLDWLRQ� SURGXFH� DSKRWRELRORJLFDO�JURZWK�UHVSRQVH�LQ�(VFKHULFKLD�FRLQ�3KRWRFKHP��3KRWRELRO� ��� ��������'
$RXVW�� -�� *���0DUWLQ��:��*��� *LURX[�� -�� DQG� 6FKQHLGHU�� +�� ������� 3URWHFWLRQ� IURP� YLVLEOH� OLJKWGDPDJH�WR�HQ]\PHV�DQG�WUDQVSRUW�LQ�(VFKHULFKLD�FROL��3KRWRFKHP��3KRWRELRO� ��� ��������'XGD��9��,���0XVKHJLDQ��0��6���/HEHGLQVNLL��$��9��DQG�0DW\XVKLQD��/��$���������)RUPLQJ�RI�IRXU�WRILYH� HQGRVSRUHV� LQ�RQH� FHOO�RI� D� QHZ�DQDHURELF�EDFWHULDO� VWUDLQ�� 'RNODG\� $NDG�� 1DXN�6665 �(QJO�WUDQVL�� ���� ��������(GPXQGV��/��1�� �������%OXH� OLJKW� SKRWRUHFHSWLRQ� LQ� WKH� LQKLELWLRQ�DQG� V\QFKURQL]DWLRQ� RI� JURZWKDQG� WUDQVSRUW� LQ� WKH� \HDVW� 6DFFKDURP\FHV� ,Q�� %OXH� /LJKW�6\QGURPH� HGLWHG� E\�+�� 6HQJHU�� %HUOLQ�6SULQJHU��SS����������(KUHQEHUJ��0���������:LUNXQJHQGHVVLFKWEDUHQ�/LFKWHV�QDFK� 6DFFKDURP\FHV�FHUHYLVLDH� ,��(LQIOXVVYHUVFKLHGHQHU� )DNWRUHQ� DXI� GLH� +RKH� GHV� /LFKWHIIHNHV� EHL� :DFKVWXP� XQG� 6WRII�ZHFKVHO�� $UFK�0LFURELRO� ������������(SHO� <� /���������,QKLELWLRQ�RI�JURZWK�DQG�UHVSLUDWLRQ�E\�YLVLEOH�OLJKW��,Q�� 3KRWRSK\VLRORJ\� 9RO����HGLWHG�E\�$��/��*LHVH��1HZ�<RUN��$FDGHPLF�3UHVV��SS����������(ULDQJHU��)���������3KRWRUHJXODWLRQ�RI�ELRORJLFDOO\�DFWLYH�PDFURPROHFXOHV�� $QQX��5HY��%LRFKHP� �����������)HGRVH\HYD��*��(���.DQL��7��,���/HWRNKRY��9��6���/RENR��9��9���3RPRVKQLNRYD��1��$���/\DSXQRYD��7�6�� DQG� 0HLVVHO��0��0�� ������� (IIHFW� RI� WKH� +H�1H� ODVHU� UDGLDWLRQ� RQ� WKH� UHSURGXFWLRQ� UDWH� DQGSURWHLQ�V\QWKHVLV�RI�WKH�\HDVW��/DVHU�&KHPLVWU\ ���������)HGRVH\HYD��*��(���.DUX��7��,���/\DSXQRYD��7��6Ä�3RPRVKQLNRYD��1��$��DQG�0HLVVHO��0��1�������D�7KH� DFWLYDWLRQ� RI� \HDVW� PHWDEROLVP� ZLWK� +H�1H� ODVHU� UDGLDWLRQ�� ,�� 3URWHLQ� V\QWKHVLV� LQ� YDULRXVFXOWXUHV��/DVHUV�/LIH�6FL� �����������)HGRVH\HYD��*��(���.DUD��7��,���/\DSXQRYD��7��6Ä�3RPRVKQLNRYD��1��$��DQG�0HLVVHO��0��1�������E�7KH�DFWLYDWLRQ�RI�\HDVW�PHWDEROLVP�ZLWK�+H�1H�ODVHU�UDGLDWLRQ��,,�� $FWLYLW\�RI�HQ]\PHV�RI�R[LGDWLYHDQG�SKRVSKRURXV�PHWDEROLVP��/DVHUV�/LIH�6FL� �����������)UDLNLQ� *��<D��� 9HUNKRWXURY��9��1�� DQG� 5XELQ�� /�� %�� ������� 7KH� SK\WRFKURPLF� V\VWHP� LQ� \HDVWV&DQGLGD�JXLOOHUPRQGLL��9HVWQLN�0*8��%LRO�� �� �����)UDLNLQ��*��<DÄ�5XELQ��/� <�� (UHPHHYD�����9���.XUFKHV��*��0���*RU\QNRYD��1��0���$IDQDV\HYD��9�3���*UDGRYD��1��<�� .DOXQ\DQWV��.��$���9DJDQRYD��0��6���2VLSRYD��9��*��DQG�)ULGPDQ��<X��6��������3UDFWLFDO� XVH� RI� SKRWRVWLPXODWLRQ� RI� JURZWK� RI� PLFURRUJDQLVPV�� 3ULNODGQD\D� ELRNKLPLD� LPLNURELRORJL\D ��� �����*UHSSLQ�� +�� DQG� *RXGD�� 6�� �����D�� /XPLV\QWKHVH� FKH]� 3VHXGRPRQDV� IOXRUHVFHQV HW� VD� QDWXUHDGDSWLYH��$UFK��6FL�������������*UHSSLQ�� +��� *RXGD�� 6�� DQG� 6FKRUHU�� (�� �����E�� $FWLRQ� GH� OD� OXPLHUH� VXU� OHV� FRORQLHV� GH3VHXGRPRQDV�IOXRUHVFHQV�0LJ��$UFK��6FL� ��� ��������+DUULV�� '�� 0�� ������� /DVHU� ELRVWLPXODWLRQ�� UHYLHZ� DQG� K\SRWKHVLV�� /DVHU� 7RSLFV ��� ����� �����+XWFKLQVRQ��$��+�� DQG�$VKWRQ��0��5�� ������� 7KH� VSHFLILF� HIIHFWV� RI�PRQRFKURPDWLF� OLJKW� RQ� WKHJURZWK�RI�3DUDPHFLXP��&DQ��-��5HV� �����������-DJJHU��-���������1HDU�89�UDGLDWLRQ�HIIHFWV�RQ�PLFURRUJDQLVPV�� 3KRWRFKHP��3KRWRELRO� ������������.DUX�� 7�� ,�� ������� 3KRWRELRORJLFDO� IXQGDPHQWDOV� RI� ORZ�SRZHU� ODVHU� WKHUDS\�� ,(((� -�� 4XDQW�(OHFWURQ� 4(���������������.DUX�� 7�� ,�� �������0ROHFXODU�PHFKDQLVP�RI� WKH� WKHUDSHXWLF� HIIHFW� RI� ORZ�LQWHQVLW\� ODVHU� UDGLDWLRQ�/DVHUV�/LIH�6FL����������.DUX��7��,�������D��3KRWRELRORJ\�RI�ORZ�SRZHU�ODVHU�HIIHFWV��+HDOWK�3K\VLFV ������������.DUX��7��,�������E��3KRWRELRORJ\�RI�/RZ�3RZHU�/DVHU�7KHUDS\� /RQGRQ��+DUZRRG�$FDGHPLF�.DUX� L�������k� /DVHU�ELRVWLPXODWLRQ��D�SKRWRELRORJLFDO�SKHQRPHQRQ�� -��3KRWRFKHP��3KRWRELRO���%�%LRO� �����������.DUX�� 7�� ,�� �������(IIHFWV� RI� YLVLEOH� UDGLDWLRQ� RQ� FXOWXUHG�FHOOV�� 3KRWRFKHP�� 3KRWRELRO� ��������������.DUX��7���������'HUHSUHVVLRQ RI�JHQRPH�DIWHU�LUUDGLDWLRQ�RI�KXPDQ�O\PSKRF\WHV�ZLWK�+H� 1H ODVHU�/DVHU�7KHUDS\���������.DUX�� 7�� ,�� �������/RZ�SRZHU� ODVHU� HIIHFWV�� ,Q�� /DVHUV� LQ�0HGLFLQH HGLWHG�E\�5��:D\QDQW� DQG�*�3HWWLW��1HZ�<RUN��3OHQXP�3UHVV��LQ�WKH�SUHVV��.DUX��7��,���7LSKORYD�����$���/HWRNKRY��9��6��DQG�/RENR��9��9���������6WLPXODWLRQ�RI�(��FROL JURZWKE\�ODVHU�DQG�LQFRKHUHQW�UHG�OLJKW�����1XRYR�&LPHQWR �'� ����������.DUX��7��7LSKORYD������6DPRNKLQD��0���'LDPRQWRSRXORV��&���6DUDQWVHY��9��DQG� 6KYHLNLQ��9��������(IIHFWV�RI�,5�UHG�ODVHU�DQG�VXSHUOXPLQRXV�GLRGH�LUUDGLDWLRQ�RQ�(VFKHULFKLD�FROL GLYLVLRQ�UDWH��,(((�-�



4XDQW��(OHFWURQ��4(���� ����������.DUX�� 7�� ,��� 7LSKORYD�� ��� $��� 0DWYH\HWV�� <X�� $��� <DUWVHY�� $�� 3�� DQG� /HWRNKRY�� 9�� 6�� ������&RPSDULVRQ�RI� HIIHFWV� RI� YLVLEOH� IHPWRVHFRQG� ODVHU�SXOVHV� DQG� FRQWLQXRXV�ZDYH� ODVHU� UDGLDWLRQ�RIORZ�DYHUDJH�LQWHQVLW\�RQ�WKH�FORQRJHQLFLW\�RI�(VFKHULFKLD�FROL��-��3KRWRFKHP��3KRWRELRO��%��%LRO� �����������.DUX��7��,���.XWRPNLQD��(��9���/\DSXQRYD��7��6��DQG�3RPRVKQLNRYD��1��$�������D��7KH�DFWLYDWLRQ�RI\HDVW�PHWDEROLVP�ZLWK� +H�1H� ODVHU� UDGLDWLRQ�� ,,,�� 3URWHLQ� V\QWKHVLV� LQ� 6DFFKDURP\FRGHV� OXGZLJLLJURZQ�LQ�DHURELF�DQG�DQDHURELF�FRQGLWLRQV��/DVHUV�/LIH�6FL� �����������.DUX��7��,���/\DSXQRYD��7��6��DQG�3RPRVKQLNRYD��1��$�������E��7KH�DFWLYDWLRQ�RI�\HDVW�PHWDEROLVPZLWK� +H�1H� ODVHU� UDGLDWLRQ�� ,9�� 5HODWLRQVKLS� EHWZHHQ� WKH� DFWLYLW\� RI� FDWDODVH� DQG� VWLPXODWLRQ� RISURWHLQ�V\QWKHVLV��/DVHUV�/LIH�6FL���� ��������.DUX� L�� $QGUHLFKXN�� 7�� DQG� 5\DE\NK� L�� �����k� &KDQJHV� LQ� R[LGDWLYH� PHWDEROLVP� RI� PXULQHVSOHHQ�IROORZLQJ�GLRGH�ODVHU����������QP��LUUDGLDWLRQ��HIIHFW� RI�FHOOXODU� FRPSRVLWLRQ�DQG�UDGLDWLRQSDUDPHWHUV��/DVHUV�6XUJ��0HG� ��� ��������.DUX� L�� $QGUHLFKXN��7��DQG�5\DE\NK��7�������G��6XSSUHVVLRQ�RI�KXPDQ�EORRG�FKHPLOXPLQHVFHQFHE\�GLRGH�ODVHU�UDGLDWLRQ�DW�ZDYHOHQJWKV���������������RU�����QP�� /DVHU�7KHUDS\ �����������.DUX� L�� 7LSKORYD�� ���� (VHQDOLHY�� 5Ä� /HWRNKRY�� 9�� ������� 7ZR� GLIIHUHQW� PHFKDQLVPV� RI� ORZ�LQWHQVLW\� ODVHU� SKRWRELRORJLFDO� HIIHFWV� RQ� (VFKHULFKLD� FROL�� -�� 3KRWRFKHP�� 3KRWRELRO�� %�� %LRO� �����������.MHOGVWDG��%��������� 'LIIHUHQW�SKRWRLQDFWLYDWLRQ�PHFKDQLVPV�LQ� 3URSLRQLEDFWHUXXP� DFQHV IRU�QHDU89�DQG�YLVLEOH�OLJKW��3KRWRFKHP��3KRWRELRO� ��� ��������.RQHY��6��9��� /\VNRYD��7�� ,�� DQG� 3URNRSRYD�� -��9�� ������� 6WLPXODWLYH�DFWLRQ�RI�YLVLEOH� OLJKW� XSRQGLYLVLRQ�DQG�UHVSLUDWLRQ�RI�\HDVW�FHOOV�� OLYHVWL\D�8NUDLQVNRL�$FDGHPLL�+DXN �� ������.RYDOFKXN��/��3���%XUWVHYD��6��$��DQG�5D]XPRYVNLL��3��1���������$FWLRQ�RI�ODVHU�UDGLDWLRQ�RQ�OLSLGV\QWKHVLV�LQ�\HDVWV��%LRIL]LND �(QJO��7UDQVO��������������.ULQVN\�� )�� ������� &HOOXODU� GDPDJH� LQLWLDWHG� E\� YLVLEOH� OLJKW�� ,Q�� 7KH� 6XUYLYDO� RI� 9HJHWDWLYH0LFUREHV� HGLWHG�E\�7��*UD\�DQG�-��3RVWJDJH��&DPEULGJH��&DPEULGJH�8QLYHUVLW\�3UHVV��SS����������.XWRPNLQD�� (�� 9�� .DUX�� 7�� ,��� 0XVKHJLDQ�� 0�� 6�� DQG� 'XGD�� 9�� ,�� ������� +H�1H� ODVHU� LQGXFHGJHUPLQDWLRQ�RI�HQGRVSRUHV�RI�$QDHUREDFWHU�SRO\HQGRVSRUXV��/DVHUV�/LIH�6FL� �� ��������0DFPLOODQ�� -�� '��� 0D[ZHOO�� :�� $�� DQG� &KLFKHVWHU�� &�� ��� ������� /HWKDO� SKRWRVHQVLWL]DWLRQ� RIPLFURRUJDQLVPV�ZLWK�OLJKW�IURP�D�FRQWLQXRXV�ZDYH�JDV�ODVHU��3KRWRFKHP��3KRWRELRO� ������������1LQQHPDQ�� +��� %XWOHU�� :�� /�� DQG� (SHO�� %�� /�� ������� ,QKLELWLRQ� RI� UHVSLUDWLRQ� LQ� \HDVW� E\� OLJKW�%LRFKLP��%LRSK\V��$FWD ��������������3HDN��-��*���3HDN��0��-��DQG�7XYHVRQ��5��:���������8OWUDYLROHWDFWLRQ�VSHFWUD�IRU�DHURELF�DQG�DQDHURELF�LQDFWLYDWLRQ� RI�(VFKHULFKLD�FROL VWUDLQV�VSHFLILFDOO\�VHQVLWLYHDQG�UHVLVWDQW�WR�QHDU�89�UDGLDWLRQ��3KRWRFKHP��3KRWRELRO����� ��������3ROHWHEQRYD��0��9��)HRILORYD��(��3���7HUHVKLQD��9��1��DQG�6KLURNRYD��(��$���������(IIHFW�RI�OLJKW�RQOLSLG�V\QWKHVLV�DQG�VSRUH� IRUPDWLRQ�E\� &XQQLJKDPHOOD�MDSRQLFD��0LNPELRORJL\D �(QJO�� WUDQVO�������������4XLFNHQGHQ��7��,��DQG�'DQLHOV��/��/���������$WWHPSWHG�ELRVWLPXODWLRQ�RI�GLYLVLRQ�LQ� 6DFFKDURP\FHVFHUHYLVLDH�XVLQJ�UHG�FRKHUHQW�OLJKW��3KRWRFKHP��3KRWRELRO� ������������4XLFNHQGHQ��7��,���'DQLHOV��/��/��DQG�%\PH��7���������'RHV�ORZ�LQWHQVLW\�+H1H�ODVHU�UDGLDWLRQ�DIIHFWWKH�LQWUDFHOOXODU�S+�RI�LQWDFW�(VFKHULFKLD�FROL 
FHOOV"�,Q��/DVHU�7LVVXH�,QWHUDFWLRQ�9,��63,(3URF �� 9RO������� HGLWHG�E\�6�� -�� -DFNHV�DQG�$��.DW]LQ��:DVKLQJWRQ��63,(��5XELQ��/� <�� <HUHPH\HYD�� ��� DQG$NKREDG]H� ������� $FWLRQ� RI� OLJKW� RQ� WKH� PHWDEROLVP� RI� QRQSKRWRV\QWKHVL]LQJ� PLFURRUJDQLVPV�8VSHNKL�6RYUHPHQQRL�%LRORJLL���� ��������6HQJHU��+���������7KH�HIIHFW�RI�EOXH�OLJKW�RQ�SODQWV�DQG�PLFURRUJDQLVPV�� 3KRWRFKHP��3KRWRELRO��������������6PLWK� D� 6���������7KH�SKRWRELRORJLFDO�EDVLV�RI� ORZ�OHYHO� ODVHU� UDGLDWLRQ�WKHUDS\�� /DVHU7KHUDS\ ���������7LSKORYD�� ��� $�� DQG�.DUX�� 7�� ,�� �������� 6WLPXODWLRQ� RI� (VFKHULFKLD� FROL GLYLVLRQ� E\� ORZ�LQWHQVLW\PRQRFKURPDWLF�OLJKW��3KRWRFKHP��3KRWRELRO� ��� ��������7LSKORYD�����$�� DQG�.DUX��7��/��������5ROH�RI�SULPDU\�SKRWRDFFHSWRUV� LQ� ORZ�SRZHU� ODVHU� HIIHFWV�DFWLRQ�RI�+H�1H� ODVHU� UDGLDWLRQ�RQ� WKH� EDFWHULRSKDJH� -��(VFKHULFKLD�FROL LQWHUDFWLRQ��/DVHUV�6XUJ�0HG� ���������7LSKORYD�����$�� DQG�.DUX��7��,�� �����D��'HSHQGHQFH� RI�(VFKHULFKLD�FROL�JURZWK UDWH� RQ� LUUDGLDWLRQZLWK�+H�1H�ODVHU�DQG�JURZWK�VXEVWUDWHV��/DVHUV�/LIH�6FL���� ��������7LSKORYD����� DQG�.DUX��7���������$FWLRQ�RI� ORZ�LQWHQVLW\� ODVHU� UDGLDWLRQ�RQ� (VFKHULFKLD� FROL� &5&&ULWLFDO�5HY��%LRPHG��(QJ� ��� ��������9RVNDQ\DQ� D� 6K���6LPRQ\DQ��1��9��$YDN\DQ��7V��0��DQG�$QLWXQ\DQ��$��*���������(IIHFW�RI�+H�1HODVHU�UDGLDWLRQ�RQ�;�UDGLDWLRQ�VHQVLWLYLW\�RI�(VFKHULFKLD�FROL .����FHOOV��5DGLRELRORJL\D ������������9RVNDQ\DQ� D� 6K���6LPRQ\DQ��1��9���$YDN\DQ��7V��0��DQG�$QLWXQ\DQ��$��*���������0RGLILFDWLRQ�RIWKH�GDPDJLQJ�HIIHFW�RI��SDQLFOHV�RQ�(��FROL .����E\�ORZ�LQWHQVLW\�ODVHU�UDGLDWLRQ��5DGLELRORJL\D �����������:HEE��5��%��DQG�%URZQ��1��6���������6HQVLWLYLW\�RI�VWUDLQV�RII�� FROL GLIIHULQJ�LQ�UHSDLU�FDSDELOLW\�WRIDU�89��QHDU�89�DQG�YLVLEOH� UDGLDWLRQV��3KRWRFKHP��3KRWRELRO� ��� ��������:HEE��5��%���������/HWKDO�DQG�PXWDJHQLF HIIHFWV�RI�QHDU�89�UDGLDWLRQ��3KRWRFKHP��3KRWRELRO��5HY������������ 9RVNUHVHQVND\D�� 1�� 3�� ������� %OXH� OLJKW� DQG� FDUERQ� PHWDEROLVP�� $QQX�� 5HY�� 3ODQW3K\VLRO� ������������=KDURY��9��3���.DUX��7��,���/LWYLQRY��<X��'��DQG�7LSKORYD� H��:� �������%LRORJLFDO�HIIHFW�RI�UDGLDWLRQ
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