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DO��� ������ %UDYR� DQG� -RKQVRQ�� ������/LFKWHQZDOQHU�HW�DO���������*RUGRQ���������6HYHUDO� VHPHQ� FROOHFWLRQ� WHFKQLTXHV�GHVFULEHG� IRU� RWKHU� VSHFLHV� KDYH� EHHQ�PRGLILHG� DQG� DGRSWHG� IRU� WKH� PDOH� FDPHOLGV�ZLWK� YDULDEOH� GHJUHHV� RI� VXFFHVV� �7LEDU\� DQG�0HPRQ���������7KH�WZR�PDLQ�WHFKQLTXHV�XVHG�IRU� FROOHFWLRQ� RI� VHPHQ� IURP� WKH� GURPHGDU\�FDPHO� DUH� WKH� DUWLILFLDO� YDJLQD� �$9�� DQG� WKH�HOHFWUR�HMDFXODWLRQ�� &ROOHFWLRQ� RI� VHPHQ� IURP�WKH� FDPHO� XVLQJ� WKH� HOHFWUR�HMDFXODWLRQ�WHFKQLTXH� UHTXLUHV� WUDQTXLOLW\� RI� WKH� DQLPDO�ZLWK� D� VSHFLDO� UHVWUDLQW�� 7KH� HMDFXODWH� KDV�ORZHU�YROXPH�DQG�SRRU�TXDOLW\�� LQ�DGGLWLRQ� WR�WKH�SRVVLELOLW\�RI�FRQWDPLQDWLRQ�ZLWK�XULQH�DQG�FHOOXODU� GHEULV� � �7LQJDUL� HW� DO��� ������&KDXGKDU\��������7LEDU\�DQG�0HPRQ�����������7KH�$9� LV� FRQVLGHUHG� WKH�PRVW� VXLWDEOH�DQG� UHSHDWDEOH� WHFKQLTXH� IRU� FROOHFWLRQ� RI�VHPHQ�IURP�WKH�PDOH�FDPHOLGV��0XVD�HW�DO���������+DVVDQ�HW�DO���������/LFKWHQZDOQHU�HW�DO��� �������6HYHUDO� WULDOV� WR� LPSURYH� VHPHQ�FROOHFWLRQ� XVLQJ� $9� KDYH� EHHQ� FRQGXFWHG�IRU� WKH� PDOH� FDPHOLGV� �$QRXDVVL� HW� DO���������0XVD� HW� DO��� ������ /LFKWHQZDOQHU� HW�DO��� ������� 0RVW� UHVHDUFKHUV� KDYH� IRFXVHG�RQ� LPSURYHPHQW�RI� WKH�DUWLILFLDO�YDJLQD�IRU�EHWWHU� FROOHFWLRQ� RI� VHPHQ�� +RZHYHU�� WKH�
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ODWWHU� LQYHVWLJDWRUV� KDYH� DWWHPSWHG�FROOHFWLRQ� RI� VHPHQ� IURP� WKH� PDOH� OODPD�XVLQJ�$9�KRXVHG�LQVLGH�D�VXUURJDWH�IHPDOH�OODPD�DQG�WKH�PDOHV�ZHUH�DFFOLPDWHG�WR�WKH�VHPHQ�FROOHFWLRQ�DUHD� �DQ�HOHYDWHG�ZRRGHQ�FKXWH��� 7KLV� PDGH� JXLGDQFH� RI� WKH� SHQLV�WRZDUGV�WKH�$9�HDVLHU��7KH�PDOH�GURPHGDU\�FDPHO�FDQ�EH�PRUH�GDQJHURXV�DQG�SUREOHPDWLF�ZKHQ�FRPSDUHG�ZLWK� RWKHU�PDOH� OLYHVWRFN� GXH� WR� LWV� ODUJHU�VL]H� DQG� YLFLRXVQHVV�� 7KHUHIRUH�� WKLV� VWXG\�DLPHG� WR� GHVFULEH� D� VDIHU� DQG� PRUH�FRQYHQLHQW� DSSURDFK� IRU� FROOHFWLRQ� RI�VHPHQ�IURP�WKH�PDOH�GURPHGDU\�FDPHO�ZLWK�PLQLPDO�LQWHUIHUHQFH����0DWHULDOV�DQG�0HWKRGV��$QLPDOV��6L[�PDOHV�DQG�IRXU�QRQ�SUHJQDQW�IHPDOH�FDPHOV� �&DPHOXV� GURPHGDULXV� DJHG� �����\HDUV� ZHUH� XVHG� LQ� WKLV� VWXG\�� (DFK� PDOH�FDPHO� ZDV� KRXVHG� VHSDUDWHO\� LQ� ��[�� P�SDGGRFN� DQG� IHG� ���� NJ� EDUOH\� SHU� GD\��5KRGHV� JUDVV� DQG� ZDWHU� ZHUH� SURYLGHG� DG�OLELWXP�� )HPDOH� FDPHOV� ZHUH� KRXVHG� LQ�ODUJH� SHQV� DQG� LQ� DGGLWLRQ� WR� WKH� UDWLRQ�SURYLGHG� WR� WKH� PDOHV�� WKH\� ZHUH� DOORZHG��LQWR�D�SDVWXUH�IRU�����KRXUV�GDLO\���6HPHQ�&ROOHFWLRQ�6\VWHP��7KH�PDLQ�SULQFLSOH�RI�WKLV�DSSURDFK�ZDV�WR�FROOHFW�VHPHQ�IURP�WKH�FDPHO�E\�DUWLILFLDO�YDJLQD� �$9�� ZLWK� WKH� RSHUDWRU� LQ� DQ�XQGHUJURXQG� URRP� EHQHDWK� WKH� FROOHFWLRQ�DUHD��$�ORRSKROH�PDGH�XS�RQ�WKH�URRI�RI�WKLV�URRP� ZDV� GHVLJQHG� WR� SDVV� WKH� DUWLILFLDO�YDJLQD�WKURXJK�IRU�FROOHFWLRQ�RI�VHPHQ�ZLWK�PLQLPDO� LQWHUUXSWLRQ� WR� WKH� FRSXODWLRQ�SURFHVV�� 7KLV� ORRSKROH� DOVR� SHUPLWWHG� IXOO�REVHUYDWLRQ� RI� WKH� PDWLQJ� EHKDYLRXU� DQG�HMDFXODWRU\�SDWWHUQ��� $Q�XQGHUJURXQG�FROOHFWLRQ� URRP� �����[����� [� ���� FP�� ZDV� GHVLJQHG� DQG�FRQVWUXFWHG� IURP� LURQ� EHDPV� DQG� FRQFUHWH�LQ� WLOHV� �)LJXUHV��	���� $� VTXDUH� ORRSKROH�����[����FP��ILWWHG�ZLWK�D�VOLGLQJ�GRRU�ZDV�

PDGH� RQ� WKH� URRI�� 7KH� URRP�ZDV� VXSSOLHG�ZLWK� DQ� HQWUDQFH�� H[LW�� HOHFWULF� FXUUHQW� DQG�GUDLQDJH�� ,W�ZDV� HTXLSSHG�ZLWK� D� WDEOH� DQG�DQ LQFXEDWRU� IRU� PDLQWHQDQFH� RI� WKH� $9�WHPSHUDWXUH���� 7KH� VHPHQ� FROOHFWLRQ� DUHD�� VLWXDWHG� RQ�WKH� FROOHFWLRQ� URRP�� ZDV� VLPSO\� PDGH� XS�IURP�SDUDOOHO�LURQ�EDUV�ZLWK�DQ�HQWUDQFH�DQG�H[LW��$�ZRRGHQ�ERDUG������[�����[����FP��ZDV�ILWWHG�RQ�WKH�IORRU�RI�WKH�FROOHFWLRQ�DUHD�ZLWK� D� UHFWDQJXODU� FXW� ���� [� ��� FP��RSSRVLWH� WR� WKH� ORRSKROH� RQ� WKH� FROOHFWLRQ�URRP�URRI��)LJXUH������ $IWHU� VHYHUDO� WULDOV� RI� XVLQJ� EXOO¶V�� UDP¶V��ERDU¶V� DQG� RSHQ�HQGHG� DUWLILFLDO� YDJLQDH�� D�QHZ�EXOO¶V�$9�ZDV� GHYHORSHG� IRU� WKH� FDPHO��7KH� PRGLILHG� $9� ZDV� ��FP� LQ� OHQJWK��)LJXUHV����� VXSSOLHG� ZLWK� D� FHUYL[±OLNH� FRUN��LQVHUWHG� DW� WKH� GLVWDO� HQG� RI� WKH� LQQHU� OLQHU���7KH�$9�ZDV� ILOOHG�ZLWK� ZDWHU� DW� �����Û&� WR�JLYH�DQ�LQWHUQDO�WHPSHUDWXUH�RI������Û&���

)LJXUH����9LHZ�RI�WKH�XQGHUJURXQG�URRP��ZLWK�HQWHUDQFH�DQG�H[LW�ZKLOH�XQGHU�FRQVWUXFWLRQ���

)LJXUH����6LGH�YLHZ�RI�WKH�XQGHUJURXQG�FROOHFWLRQ�URRP��D���ZRRGHQ�ERDUG��E���DQG��VWDLUV��F���
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)LJXUH����7RS�YLHZ�RI�WKH�FROOHFWLRQ�DUHD�VKRZLQJ���FROOHFWLRQ�ORRSKROH���D���ZRRGHQ�ERDUG���E��DQG��VWDLUV��F��WR�XQGHUJURXQG�FROOHFWLRQ�URRP���

)LJ����7KH�PRGLILHG�$9�VKRZLQJ��WKH�LQQHU�OLQHU�VXUURXQGHG�E\�FHUYL[�OLNH�FRUN��� 6HPHQ�FROOHFWLRQ�ZDV�SHUIRUPHG�RQFH�D�ZHHN� IRU� HDFK� PDOH� GXULQJ� WKH� EUHHGLQJ�VHDVRQ� IURP� 1RYHPEHU� WR� )HEUXDU\�� � $�WHDVHU� IHPDOH� FDPHO�ZDV� WLHG� XS� LQ� VWHUQDO�UHFXPEDQF\� RQ� WKH� ZRRGHQ� ERDUG� RI� WKH�FROOHFWLRQ� DUHD� VR� WKDW� WKH� XQGHUJURXQG�ORRSKROH�ZDV�EHWZHHQ�KHU�WKLJKV��7KH�PDOH�FDPHO� ZDV� DOORZHG� WR� HQWHU� WKH� FROOHFWLRQ�DUHD�� VQLII�� SHUIRUP� IOHKPHQ� DQG� PRXQW��:KHQ� WKH� PDOH� DWWHPSWHG� WR� LQWURGXFH� KLV�SHQLV� LQ� WKH� YDJLQD�� WKH� RSHUDWRU� LQ� WKH�XQGHUJURXQG� URRP� RSHQHG� WKH� ORRSKROH��7KH� $9� ZDV� WKHQ� SDVVHG� WKURXJK� WKH�

ORRSKROH�DQG�GLUHFWHG�WRZDUGV�WKH�SHQLV��,Q�VRPH� RFFDVLRQV�� DQRWKHU� RSHUDWRU� ZDV�QHHGHG�WR�VWDQG�DW�WKH�ULJKW�VLGH�RI�WKH�EXOO�WR� KHOS� LQ� JXLGLQJ� WKH� SHQLV� WRZDUGV� WKH�DUWLILFLDO�YDJLQD���5HVXOWV��0RVW� FDPHOV�ZLWK� WUDLQLQJ� DFFHSWHG� WKLV�DSSURDFK� RI� VHPHQ� FROOHFWLRQ�� 7KHUHIRUH��VXFFHVVIXO� PRXQWLQJ�� LQWRPLVVLRQ� DQG�HMDFXODWLRQ� WRRN� SODFH�� 6HPHQ� FROOHFWLRQ�ZDV�IXOILOOHG�LQ����WLPHV�RXW�RI����DWWHPSWV���������� )RU� WKH� RWKHU� ������ DWWHPSWV��PDOH�FDPHOV� UHIXVHG� WR�HQWHU� WKH�FROOHFWLRQ�DUHD�� 7KLV� WHFKQLTXH� RI� VHPHQ� FROOHFWLRQ�HQDEOHG� IXOO� REVHUYDWLRQ� RI� FRSXODWRU\�EHKDYLRXU� DQG� SDWWHUQ� RI� HMDFXODWLRQ�ZKLOH�WKH�RSHUDWRU�ZDV� LQ� WKH�XQGHUJURXQG� URRP��(UHFWLRQ�RI�WKH�SHQLV�RFFXUUHG�RQO\�DIWHU�WKH�PDOH� KDG� PRXQWHG� WKH� IHPDOH� LQ� D� VLWWLQJ�SRVLWLRQ�� 7KHQ� WKH� SDUWLDOO\� HUHFW� SHQLV�SUREHG� WKH� IHPDOHCV�SHULQHXP�WR� ORFDWH� WKH�YXOYD�� GXULQJ� ZKLFK� WKH� $9� ZDV� JXLGHG�WRZDUGV�WKH�SHQLV��)LJXUH�����7KH�SHQLV�ZDV�IXOO\� H[WHQGHG� XSRQ� SHQHWUDWLRQ� LQVLGH� WKH�$9�� )ROORZLQJ� LQWURPLVVLRQ�� IULFWLRQ�PRYHPHQWV� RI� WKH� SHQLV� RFFXUUHG� LQ�DVVRFLDWLRQ� ZLWK� LWV� URWDWLRQDO� PRYHPHQWV��7KH�PDOH� WKHQ�PDGH� KLPVHOI� YHU\� FORVH� WR�WKH� IHPDOH��7KH�DSSURSULDWH�SRVLWLRQ�RI� WKH�$9��MXVW�EHORZ�WKH�IHPDOHCV�YXOYD��EHWZHHQ�KHU� WKLJKV� DOORZHG� VXFFHVVIXO� FROOHFWLRQ�ZLWKRXW�LQWHUUXSWLQJ�FRSXODWLRQ���

)LJXUH����7KH�ORFDWLRQ�RI�WKH�XQGHUJURXQG�ORRSKROH�EHWZHHQ�WKH�WKLJKV�RI�WKH�WHDVHU�IHPDOH�FDPHO�ZKLOH�WKH�RSHUDWRU�SDVVLQJ�WKH�$9�WKURXJK�WKH�ORRSKROH�DQG�GLUHFWLQJ�LW�WRZDUGV�WKH�SHQLV���
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7KH� XVH� RI� DQ� RSHQ�HQGHG� $9� HQDEOHG�REVHUYLQJ� � WKH� UDSLG� URWDWLRQDO� FORFNZLVH�PRYHPHQWV�RI� � WKH�SHQLV��7KH�KRRN�VKDSHG�FDUWLODJHQRXV�JODQV�SHQLV�PDGH�WKHVH�SHQLOH�VSLQ� YHU\� FOHDU�� ,Q� DGGLWLRQ�� JUDVSLQJ� WKH�JODQV� SHQLV� ILUPO\� ZLWK� WKH� JORYHG� KDQG�SURYRNHG�MHWV�RI�HMDFXODWLRQ��7KH� GXUDWLRQ� RI� FRSXODWLRQ�� IURP� LQLWLDO�PRXQWLQJ�WR�ILQDO�GLVPRXQWLQJ��UDQJHG�IURP�� WR� ���PLQXWHV��7ZR� WR� HLJKW� HMDFXODWLRQV�SHU� FRSXODWLRQ� ZHUH� FROOHFWHG�� (DFK�HMDFXODWLRQ� ZDV� DVVRFLDWHG� ZLWK� SHOYLF�WKUXVW�� 7KH� DPRXQW� RI� FROOHFWHG� VHPHQ�UDQJHG�IURP���WR������PO����'LVFXVVLRQ�� ,PSURYHPHQW� RI� VHPHQ� FROOHFWLRQ� KDV�EHHQ� FRQVLGHUHG� DV� DQ� LPSRUWDQW� VWHS� IRU�JHQHUDOLVDWLRQ� RI� DUWLILFLDO� LQVHPLQDWLRQ� LQ�WKH� FDPHO� �6LHPH� HW� DO��� ������� 0DWLQJ� LQ�FDPHOLGV� WDNHV� SODFH� ZLWK� WKH� IHPDOH� LQ� D�VTXDWWLQJ�SRVLWLRQ��ZKLFK�PDNHV�FRSXODWLRQ�QHDUO\� DW� WKH� JURXQG� OHYHO�� ,W� LV�� WKHUHIRUH��GLIILFXOW� WR� JUDVS� DQG� GLUHFW� WKH� SHQLV� LQWR�WKH� $9� �7LQJDUL� HW� DO��� ������� 7KH�SURORQJHG� SHULRG� RI� FRSXODWLRQ� DQG� WKH�VORZ� SURFHVV� RI� HMDFXODWLRQ� DGG� PRUH�GLIILFXOWLHV� IRU� VHPHQ� FROOHFWLRQ� IURP� WKH�FDPHO� �(QJODQG� HW� DO��� ������ %UDYR� DQG�-RKQVRQ�� ������ /LFKWHQZDOQHU� HW� DO��� ������*RUGRQ�� ������� 7KXV�� WKH� SUHVHQW� VWXG\�GHPRQVWUDWHV� D� XVHIXO�PRGHO� IRU� FROOHFWLRQ�RI� VHPHQ� IURP� WKH� GURPHGDU\� FDPHO� XVLQJ�$9��7KH�SUHVHQFH�RI�D�ORRSKROH�XQGHUQHDWK�WKH� FROOHFWLRQ� DUHD� IDFLOLWDWHG� VHPHQ�FROOHFWLRQ� XVLQJ� WKH� $9� ZLWKRXW�LQWHUUXSWLQJ� FRSXODWLRQ�� 7KH� DSSURSULDWH�SRVLWLRQLQJ�RI�WKH�$9�XQGHUQHDWK�WKH�WHDVHU�SHULQHXP� ZLWK� GLUHFW� DOLJQPHQW� ZLWK� WKH�EDVH� RI� WKH� SHQLV� PDGH� VHPHQ� FROOHFWLRQ�IURP� WKH� FDPHO� VXFFHVVIXO�� ,Q� WKLV�PDQQHU��YHQWUDO� RU� ODWHUDO� EHQGLQJ� RI� WKH� SHQLV�ZDV�DYRLGHG�� 7KHUHIRUH�� WKLV� DSSURDFK� DOORZHG�EHWWHU� VHPHQ� GLVFKDUJH� WKURXJKRXW� WKH�SHQLOH� XUHWKUD�� ,Q� DGGLWLRQ�� WKLV� SDWWHUQ� RI�VHPHQ� FROOHFWLRQ� SURYLGHV� D� EHWWHU� YLHZ�RI�PDWLQJ� EHKDYLRXU� DQG� IXOO� YLVXDOLVDWLRQ� RI�HMDFXODWLRQ�SURFHVV��7KH�UXWWLQJ�PDOH�FDPHO�WXUQV� YLFLRXV� DQG� DJJUHVVLYH�� DQG� FRXOG� EH�

KD]DUGRXV� GXULQJ� VHPHQ� FROOHFWLRQ� �$UWKXU�HW DO��� ������ 7LQJDUL� HW� DO��� ������0XVD� HW�DO��� ������� 7KH� PRVW� LPSRUWDQW�FRQVLGHUDWLRQ� LQ� GHVLJQLQJ� IDFLOLWLHV� IRU�VHPHQ�FROOHFWLRQ�LV�WKH�VDIHW\�RI�WKH�KDQGOHU�DQG� FROOHFWRU� �%HDUGHQ� DQG�)XTXD\�� �������7KLV� FRQVLGHUDWLRQ� LV� DSSOLFDEOH� LQ� WKLV�V\VWHP� RI� VHPHQ� FROOHFWLRQ� ZKHUH� WKH�RSHUDWRU� LV� WRWDOO\� KLGGHQ� LQ� WKH�XQGHUJURXQG�URRP��QHLWKHU�LQ�GLUHFW�FRQWDFW�ZLWK� WKH� FDPHO� QRU� XQGHU� WKH� KDUVK�HQYLURQPHQWDO� FRQGLWLRQV�� � 7KH� PDLQ�GLVDGYDQWDJH� RI� WKLV� SDWWHUQ� RI� VHPHQ�FROOHFWLRQ� LV� WKDW� PDOH� FDPHOV� UHTXLUH�WUDLQLQJ� WR� HQWHU� WKH� FROOHFWLRQ� DUHD��+RZHYHU�� FDPHOV� WUDLQHG� IRU� WKLV� PHWKRG�EHFDPH� KDELWXDWHG� WR� WKH� URXWLQH� DFWLYLWLHV�DQG�VXUURXQGLQJV������7KH�VKRUW�PRGLILHG�EXOO�DUWLILFLDO�YDJLQD�XVHG� LQ� WKLV� VWXG\� ZDV� WR� DYRLG� GLUHFW�FRQWDFW� EHWZHHQ� WKH� VHPHQ� DQG� WKH� LQQHU�OLQHU�� DOORZLQJ� WKH� VHPHQ� WR� SDVV� LQWR� WKH�FROOHFWLRQ� WXEH�� 0RVW� UXEEHU� OLQHUV� KDYH�EHHQ� IRXQG� WR� KDYH� D� GHOHWHULRXV� HIIHFW� RQ�FDPHO�VSHUPDWR]RD��0XVD�HW�DO����������7KH�DUWLILFLDO� YDJLQD� ZDV� ILWWHG� ZLWK� DQQXODU�FRQVWULFWLRQV� LQ� RUGHU� WR� VLPXODWH� FHUYLFDO�ULQJV�� VLQFH� WKH�SHQLV�RI� WKH�PDOH�FDPHOLGV�SHQHWUDWHV� WKH� FHUYLFDO� FDQDO� GXULQJ�FRSXODWLRQ� WR� GHSRVLW� VHPHQ� LQ� WKH� XWHUXV��)UDQFR�HW�DO������������$FNQRZOHGJPHQW��7KH�ILQDQFLDO�VXSSRUW�IURP�WKH�'HDQVKLS�RI� 6FLHQWLILF� 5HVHDUFK� DW� .LQJ� )DLVDO�8QLYHUVLW\�LV�JUDWHIXOO\�DFNQRZOHGJHG���5HIHUHQFHV��$O�(NQDK�� 0�� 0�� ������ 5HSURGXFWLRQ� LQ�2OG :RUOG� &DPHOV�� $QLPDO�5HSURGXFWLRQ�6FLHQFH�����������������
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