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,QH[SHQVLYH�DQG�IDVW�SDWKRJHQLF�EDFWHULD�VFUHHQLQJ�XVLQJ�ILHOG�HIIHFW�WUDQVLVWRUV

1HOOR�)RUPLVDQR�D��1LNKLO�%KDOOD�D��0HO�+HHUDQ�E��-XDQD�5H\HV�0DUWLQH] E�

$PULWD 6DUNDU�E��0DLVHP�/DDEHL F��3DZDQ�-ROO\�D��&KULV�5��%RZHQ G��-RKQ�7��7D\ORU�D��

6DELQH�)OLWVFK E��3HGUR (VWUHODD�


D 'HSDUWPHQW�RI�(OHFWURQLF�	�(OHFWULFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�%DWK��%DWK�%$���$<��

8QLWHG�.LQJGRP��(�PDLOV��Q�I#KRWPDLO�LW �1�)����QLNKLOEKDOOD���#JPDLO�FRP �1�%����

S�MROO\#EDWK�DF�XN �3�-��� M�W�WD\ORU#EDWK�DF�XN �-�7�7����S�HVWUHOD#EDWK�DF�XN �3�(��

E 6FKRRO�RI�&KHPLVWU\�	�0DQFKHVWHU�,QVWLWXWH�RI�%LRWHFKQRORJ\��7KH�8QLYHUVLW\�RI�

0DQFKHVWHU��0DQFKHVWHU�0���'1��8QLWHG�.LQJGRP��(�PDLOV��

MXDQD�UH\HVPDUWLQH]#PDQFKHVWHU�DF�XN �-�5�0��� DPULWD�VDUNDU#PDQFKHVWHU�DF�XN �$�6����

VDELQH�IOLWVFK#PDQFKHVWHU�DF�XN �6�)��

F 'HSDUWPHQW�RI�%LRORJ\�	�%LRFKHPLVWU\��8QLYHUVLW\�RI�%DWK��%DWK�%$���$<��8QLWHG�

.LQJGRP��(�PDLO��PDLVHPODDEHL��#JPDLO�FRP �0�/��

G 'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�%DWK��%DWK�%$���$<��8QLWHG�

.LQJGRP��(�PDLO��F�U�ERZHQ#EDWK�DF�XN �&�5�%��


&RUUHVSRQGLQJ�DXWKRU�� 'HSDUWPHQW�RI�(OHFWURQLF�	�(OHFWULFDO�(QJLQHHULQJ��
8QLYHUVLW\�RI�%DWK��
&ODYHUWRQ�'RZQ��%DWK��%$���$<��8QLWHG�.LQJGRP
(�PDLO��3�(VWUHOD#EDWK�DF�XN
3KRQH�����������������

$EVWUDFW

:KLOH�SDWKRJHQLF�EDFWHULD�FRQWULEXWH�WR�D�ODUJH�QXPEHU�RI�JOREDOO\�LPSRUWDQW�GLVHDVHV�DQG�

LQIHFWLRQV��FXUUHQW�FOLQLFDO�GLDJQRVLV�LV�EDVHG�RQ�SURFHVVHV�WKDW�RIWHQ�LQYROYH�FXOWXULQJ�ZKLFK�

FDQ�EH�WLPH�FRQVXPLQJ��7KHUHIRUH��LQQRYDWLYH��VLPSOH��UDSLG�DQG�ORZ�FRVW�VROXWLRQV�WR�

HIIHFWLYHO\�UHGXFH�WKH�EXUGHQ�RI�EDFWHULDO�LQIHFWLRQV�DUH�XUJHQWO\�QHHGHG��+HUH�ZH�

GHPRQVWUDWH�D�ODEHO�IUHH�VHQVRU�IRU�IDVW�EDFWHULDO�GHWHFWLRQ�EDVHG�RQ�PHWDO±R[LGH±

VHPLFRQGXFWRU�ILHOG�HIIHFW�WUDQVLVWRUV��026)(7V���7KH�HOHFWULF�FKDUJH�RI�EDFWHULD�ELQGLQJ�WR�

WKH�JO\FRV\ODWHG�JDWHV�RI�D�026)(7�HQDEOHV�TXDQWLILFDWLRQ�LQ�D�VWUDLJKWIRUZDUG�PDQQHU��:H�
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VKRZ�WKDW�WKH�OLPLW�RI�TXDQWLWDWLRQ�LV���� î ��� &)8�P/ ZLWK�WKLV�VLPSOH�GHYLFH��ZKLFK�LV�

PRUH�WKDQ��������WLPHV�ORZHU�WKDQ�LV�DFKLHYHG�ZLWK�HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\�

�(,6��DQG�PDWUL[�DVVLVWHG�ODVHU�GHVRUSWLRQ�LRQLVDWLRQ�WLPH�RI�IOLJKW�PDVV�VSHFWURPHWU\�

�0$/',�7R)��RQ�WKH�VDPH�PRGLILHG�VXUIDFHV��0RUHRYHU��WKH�PHDVXUHPHQWV�DUH�H[WUHPHO\�

IDVW�DQG�WKH�VHQVRU�FDQ�EH�PDVV�SURGXFHG�DW�WULYLDO�FRVW�DV�D�WRRO�IRU�LQLWLDO�VFUHHQLQJ�RI�

SDWKRJHQV�

.H\ZRUGV��ELRVHQVRUV��%LR)(7��HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\��0$/',�7R)��

EDFWHULD

���,QWURGXFWLRQ

%DFWHULDO�LQIHFWLRQ�KDV�D�SURIRXQG�LPSDFW�RQ�JOREDO�KHDOWK �&RDWHV�HW�DO�������� DQG�

FRQWULEXWHV�WR�JOREDOO\�LPSRUWDQW�GLVHDVHV��VXFK�DV�WXEHUFXORVLV��SQHXPRQLD��WHWDQXV��W\SKRLG�

IHYHU��GLSKWKHULD��V\SKLOLV��DQG�LV WKH�FDXVH�RI�KLJK�LQIDQW�PRUWDOLW\�UDWHV�LQ�GHYHORSLQJ�

FRXQWULHV��EDFWHULDO�LQIHFWLRQ�LV�DOVR�EHOLHYHG�WR�EH�UHVSRQVLEOH�IRU�PRUH�WKDQ�����RI�KXPDQ�

WXPRXUV�ZRUOGZLGH �%UDFKPDQ�	�$EUXW\Q��������6WHLQ���������7KH�PHWKRGV�E\�ZKLFK�

EDFWHULD�DUH�FXUUHQWO\�GHWHFWHG�LQ�URXWLQH�FOLQLFDO�PLFURELRORJ\�LQYROYH�SURFHVVHV FRQVLVWLQJ

RI�DQ�LQLWLDO�VDPSOH�JURZWK�VWHS�ZKHUH�DOO�WKH�VSHFLHV�LQ�D�VDPSOH�DUH�FXOWXUHG�LQ�D�ULFK�

PHGLXP�LQ�RUGHU�WR�REWDLQ�D�VXIILFLHQW�PDVV�IRU�D�VXEVHTXHQW�DQDO\VLV��7KH�SRVW�JURZWK�

DQDO\VLV�DOORZV�LVRODWLRQ�DQG�FKDUDFWHULVDWLRQ�RI�VLQJOH�VSHFLHV�LQ�D�VDPSOH��XVXDOO\�E\�PHDQV�

RI�WHFKQLTXHV�VXFK�DV�VWDLQLQJ��UHDO�WLPH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��57�3&5���ZKROH�JHQRPH�

VHTXHQFLQJ��:*6� DQG�PDWUL[�DVVLVWHG�ODVHU�GHVRUSWLRQ�LRQLVDWLRQ�WLPH�RI�IOLJKW�PDVV�

VSHFWURPHWU\��0$/',�7R) 06� �VHH�H�J� )RXUQLHU�HW�DO������� DQG�UHIHUHQFHV�WKHUHLQ���

$OWKRXJK�HOHJDQW�DQG�HIIHFWLYH�DOWHUQDWLYH�DSSURDFKHV�WR PLFURRUJDQLVP�GHWHFWLRQ�KDYH�EHHQ�

UHSRUWHG �0DQQRRU�HW�DO���������=RXURE�HW�DO���������0D�HW�DO����������ZKHUH�VLQJOH�EDFWHULD�

VHQVLQJ�FRXOG�EH�DFKLHYHG �.DQJ�HW�DO���������0RKDQW\�	�%HUU\���������WKH�FXUUHQW�µJROG�

VWDQGDUG¶�IRU�FOLQLFLDQV�LV�VWLOO�UHSUHVHQWHG�E\�FXOWXULQJ�PHWKRGV��QXFOHLF�DFLG�EDVHG�VHQVRUV��

LPPXQRDVVD\V�DQG�IOXRUHVFHQFH�EDVHG�WHFKQLTXHV �$KPHG�HW DO����������/LPLWDWLRQV�RQ�WKH

DGRSWLRQ�RI QHZ�VROXWLRQV�IRU�GLDJQRVLV�LQFOXGH�WKH�FRPSOH[LW\�RI�WKH�IDEULFDWLRQ�RI�QHZ�

VHQVRUV��WKH�FRPSOH[LW\�RI�DVVD\�LPSOHPHQWDWLRQ�DQG�VDPSOH�SURFHVVLQJ� DQG�WKH�SURKLELWLYH�

FRVWV�RI�LQWURGXFLQJ�QHZ�HTXLSPHQW�WR�SHUIRUP�EDFWHULDO�GHWHFWLRQ��,Q�RUGHU�WR�RYHUFRPH�VXFK�

REVWDFOHV ZKLOH�VLPXOWDQHRXVO\�LQWURGXFLQJ�LPSURYHPHQWV�LQ�WKH�FXUUHQW�GLDJQRVWLFV��VLPSOH�
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UHDGLO\�DYDLODEOH�VHQVRUV�PXVW�EH�GHYHORSHG��7KH�LQWURGXFWLRQ�RI�IDVW��VLPSOH�DQG�ORZ�FRVW�

VHQVRUV�WKDW�FRXOG�EH�HDVLO\�HPSOR\HG�LQ�FOLQLFDO�ODERUDWRULHV�ZRXOG�GUDPDWLFDOO\�UHGXFH�ERWK�

WKH�WLPH�DQG�WKH�FRVW�RI�FXUUHQW�EDFWHULDO�GLDJQRVLV��)RU�LQVWDQFH��D�GHYLFH�WKDW�LV�DEOH�WR�

SURYLGH�DQ�LQLWLDO�VFUHHQLQJ�RI�D�VDPSOH�DW�WKH�LQLWLDO�JURZWK�VWDJH�ZLWK�DGHTXDWH�GHWHFWLRQ�

UHJDUGLQJ�LWV SDWKRJHQLFLW\�ZRXOG�EH�DEOH�WR�FRQILUP�WKH�QHHG�WR SHUIRUP�PRUH�FRPSOH[�DQG�

H[SHQVLYH�DQDO\VLV��*LYHQ�WKH VWDWXV�RI�QDWLRQDO�KHDOWK�V\VWHPV�ZRUOGZLGH�DQG�WKH�HYHU�

SUHVHQW�QHHG�WR�UHGXFH WKH�FRVW�RI�SXEOLF�KHDOWKFDUH��RQO\�YHU\�LQH[SHQVLYH� HDVLO\�IDEULFDWHG�

GHYLFHV WKDW�DUH DEOH�WR�SHUIRUP�LQ�D�UDSLG�PDQQHU�DQG�ZLWK�SDUDOOHO�VFUHHQLQJ ZRXOG�EH�

FXUUHQWO\�FDSDEOH�RI�VXSSRUWLQJ�HIIHFWLYHO\�FOLQLFDO�PLFURELRORJ\�

:H�KHUH�UHSRUW�RQ�D�ODEHO�IUHH�EDFWHULDO�GHWHFWLRQ�V\VWHP�XVLQJ�ELRORJLFDOO\�VHQVLWLYH�ILHOG�

HIIHFW�WUDQVLVWRUV��%LR)(7V� �3RJKRVVLDQ�	�6FK|QLQJ���������7KH�%LR)(7V�ZHUH�FRQVWUXFWHG�

E\�LPPRELOLVLQJ�D�ELRUHFHSWRU�OD\HU�RQWR�DQ�H[WHQGHG�JDWH�RI�D�PHWDO±R[LGH±VHPLFRQGXFWRU�

ILHOG�HIIHFW�WUDQVLVWRU��026)(7���026)(7V�DUH�XELTXLWRXV�HOHFWURQLF FRPSRQHQWV�WKDW�FDQ�

HDVLO\�DQG�FKHDSO\�EH�H[SDQGHG�LQWR�DUUD\V�IRU�KLJK�WKURXJKSXW�VFUHHQLQJ��%LR)(7V�ZLWK�

H[WHQGHG�JROG�JDWHV�KDYH�SUHYLRXVO\�EHHQ�XVHG�IRU�WKH�GHWHFWLRQ�RI�'1$�K\EULGLVDWLRQ

�(VWUHOD�HW�DO�������� DQG�SURWHLQV �(VWUHOD�HW�DO����������,Q�WKLV�VWXG\�ZH�GHPRQVWUDWH�WKH�

GHWHFWLRQ�RI�PDQQRVH�VSHFLILF�W\SH���ILPEULDO�(VFKHULFKLD�FROL 3./�����DV�D�FDVH�VWXG\�IRU

026)(7�EDVHG�EDFWHULDO�GHWHFWLRQ��

$PRQJVW�SDWKRJHQLF�EDFWHULD��XURSDWKRJHQLF�(VFKHULFKLD�FROL �83(&��DUH�UHVSRQVLEOH�IRU�

XULQDU\�WUDFW�LQIHFWLRQV��83(&�LV�WKH�PRVW�SUHGRPLQDQW�XURSDWKRJHQ�FDXVLQJ�DSSUR[LPDWHO\�

����RI�XQFRPSOLFDWHG�LQIHFWLRQV �5RQDOG���������,W�LV�HVWLPDWHG�WKDW�EHWZHHQ��������RI�

IHPDOHV DQG�����RI�PDOHV�ZLOO�GHYHORS�XULQDU\�LQIHFWLRQV�DQG�WKH�UDWH�RI�UHFXUUHQW�LQIHFWLRQV�

KDV�EHHQ�UHSRUWHG�WR�EH�DV�KLJK�DV���� �)R[PDQ�HW�DO����������,Q�RUGHU�WR�FRORQLVH�WKH�FHOOV�RI�

WKH�XULQDU\�FRQGXFWV�DQG�WULJJHU�D�GLVHDVH��83(&�FDQ�H[SORLW�KDLU�OLNH�SURWHLQ�VWUXFWXUHV�

H[SUHVVHG�RQ�WKHLU�VXUIDFH��FDOOHG�ILPEULDH���ZKLFK�DOORZ�EDFWHULD WR�ILUPO\�DGKHUH�RQ�WKH�

FHOOV
 VXUIDFH�DQG�QRW EH�ZDVKHG�DZD\�LQ�WKH�XULQDU\�IORZ��/HFWLQ�SURWHLQ�VWUXFWXUHV��WKDW�

FRQVWLWXWH�ILPEULDH��DUH�H[SUHVVHG�LQ�DW�OHDVW���RXW�RI����83(&�VWUDLQV �2HOVFKODHJHU�HW�DO���

�������$V�WKH�VSHFLILFLW\�FDQ�YDU\�WRZDUGV�GLIIHUHQW�JO\FRV\ODWHG�VXUIDFHV��VHYHUDO�

FDUERK\GUDWH�VSHFLILF�ILPEULDH�KDYH�EHHQ�IRXQG�DQG��DPRQJVW�WKHP��PDQQRVH�VSHFLILF�W\SH���

ILPEULDH�LV�FODVVLILHG�DV�RQH�RI�WKH�PRVW�FRPPRQO\�H[SUHVVHG �+DUWPDQQ�	�/LQGKRUVW���������

7KH�UHFRJQLWLRQ�HYHQW�LQWHUHVWV�WKH�JO\FRV\ODWHG�FHOO�RI�WKH�XULQDU\�WUDFW�DQG�WKH�PDQQRVH�

VSHFLILF�SURWHLQ��FDOOHG�)LP+��VLWXDWHG�DW�WKH�WLS�RI�WKH�ILPEULDO�URG�RI�WKH�SDWKRJHQLF�EDFWHULD��
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7KH�HOHFWULF�FKDUJH�RI�EDFWHULD�ELQGLQJ�WR�WKH�JO\FRV\ODWHG�JDWH�RI�D�026)(7�HQDEOHV�

TXDQWLILFDWLRQ�LQ D�VWUDLJKWIRUZDUG�PDQQHU��%RWK�WKH�FKDUJHV�RQ�WKH�PHPEUDQH�RI�WKH�EDFWHULD�

DQG�WKH�GLVSODFHPHQW�RI�ZDWHU�DQG�LRQV�IURP�WKH�ELROD\HU�VXUIDFH�ZKHQ�D�EDFWHULD�LV�SUHVHQW��

GLVWXUEV�VLJQLILFDQWO\�WKH�HOHFWURFKHPLFDO�GRXEOH�OD\HU�FDSDFLWDQFH��ZKLFK�FDXVHV�D�WKUHVKROG�

SRWHQWLDO�VKLIW�RQ�WKH�%LR)(7V��9HU\�ORZ�OLPLWV�RI�GHWHFWLRQ�FDQ�EH�REWDLQHG�ZLWK�WKH�

WHFKQLTXH��$V�D�FRPSDULVRQ��WKH�VDPH�HOHFWURGHV�ZHUH�XVHG�IRU�HOHFWURFKHPLFDO�LPSHGDQFH�

VSHFWURVFRS\��(,6��DQG�PDWUL[�DVVLVWHG�ODVHU�GHVRUSWLRQ�LRQLVDWLRQ�WLPH�RI�IOLJKW�PDVV�

VSHFWURPHWU\��0$/',�7R)��± ERWK�WHFKQLTXHV�VKRZ�VLJQLILFDQWO\�KLJKHU OLPLWV�RI�GHWHFWLRQ�

WKDQ�WKH�%LR)(7V�

���0DWHULDOV�DQG�PHWKRGV

�����%DFWHULD�SUHSDUDWLRQ

8URSDWKRJHQLF�(VFKHULFKLD�FROL VWUDLQ�3./�����ZDV�REWDLQHG�E\�HQJLQHHULQJ�WKH�VWUDLQ�

6$5���ZLWK�WKH�SODVPLG�S3./��� �5HLVQHU�HW�DO����������7KH�EDFWHULD�ZHUH�JURZQ�RYHUQLJKW�

ZKLOH�VKDNLQJ�LQ�DQ�LQFXEDWRU�DWࡈ����&�LQ�O\VRJHQ�EURWK�JURZLQJ�PHGLD��7KH�EDFWHULD�ZHUH�

WKHQ�KDUYHVWHG�E\�FHQWULIXJDWLRQ�DW������USP�IRU����PLQ�DW����&��7KH�SHOOHWHG�EDFWHULDO�FHOOV�

ZHUH�UHVXVSHQGHG�LQ����P/�RI�3%6�%XIIHU�DQG�KDUYHVWHG�WZLFH�EHIRUH�D�ILQDO�UHVXVSHQVLRQ�LQ�

��P/�RI�3%6�%XIIHU�IRU�WKHLU�TXDQWLILFDWLRQ�DQG�XVH�

�����(OHFWURGH�IXQFWLRQDOLVDWLRQ�DQG�DIILQLW\�FDSWXUH�DVVD\

$�PL[WXUH�RI�+6��&+������2&�+����2+�DQG�+6��&+������2&�+����2&+�&22+�LQ�D�UDWLR�

����ZDV�XVHG�IRU�WKH�6$0�IRUPDWLRQ��7KH�PL[WXUH��REWDLQHG�E\�PL[LQJ����ȝ/�RI�+6��&+�����

�2&�+����2&+�&22+��������P0������PJ�P/�LQ�'062��DQG�����ȝ/�RI�+6��&+�����

�2&�+����2+��������P0����� PJ�P/�LQ�'062��ZDV�VRQLFDWHG�IRU����PLQXWHV�DQG�XVHG�IRU�

WKH�RYHUQLJKW�LQFXEDWLRQ�ZLWK�WKH�HOHFWURGHV�DW�URRP�WHPSHUDWXUH�LQ�D�KXPLGLW\�FKDPEHU�

$PLQRHWK\O�JO\FRVLGHV�LQ�3%6�DW�WKH�FRQFHQWUDWLRQ�RI����P0�ZHUH�LPPRELOLVHG�RYHUQLJKW�LQ�

KXPLGLW\�FKDPEHU�DW�URRP�WHPSHUDWXUH�RYHUQLJKW�DIWHU�DFWLYDWLRQ�RI�WKH�FDUER[\O�JURXSV�

XVLQJ�D�VROXWLRQ�RI�('&�VXOIR�1+6�DW�WKH�FRQFHQWUDWLRQ�RI����P0�DQG����P0��UHVSHFWLYHO\��

IRU���KRXU��2QFH�WKH�JO\FRVLGHV�ZHUH�LPPRELOLVHG��D�EORFNLQJ�VWHS�RI�WKH�QRQ�UHDFWHG�VLWHV�

ZDV�SHUIRUPHG�XVLQJ�D����P0�HWKDQRODPLQH�DTXHRXV�VROXWLRQ�DW�S+�����IRU����PLQXWHV��7KH�

EDFWHULD�DIILQLW\�FDSWXUH�ZDV�SHUIRUPHG�E\�LQFXEDWLQJ�WKH�HOHFWURGHV�DW�����&�IRU�����KRXUV��
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,PPRELOLVHG�Į�'�PDQQRVH�ZDV�XVHG�WR�DIILQLW\�FDSWXUH�XURSDWKRJHQLF�(VFKHULFKLD�FROL VWUDLQ�

3./�����ZKLOH���$FHWDPLGR���GHR[\�Į�'�JDODFWRS\UDQRVH��*DO1$F��ZDV�XVHG�DV�D�FRQWURO�

JO\FDQ��$�IXUWKHU�FRQWURO�ZDV�SHUIRUPHG�E\�PHDVXULQJ�WKH�LQWHUDFWLRQ�EHWZHHQ�Į�'�PDQQRVH�

DQG�WKH�(VFKHULFKLD�FROL�VWUDLQ�.���

7KH�DVVD\�ZDV�FDUULHG�RXW�RQ�LQ�KRXVH�IDEULFDWHG�DUUD\V�RI�JROG�HOHFWURGHV����� QP�WKLFNQHVV�

GHSRVLWHG�RQ����QP�RI�FKURPLXP�RQ�JODVV�VXEVWUDWHV�E\�PHDQV�RI�WKHUPDO�HYDSRUDWLRQ

WKURXJK�D�VKDGRZ�PDVN��

�����0HDVXUHPHQWV�VHW�XS

7KH�H[WHQGHG�JDWH�)(7�VHQVRU�ZLWK�JROG�WKLQ�ILOP�HOHFWURGH�FRQVLVWHG�RI�WZR�SDUWV���L��DQ�

DUUD\�RI�JROG�HOHFWURGHV��ZKHUH�EDFWHULD�ZHUH�FDSWXUHG��DQG��LL��WKH�)(7�VWUXFWXUH��ZKLFK�

WUDQVGXFHV�WKH�ELQGLQJ�HYHQWV�RQ�WKH�JROG�HOHFWURGH�LQWR�HOHFWULFDO�VLJQDOV� 7KH�H[WHQGHG�JDWH�

ZDV�IDEULFDWHG�E\�FRQQHFWLQJ�WKH�$X�HOHFWURGHV��IL[HG�LQ�D�UHDFWLRQ�FHOO��WR�WKH�JDWH�RI�D�

026)(7�YLD D�PHWDO�ZLUH��

7KH�%LR)(7�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�FRQQHFWLQJ�WKH�LQ�KRXVH�IDEULFDWHG�DUUD\V�RI�JROG�

HOHFWURGHV� WR� WKH� JDWH� RI� DQ� Q�W\SH�026)(7��7KH�026)(7� UHDGLQJV�ZHUH� WDNHQ�XVLQJ� DQ�

$JLOHQW�%����$�+5�&08�6HPLFRQGXFWRU�'HYLFH�$QDO\VHU��

7KH�EDFWHULDO�GHWHFWLRQ�LV�LQLWLDOO\�GHPRQVWUDWHG�E\�SHUIRUPLQJ�HOHFWURFKHPLFDO�LPSHGDQFH�

VSHFWURVFRS\��(,6��FDSDFLWLYH�PHDVXUHPHQWV��7KH�FDSDFLWDQFH��&��LQGLFDWHV�WKH�FDSDFLW\�RI�D�

PDWHULDO�WR�VWRUH�FKDUJH��4� GXH�WR�D�SRWHQWLDO�GLIIHUHQFH��9��DQG�LV�JLYHQ�E\�WKH�H[SUHVVLRQ�

ܥ ൌ
ொ

௏
��ZKLFK��IRU�D�SDUDOOHO�SODWH�FDSDFLWRU��FDQ�EH�UHZULWWHQ�DVܥ� ൌ

ఌ೚ఌೝ஺

ௗ
��ZKHUHߝ�௢ LV�WKH�

SHUPLWWLYLW\�RI�WKH�YDFXXPߝ��௥ LV�WKH�UHODWLYH�SHUPLWWLYLW\�WKDW�GHSHQGV�RQ�WKH�PDWHULDO�

EHWZHHQ�WKH�WZR�SODWHV�KDYLQJ�D�VXUIDFH�DUHDܣ� WKDW�DUH�D�GLVWDQFH�݀ IURP�HDFK�RWKHU��7KH�

LPDJLQDU\�DQG�UHDO�SDUW�RI�WKH�FRPSOH[�FDSDFLWDQFH��&¶�DQG�&´�UHVSHFWLYHO\��ZHUH�FDOFXODWHG�

IURP�WKH�PHDVXUHG�LPSHGDQFH�XVLQJ�HTXDWLRQ���� �)RUPLVDQR�HW�DO���������

כܥ ൌ ᇱܥ ൅ ԢԢܥ݆ ൌ
ଵ

௝ఠ௓
���

7KH�SHUFHQWDJH�FKDQJH�RI�FDSDFLWDQFH�IURP�HDFK�VWHS�ZKHUH�WKHQ�FDOFXODWHG�FRQVLGHULQJ�RQO\�

WKH�UHDO�SDUW�RI�WKH�FDSDFLWDQFHܥ��ᇱ� DW�WKH�IUHTXHQF\�ZKHUH�WKH�DEVROXWH�YDOXH�RI�WKH�

LPDJLQDU\�YDOXHܥ��ᇱᇱ��KDV�LWV�UHODWLYH�PLQLPXP��7KLV�IUHTXHQF\�ZDV����+]�WKURXJKRXW�WKH�

H[SHULPHQWV�
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)RU� WKH�(,6� UHFRUGLQJV�� QRQ�)DUDGDLF�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW� LQ�D�SKRVSKDWH�EXIIHU�

VDOLQH� �3%6�� VROXWLRQ� GLOXWHG� ���� WLPHV� �LRQLF� VWUHQJWK� HTXDO� WR� ���� P0�� ZLWKRXW� UHGR[�

PDUNHUV��7KH�VDPH�PHDVXUHPHQW�VROXWLRQ�FRQGLWLRQV�ZHUH�DSSOLHG�IRU�026)(7�UHDGLQJV��

(,6�PHDVXUHPHQWV� ZHUH� WDNHQ� LQ� D� WKUHH� HOHFWURGH� V\VWHP� XVLQJ� DQ�$J�$J&O� DV� UHIHUHQFH�

HOHFWURGH�DQG�DSSO\LQJ� D��� P9�$&�VLJQDO� VXSHULPSRVHG� WR�� P9�'&�ELDV�YROWDJH�YV� WKH�

RSHQ�FLUFXLW�SRWHQWLDO��

7KH� VDPH� HOHFWURGHV� ZHUH� DQDO\VHG� E\� 0$/',�7R)� PDVV� VSHFWURPHWU\�� 6LQFH� ODUJH� DUHD�

HOHFWULFDOO\�FRQGXFWLQJ�VXUIDFHV�DUH�QHHGHG�IRU�0$/',�7R)�PHDVXUHPHQWV�� WKH�EDFN�RI� WKH�

JODVV�VOLGHV�XVHG�IRU�(,6�DQG�%LR)(7�PHDVXUHPHQWV�ZHUH�FRYHUHG�ZLWK�VLOYHU�SDLQW�RU�ZLWK D�

FRQGXFWLYH�DOXPLQLXP�WDSH��:HLVVHQERUQ�HW�DO��������� ,Q�DGGLWLRQ��JROG�0$/',�SODWHV��$%�

6FLH[� /WG�� ZHUH� XVHG� DV� D� SODWIRUP� FRQWDLQLQJ� VHOI�DVVHPEOHG� ELRUHSXOVLYH�PRQROD\HUV RI�

IXQFWLRQDOLVHG�DONDQHWKLROV�WR�ZKLFK�VHYHUDO�DPLQRHWK\O�JO\FRVLGHV�ZHUH�FRYDOHQWO\�DWWDFKHG�

�âDUG]tN��5��HW�DO���������WR�DOWHUQDWLYHO\�FRPSDUH�PHDVXUHPHQWV�REWDLQHG�IURP�WKH�%LR)(7V�

���5HVXOWV DQG�GLVFXVVLRQ

,Q�RXU�ZRUN��VSHFLILF�JO\FDQ�LQWHUDFWLRQV�ZHUH�VWXGLHG�RQ�HOHFWURGHV�PRGLILHG�ZLWK�VHOI�

DVVHPEOHG�PRQROD\HUV��6$0V�� 7KH�IXQFWLRQDOLVHG�HOHFWURGHV�ZHUH�FRQQHFWHG�WR�WKH�JDWHV�RI�

Q�FKDQQHO�HQKDQFHPHQW�026)(7�GHYLFHV��KHQFH�JHQHUDWLQJ %LR)(7V �)LJXUH�����

0DQQRVLGHV�ZHUH�LPPRELOLVHG�RQ�WKH�HOHFWURGHV�DQG�XVHG�WR�DIILQLW\�FDSWXUH�XURSDWKRJHQLQF�

(VFKHULFKLD�FROL VWUDLQ�3./���� �5HLVQHU�HW�DO����������7KH�VXUIDFH�FKHPLVWU\�ZDV�SUHYLRXVO\�

RSWLPLVHG�DQG�PRQLWRUHG�E\�0$/',�7R)�WR�REWDLQ�PD[LPXP�EDFWHULD�ELQGLQJ �%RWK�HW�DO���

������1REOH�HW�DO���������âDUG]LN�HW�DO���������=KL�HW�DO���������



ϳ

)LJXUH� � :RUNLQJ�SULQFLSOH�RI�WKH�%LR)(7�VHQVRU� $Q�DUUD\�RI�HYDSRUDWHG�JROG�HOHFWURGHV�

SODFHG�LQ�D�IORZ�FHOO�LV�FRQQHFWHG�WR�WKH�JDWH�RI�D�026)(7��$Q�H[WHUQDO�UHIHUHQFH�HOHFWURGH�

LV�XVHG�WR�DSSO\�WKH�JDWH�YROWDJH��7KH�VDPH�HOHFWURGHV�ZHUH�XVHG�IRU�(,6�DQG�0$/',�7R)�

PHDVXUHPHQWV�

�����,PSHGDQFH

7KH�EDFWHULDO�GHWHFWLRQ�ZDV LQLWLDOO\�GHPRQVWUDWHG�E\�SHUIRUPLQJ HOHFWURFKHPLFDO�LPSHGDQFH�

VSHFWURVFRS\ �(,6� FDSDFLWLYH�PHDVXUHPHQWV��7KH�OLWHUDWXUH�RQ�FDSDFLWLYH�VHQVRUV�UHSRUW�ERWK�

RQ�SRVLWLYH �&DUUDUD�HW�DO���������9DUVKQH\�	�/L��������&RXQLRW�HW�DO�������D��&RXQLRW�HW�DO���

����E� DQG�QHJDWLYH�FKDQJHV�LQ�FDSDFLWDQFH�PHDVXUHPHQWV �:HEVWHU�HW�DO���������/L�HW�DO���

����� DIWHU�WDUJHW�ELQGLQJ��+RZHYHU��WKH�EHKDYLRXU�RI�WKH�VHQVRU�LV�GHSHQGHQW�RQ�WKH�

HOHFWURGH�W\SH��LPPRELOLVDWLRQ�VWUDWHJLHV��6$0�SURSHUWLHV�DQG�W\SH�RI�PROHFXOHV�GHWHFWHG��

(WK\OHQH�JO\FRO�WHUPLQDWHG�6$0V�KDYH�K\GURSKLOLF�SURSHUWLHV �&DUUDUD�HW�DO���������2VWXQL�HW�

DO�������� WKDW�OHDG�WR�WKH�HQWUDSPHQW�RI�ZDWHU�PROHFXOHV�ZLWKLQ�WKH�6$0�FKDLQV��)RU�RXU�

VHQVRU�WKLV�SKHQRPHQRQ�SUHYHQWV�WKH�GLVSODFHPHQW�RI�WKH�LRQV�LQ�VROXWLRQ�WKDW�IRUP�WKH�

+HOPKROW]�SODQH�XSRQ�EDFWHULD�ELQGLQJ��$V�D�UHVXOW��WKH�EDFWHULD�DQG�WKH�XQGHUO\LQJ�OD\HUV�

FDQQRW�EH�PRGHOOHG�VLPSO\�E\�D�VHULHV�RI�FDSDFLWRUV��RU�DV�D�VLQJOH�FDSDFLWRU�FKDUDFWHULVHG�E\�

DQ�LQFUHDVHG�GLVWDQFH�VHSDUDWLRQ�G�EHWZHHQ�WKH�SODWHV���5DWKHU��WKH�ELQGLQJ�HYHQW�ZLOO�

DXJPHQW�WKH�VXUIDFH�RI�WKH�HOHFWURGH�VROXWLRQ�LQWHUIDFH�ZKLFK�LV�VXUURXQGHG�E\�WKH�VROYHQW�

PROHFXOHV�IRUPLQJ�WKH�+HOPKROW]�SODQH��7KHUHIRUH��WKLV�FDQ�EH�PRGHOOHG�DV�WZR�FDSDFLWRUV�LQ�

SDUDOOHO�ZKHUH�WKH�ILUVW�KDV�D IL[HG�YDOXH�DQG�WKH�YDOXH�RI�WKH�VHFRQG�FDSDFLWRU�LV�FKDUDFWHULVHG�

E\�ODUJHU�QXPEHUV�RI�ERWK�G DQG UHODWLYH�SHUPLWWLYLW\ ௥ߝ �$VDPL�HW�DO���������DQG�LWV�H[WHQW�



ϴ

YDULHV�ZLWK�WKH�DPRXQW�RI�EDFWHULD�ERXQG�RQWR�WKH�VXJDUV RQ�WKH�JDWH�RI�WKH�%LR)(7��7KH�

FRPELQDWLRQ�RI�VXFK�IDFWRUV�IROORZLQJ�WKH�EDFWHULDO�DGKHVLRQ�WR�WKH�JO\FRV\ODWHG�VXUIDFH�

SURGXFH�HYHQWXDOO\�D�SRVLWLYH�VKLIW�LQ�WKH�WRWDO�FDSDFLWDQFH��([SORLWLQJ�WKH�LQVXODWLQJ�

SURSHUWLHV�RI�HWK\OHQH�JO\FRO�WHUPLQDWHG�6$0V �&DUUDUD�HW�DO���������%HUJJUHQ�HW�DO����������

FDSDFLWLYH�PHDVXUHPHQWV�DUH�IDFLOLWDWHG�XVLQJ�QRQ�)DUDGDLF�(,6�

$�FRQFHQWUDWLRQ�RI�(VFKHULFKLD�FROL 3./�����HTXDO�WR���� î ��� &)8�P/ SURGXFHG�DQ�

LQFUHDVH�LQ�WKH�FDSDFLWDQFH�RI����� � ������)LJXUH�����7KH�(,6�FDSDFLWDQFH�FKDQJH�GHFUHDVHG�

WR���� � �����ZKHQ�D�GHFUHDVHG�DPRXQW�RI���� î ��� FHOO�P/ RI�(VFKHULFKLD�FROL 3./�����

ZHUH�XVHG�DV�D�WDUJHW�RQ�PDQQRVH��7KH�FDSDFLWDQFH�FKDQJH�IROORZV�DSSUR[LPDWHO\�D +LOO�W\SH�

UHVSRQVH�RI�WKH�IRUP�\  \PD[ FQ��NQ�FQ��ZKHUH�F LV�WKH�FRQFHQWUDWLRQ�ZLWK�\PD[ �����������

Q ������������ N �����������î��� &)8�P/�DQG�D�5� RI��������DOWKRXJK�WKH�VPDOO�DPRXQW�

RI�GDWD�SRLQWV�QHHGV�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ ZKHQ�LQWHUSUHWLQJ�WKLV�5� YDOXH���%HORZ�

��� î ��� &)8�P/��WKH�VLJQDO�RYHUODSV�WKH�YDOXHV�RI�FDSDFLWDQFH�FKDQJH�JLYHQ�E\�WKH�QHJDWLYH�

FRQWURO�UHDFWLRQV��QDPHO\�LQ�SUHVHQFH�RI�QHJDWLYH�VXJDU�SUREH��EDFWHULD�3./�����RQ�*DO1$F�

VXJDU���ZKLFK�SURGXFHV�D�FDSDFLWDQFH�VKLIW�RI���� � �����DQG�LQ�SUHVHQFH�RI�QHJDWLYH�EDFWHULD�

�.���RQ�PDQQRVH���ZKLFK�JLYHV�D�FDSDFLWDQFH�FKDQJH�RI���� � ������$EVROXWH�YDOXHV�RI�

FDSDFLWDQFH�UDQJH�IURP�����WR���� Q)�IRU�HOHFWURGHV�IXQFWLRQDOLVHG�ZLWK�Į�PDQQRVLGH�DQG�

IURP�����WR���� Q)�XSRQ�EDFWHULDO�DGKHVLRQ�

)LJXUH�� � %DFWHULDO�GHWHFWLRQ�SHUIRUPLQJ�(,6�FDSDFLWLYH�PHDVXUHPHQWV��D��&RPSOH[�

FDSDFLWDQFH�&ROH�&ROH�SORWV�IRU�DQ�HOHFWURGH�EHIRUH��EODFN�OLQH��VTXDUHV��DQG�DIWHU��UHG�OLQH��

FLUFOHV��(VFKHULFKLD�FROL 3./�����ELQGLQJ��7KH�LQVHW�VKRZV�D�VFKHPDWLF�HTXLYDOHQW�FLUFXLW��



ϵ

E� &KDQJHV�RI�WKH�UHDO�SDUW�RI�WKH�FRPSOH[�FDSDFLWDQFH�YV��EDFWHULDO�FRQFHQWUDWLRQ� 7KH�OLQH�

UHSUHVHQWV�D�ILW�WR�WKH�GDWD�ZLWK�D�+LOO�W\SH�UHVSRQVH��5� ��������

7KH�XVH�RI�D�GLOXWHG�PHDVXUHPHQW�VROXWLRQ��3%6��������UHGXFHG�WKH�LRQLF�VWUHQJWK�IURP�����

WR������P0��ZKLFK�LQ�WXUQ��LQFUHDVHG�WKH�'HE\H�OHQJWK�IURP�DERXW�����c�WR����c�DQG�

LPSURYHG�WKH�(,6�GHWHFWLRQ�E\�RYHU�ILYH IROG�IRU�WKH�(VFKHULFKLD�FROL 3./�����FRQFHQWUDWLRQ�

RI ��� î ��� &)8�P/�

�����%LR)(7�PHDVXUHPHQWV

,Q�WKH�FDVH�RI RXU %LR)(7��DV�LQ�)LJXUH����ZKHQ�WKH�SRWHQWLDO�DSSOLHG�DFURVV�WKH�JDWH�DQG�WKH�

VRXUFH��9JV��LV�ODUJHU�WKDQ�WKH�WKUHVKROG�YROWDJH��9WK��RI�WKH�GHYLFH��9JV!9WK���D�FRQGXFWLQJ�

FKDQQHO�LV�IRUPHG�EHWZHHQ�WKH�VRXUFH�DQG�WKH�GUDLQ��$GGLWLRQDOO\��LI�D�YROWDJH�LV�DSSOLHG�

EHWZHHQ�WKH�GUDLQ�WR�VRXUFH��9GV!���D�FXUUHQW��,'��EHJLQV�WR�IORZ�WKURXJK�WKH�LQGXFHG�FKDQQHO�

DW�WKH�VHPLFRQGXFWRU��7KLV�FRQGLWLRQ�RI�WKH�GHYLFH�LV�NQRZQ�DV WKH WXUQ�RQ VWDWH�ZKHUH�WKH�

HOHFWURQ�FXUUHQW��,'��HQWHUV�WKH�GUDLQ�DQG�H[LWV�WKH�VRXUFH��$Q\�FKDQJHV�LQ�9JV PRGXODWH�WKH�

FRQGXFWLYLW\�RI�WKH�FKDQQHO�DQG�WKHUHE\�DOWHU�,'��,Q�WKH�FDVH�RI�PROHFXODU�LQWHUDFWLRQV�DW�WKH�

JDWH�RI�WKH�WUDQVLVWRU��VXFK�DV�QHJDWLYHO\�FKDUJHG�(VFKHULFKLD�FROL �6LOKDY\�HW�DO���������

FDSWXUHG�E\�VXUIDFH�PDQQRVLGHV��WKH�PLQLPXP�9JV UHTXLUHG�WR�EULQJ�WKH�Q�026)(7�LQ�WKH�

WXUQ�RQ VWDWH�LV�LQFUHDVHG�DQG�LW�FDQ�EH�PHDVXUHG�DV�DQ�HYLGHQFH�RI�WKH�ELQGLQJ�HYHQW�

7KH�QHJDWLYH�FKDUJH�RI�(VFKHULFKLD�FROL SURGXFHV�D�SRVLWLYH�VKLIW�LQ�WKH�9JV RI�WKH�%LR)(7 DV�

FDQ�EH�VHHQ�LQ�)LJXUH��D��)LJXUH��E�SUHVHQWV�WKH�YDOXHV�RI�ǻ9JV IRU�GLIIHUHQW�EDFWHULD�

FRQFHQWUDWLRQ��ǻ9JV LQFUHDVHV�IURP����� � ���� P9�WR������ � ���� P9�ZKHQ�WKH�EDFWHULDO�

FRQFHQWUDWLRQ�LQFUHDVHV�IURP���� î ��� &)8�P/ WR���� î ��� &)8�P/��7KH�YROWDJH�VKLIW�DOVR�

IROORZV�D�+LOO�W\SH�UHVSRQVH�ZLWK�\PD[ ������ P9��Q �������������

N �����������î��� &)8�P/�DQG�D�5� RI��������7KH�ORZHU YDOXH IRU���� î ��� &)8�P/ LV�VWLOO�

GLVWLQJXLVKDEOH�IURP�WKH�VLJQDOV�REWDLQHG�ERWK�LQ�WKH�SUHVHQFH�RI�EDFWHULD�QRQ�VSHFLILF�WR�WKH�

LPPRELOLVHG�VXJDU��ǻ9JV  ��� � ��� P9��DQG�LQ�WKH�SUHVHQFH�RI�D�QRQ�VSHFLILF�LPPRELOLVHG�

VXJDU��ǻ9JV  ���� � ��� P9���%LR)(7�PHDVXUHPHQWV�KDYH�WKH�DGGLWLRQDO�DGYDQWDJH�RI�EHLQJ�

YHU\�IDVW��GDWD�FDQ�EH�UHFRUGHG�LQ�OHVV�WKDQ�D�VHFRQG��$OWKRXJK�(,6�PHDVXUHPHQWV�FRXOG�EH�

UHFRUGHG�DW�D�VLQJOH�IUHTXHQF\��ZKLFK�JUHDWO\�VKRUWHQV�WKH�WLPH�RI�WKH�H[SHULPHQW�DV�

FRPSDUHG�WR�WKH�ZKROH�VSHFWUXP�DFTXLVLWLRQ��PLQLDWXULVDWLRQ�RI�WKH�GHYLFHV�ZRXOG�UHTXLUH�

ORQJ�PHDVXUHPHQW�VDPSOLQJ�LQ�RUGHU�WR�DFFXUDWHO\�PHDVXUH�VPDOO�D�F��FXUUHQW�VLJQDOV��2Q�WKH�



ϭϬ

FRQWUDU\��%LR)(7V�DUH�LQKHUHQWO\�PLQLDWXULVDEOH�DV�WKH�VKLIW�RI�WKH�WKUHVKROG�YROWDJH�LV�D�

FKDUJH�GHQVLW\�HIIHFW�DQG�KHQFH�WKH�VLJQDO�WR�QRLVH�UDWLR�LV�SUHVHUYHG�IRU�PLQLDWXULVHG�

HOHFWURGHV� 7KH�GDWD�SUHVHQWHG�GHPRQVWUDWHV�WKDW�%LR)(7V�FDQ�EH�XVHG�IRU�WKH�LQLWLDO�

GLIIHUHQWLDWLRQ�EHWZHHQ�SDWKRJHQLF�DQG�QRQ�SDWKRJHQLF�(��&ROL LQ�RUGHU�WR�GHFLGH�ZKLFK�

VDPSOHV�WR�VHQG�IRU�IXUWKHU�DQDO\VLV�

)LJXUH�� � %DFWHULDO�GHWHFWLRQ�XVLQJ�%LR)(7V��D��%LR)(7�,'�9JV FKDUDFWHULVWLF�IRU�DQ�HOHFWURGH�

EHIRUH��EODFN�OLQH��DQG�DIWHU��UHG�OLQH��(VFKHULFKLD�FROL ELQGLQJ��E��9JV FKDQJHV�YV��EDFWHULDO�

FRQFHQWUDWLRQ��7KH�OLQH�UHSUHVHQWV�D�ILW�WR�WKH�GDWD�ZLWK D�+LOO�W\SH�UHVSRQVH��5� ���������

(UURU�EDUV�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�IRU�WKUHH�VHSDUDWH�HOHFWURGHV�

�����6FDQQLQJ�HOHFWURQ�PLFURVFRS\

3URRI�RI�EDFWHULDO�ELQGLQJ�DQG�RI�JRRG�DQWL�IRXOLQJ�SURSHUWLHV�RI�WKH�VXUIDFH�WRZDUGV�QRQ�

VSHFLILF�EDFWHULD�DUH�FRQILUPHG�E\�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0���7KH�6(0�LPDJHV�LQ�

)LJXUH���VKRZ�VXUIDFH�EDFWHULDO�FRYHUDJH�DW�GLIIHUHQW�FRQFHQWUDWLRQV��IURP���� î ��� WR�

��� î ��� &)8�P/��DV�ZHOO�DV�LQ�WKH�SUHVHQFH�RI�QHJDWLYH�FRQWUROV��7KH�6(0�SLFWXUHV�IRU�

QHJDWLYH�FRQWUROV�DUH�FRQJUXHQW�ZLWK�ERWK�WKH�(,6�DQG�%LR)(7�VLJQDOV��HYHQ�WKRXJK�%LR)(7V�

H[KLELWHG�WKH�KLJKHVW�VHQVLWLYLW\�GHWHFWLQJ�PXFK�VPDOOHU�DPRXQWV�RI�3./�����



ϭϭ

)LJXUH�� � 6(0 PLFURVFRS\�SLFWXUHV�RI�WKH�DIILQLW\�FDSWXUH�DVVD\��%LQGLQJ�RI�(VFKHULFKLD�FROL

3./�����DW�WKH�FRQFHQWUDWLRQ�RI���� î ��� �D������ î ��� �E������ î ��� �F������ î ��� �G���

��� î ��� �H������ î ��� �I���&)8�P/ RQ�Į�PDQQRVH��(VFKHULFKLD�FROL VWUDLQ�.���DW�WKH�

FRQFHQWUDWLRQ�RI���� î ��� RQ�Į�PDQQRVH��J��DQG�(VFKHULFKLD�FROL VWUDLQ�3./���DW�WKH�

FRQFHQWUDWLRQ�RI���� î ��� RQ�*DO1$F��K��

�����0$/',�7R)�PDVV�VSHFWURPHWU\

*O\FDQ�IXQFWLRQDOLVDWLRQ�RI�6$0V�ZDV�FRQILUPHG�XVLQJ�0$/',� 7R)�06�RQ�ERWK�JROG�

DUUD\V�DQG�RQ�JROG�DUUD\V�HYDSRUDWHG�RQ�JODVV�E\�GLUHFW�VXUIDFH�LRQLVDWLRQ��VHH�6XSSOHPHQWDU\�

,QIRUPDWLRQ���6SHFLILF�SHDNV�VLWXDWHG�DW�������DQG�������P�]�FRUUHVSRQGLQJ�WR�06�

ILQJHUSULQW�RI�(VFKHULFKLD�FROL 3./�����FDQ�EH�REVHUYHG�E\�SHUIRUPLQJ�06�RQ�EDFWHULDO�

VDPSOH�VSRWWHG�RQ�EDUH�JROG�ZLWKRXW�6$0�IXQFWLRQDOLVDWLRQ��)LJXUH��D�&RQWURO���6XFK�SHDNV�

ZHUH�DOVR�GHWHFWHG�LQ�WKH�DIILQLW\�UHDFWLRQ�QRW�RQO\�ZKHQ�SHUIRUPLQJ�WKH�PHDVXUHPHQWV�RQ�

JROG�DUUD\V�EXW�DOVR�RQ�WKH�JROG�DUUD\V�HYDSRUDWHG�RQ�JODVV�DV�LW�FDQ�EH�VHHQ�LQ�)LJXUH��D� 7KH�

VSHFLILFLW\�RI�Į�'�PDQQRVH�WRZDUGV�(VFKHULFKLD�FROL VWUDLQ�3./�����LV�VKRZQ�LQ�WKH�

6XSSOHPHQWDU\�,QIRUPDWLRQ�ZKHUH�(VFKHULFKLD�FROL 3./�����SHDNV�DUH�RQO\�FOHDUO\�YLVLEOH�

DIWHU�DIILQLW\�FDSWXUH�DQG�ZDVKLQJ��ZKHQ�WKH�JROG�HOHFWURGHV�DUH�IXQFWLRQDOLVHG�ZLWK�Į�'�

PDQQRVH�EXW�QRW�ZLWK�RWKHU�VXJDUV��0RUHRYHU��DOWKRXJK�6(0�PLFURVFRS\�VKRZV�VLJQLILFDQW�

EDFWHULDO�DGKHVLRQ�XVLQJ�VDPSOHV�RI�(VFKHULFKLD�FROL 3./�����GLOXWHG�XS�WR�

��� î ��� &)8�P/ �)LJXUH�����D�PLQLPXP�FRQFHQWUDWLRQ�RI���� î ��� &)8�P/ ZDV�UHTXLUHG�WR�

SURGXFH�REVHUYDEOH�SHDNV�XVLQJ�0$/',�7R)�RQ�JROG�SODWH��)LJXUH��E�� 0$/',�7R)�VSHFWUD�



ϭϮ

DOVR�VKRZHG�DEVHQFH�RI�DQ\�VLJQLILFDQW�QRQ�VSHFLILF�DWWDFKPHQW�RI�(VFKHULFKLD�FROL .���RQ�Į�

PDQQRVH��)LJXUH��E��ERWWRP�LPDJH��DV�ZHOO�DV�RQ�RWKHU�VXJDUV��6XSSOHPHQWDU\�,QIRUPDWLRQ���

)LJXUH�� � 0$/',�7R)�VSHFWUD�RI�WKH�DIILQLW\�FDSWXUH�DVVD\��D��0$/',�7R)�VSHFWUD�RI�

XURSDWKRJHQLF�(VFKHULFKLD�FROL 3./�����DIWHU�DIILQLW\�FDSWXUH�RQ�Į�'�PDQQRVH�FRYDOHQWO\�

OLQNHG�WR�JROG�HOHFWURGHV�HYDSRUDWHG�RQ�JODVV�VOLGHV��WRS�LPDJH���RI�(VFKHULFKLD�FROL

3./�����VSRWWHG�RQ�EDUH�JROG��PLGGOH�SORW��DQG�(VFKHULFKLD�FROL 3./�����DIWHU�DIILQLW\�

FDSWXUH�RQ�Į�'�PDQQRVH�FRYDOHQWO\�OLQNHG�WR�JROG�DUUD\V��ERWWRP�LPDJH���7KH�SHDNV�DW������

DQG�������P�]�DUH�GLDJQRVWLF�IRU�(VFKHULFKLD�FROL 3./������E��0$/',�7R)�VSHFWUD�

UHVSRQVHV�IRU�GLIIHUHQW�FRQFHQWUDWLRQV�RI�(VFKHULFKLD�FROL 3./�����RQ�Į�'�PDQQRVH��7KH�

DQDO\VLV�ZDV�SHUIRUPHG�RQ�6$0�IXQFWLRQDOLVHG�JROG�SODWHV��(VFKHULFKLD�FROL .���ZDV�XVHG�

DV�QHJDWLYH�FRQWURO�DQG�VKRZHG�QR�SHDNV�XSRQ�06�DQDO\VLV�

,Q�7DEOH���WKH�WLPH�RI�PHDVXUHPHQWV DQG�WKH�OLPLW�RI�TXDQWLWDWLRQ �/24��RI�RXU�%LR)(7�DUH�

FRPSDUHG�WR�WKH�RQHV�REWDLQHG�E\�RXU�(,6�DQG�0$/',�7R)�PHDVXUHPHQWV�DQG�VKRZ�D�

VLJQLILFDQW�LPSURYHPHQW��RYHU�����IROG��RI�UHDGRXW�WLPH��,Q�WKH�(,6�VHW�XS��WKH�DEVHQFH�RI�

UHGR[�PROHFXOHV�VLPSOLILHG�WKH�DVVD\�ZLWK�UHVSHFW�WR�FRQYHQWLRQDO�)DUDGDLF�(,6�H[SHULPHQWV��

+RZHYHU��WKH�(,6�VLJQDO�LV�D�UHVXOWDQW�RI�FRPELQHG�± DQG�RIWHQ�FRPSHWLQJ�± HIIHFWV�RI�WKH�

YDULDWLRQ�RI�VXUIDFH�DUHD�FRYHUDJH��UHODWLYH�SHUPLWWLYLW\�DQG�WKH�GLVWDQFH�EHWZHHQ�WKH�

HOHFWURGH�DQG�WKH�+HOPKROW]�SODQH�XSRQ�EDFWHULDO�ELQGLQJ��ZKLFK FDQ�KLQGHU�WKH�GHWHFWLRQ�RI�

ORZ�OHYHOV�RI�EDFWHULD�

D E

'ŽůĚ�ĂƌƌĂǇ�ĞǀĂƉŽƌĂƚĞĚ�ŽŶ�ŐůĂƐƐ
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7DEOH��� %LR)(7��0$/',�7R)�06�DQG�(,6�DUH�FRPSDUHG�LQ�WHUPV�RI�OLPLWV�RI�TXDQWLWDWLRQ�

�/24��DQG�WLPH�IRU�FDUU\LQJ�RXW�WKH�PHDVXUHPHQWV LQ�WKLV�ZRUN��7KH�FRPSDULVRQ�LV�REWDLQHG�

FRQVLGHULQJ�WKDW�WKH�WKUHH�WHFKQLTXHV�ZHUH�XVHG�RQ�WKH�VDPH�HOHFWURGHV��7KHUHIRUH��

LPPRELOLVDWLRQ�WLPHV�RI�WKH�HOHFWURGHV�DV�ZHOO�DV�WKH�EDFWHULDO�JURZWK�DUH�QRW�FRQVLGHUHG�DV�

WKH\�DUH�HTXDO�IRU�DOO�WKH�DVVD\V�KHUH�UHSRUWHG�

7HFKQLTXH /24��&)8�P/� 7LPH�UHTXLUHG�IRU�

WKH�PHDVXUHPHQW

%LR)(7 ����î���� a���V

(,6 ����î���� a����PLQ

0$/',�7R)�06 ����î���� a����PLQ

7KHVH�HIIHFWV�DUH�QRW�DV�VLJQLILFDQW�LQ�WKH�FDVH�RI�%LR)(7V��8VLQJ�WKH�HOHFWURGHV�DV�H[WHQGHG�

JDWHV�IRU�026)(7V��WKH�VHQVRU�UHVSRQVH�LV�PRVWO\�GXH�WR�WKH�EDFWHULDO�FKDUJH��WKHUHE\�

UHVXOWLQJ�LQ�DQ�/24�EHLQJ�LPSURYHG�E\�PRUH�WKDQ�WZR�RUGHUV�RI�PDJQLWXGH��7DEOH�����

:LWK�UHVSHFW�WR�06�GHWHFWLRQ��WKH�VHQVLWLYLW\�RI�WKH�%LR)(7V�LV�IRXU�RUGHUV�RI�PDJQLWXGH�

JUHDWHU��ZKLFK��WRJHWKHU�ZLWK�LWV�VLJQLILFDQWO\�UHGXFHG�FRVW�ZKHQ�FRPSDUHG�WR�D�0$/',�7R)�

LQVWUXPHQW��FRQVLGHULQJ�D�VLPLODU�SULFH�IRU�WKH�VHQVRU�DUUD\���FRQILUPV�WKH�YDOXH�RI�RXU�VHQVRU��

$OWKRXJK�ORZ�OLPLWV�RI�EDFWHULD�GHWHFWLRQ�KDYH�EHHQ�UHSRUWHG�IRU�RWKHU�W\SHV�RI�ELRVHQVRUV�

�$KPHG�HW�DO����������WKH�PDVV�SURGXFWLRQ�RI�026)(7V�DQG�WKH�HDVH�RI�LQWHJUDWLRQ�LQWR�

PXOWLSOH[HG�GHYLFHV ZLWK�FRPPHUFLDO�SODQDU�SURFHVVHV�IRU�ODUJH�VFDOH�FLUFXLWU\�XVLQJ�VWDQGDUG�

VHPLFRQGXFWRU�WHFKQRORJLHV�VXFK�DV�&026��ZKLFK�KDV�DOUHDG\�EHHQ�ZLGHO\�GHPRQVWUDWHG�E\�

WKHLU�XELTXLWRXV�XVH�LQ�HYHU\GD\�DSSOLFDWLRQV��FDQ�DOORZ�PXOWLSOH�VFUHHQLQJ�RI�VDPSOHV�

ZLWKRXW�OHDGLQJ�WR�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�FRVWV�RI�WKH�VHQVRU��(DFK�LQGLYLGXDO�

PXOWLSOH[HG�FKLS�FDQ�EH�PDVV�SURGXFHG�DW�YHU\�ORZ�FRVW��W\SLFDOO\�EHORZ�����DQG�WKH�XVH�RI�

JO\FRVLGHV�LQVWHDG�RI�H�J� DQWLERGLHV�DV�UHFRJQLWLRQ�HOHPHQWV�GRHVQ
W�KDG�VLJQLILFDQW�FRVWV�WR�

WKH�ELRFKLSV� )XUWKHUPRUH��WKH�UHDGRXW�V\VWHP�LV�VWUDLJKWIRUZDUG�IURP�DQ�HOHFWURQLFV�SRLQW�RI�

YLHZ�DQG�FDQ�EH�SURGXFHG�DW�D�IDLUO\�ORZ�FRVW��EHORZ��������2EYLRXVO\�WKH�ILQJHUSULQW�JLYHQ�

E\�WHFKQLTXHV�VXFK�DV�0$/',�7R)�RU�3&5�LV�HVVHQWLDO�IRU�REWDLQLQJ�GHWDLOHG�LQIRUPDWLRQ�

VXFK�DV�DQWLPLFURELDO�VXVFHSWLELOLW\��YLUXOHQFH�DQG�LQWUD�VSHFLHV�W\SLQJ��'LGHORW�HW�DO���������

)RUPLVDQR�HW�DO����������+RZHYHU��VXFK�HYLGHQFH�LV�RQO\�QHHGHG�RQFH�WKH�SDWKRJHQLFLW\�RI�D�

VDPSOH�KDV�EHHQ�FRQILUPHG� 7KH�DELOLW\�WR�XVH�DQ�LQLWLDO�ORZ�FRVW VFUHHQLQJ�WR�OLPLW�WKH�QHHG�
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IRU�PRUH�DFFXUDWH�DQG�H[SHQVLYH�WHFKQLTXHV�ZRXOG�VLJQLILFDQWO\�RSWLPLVH�WLPHV�DQG�FRVWV�RI�

WKH�H[DPLQDWLRQV�

���&RQFOXVLRQV

:LWK�WKH�%LR)(7�VHQVRU�GHYHORSHG�LQ�WKLV�ZRUN�ZH�KDYH�VSHFLILFDOO\�GHWHFWHG�XURSDWKRJHQLF�

(VFKHULFKLD�FROL VWUDLQV�H[SUHVVLQJ�W\SH���ILPEULDH��ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�JUHDW�

PDMRULW\�RI�XULQDU\�WUDFW�LQIHFWLRQV��5RQDOG���������7KH�)LP+�SURWHLQ�RQ�WKH�W\SH���ILPEULDH�

ELQGV�WR�WKH�Į�'�OLQNHG�PDQQRVHV�RQ�JO\FRSURWHLQV�RI�XULQDU\�HSLWKHOLDO�FHOOV��7KH %LR)(7�

VHQVRUV�DUH�KLJKO\�DSSOLFDEOH�IRU�EDFWHULD�JO\FDQ�LQWHUDFWLRQV�E\�XVLQJ�RWKHU�JO\FDQV�DV�WDUJHWV�

IRU�SURWHLQ�UHFRJQLWLRQ� IRU�H[DPSOH WHUPLQDO�VLDOLF�DFLG�RQ�JDVWURLQWHVWLQDO�KXPDQ�PXFLQV�FDQ�

EH�UHFRJQLVHG�E\�+��S\ORUL 6DE$�DGKHVLQ��0DKGDYL�HW�DO�������� ZKLOH�9LEULR�FKROHUDH *ES$�

DKHVLQ�PDLQO\�ELQGV�WR�*DO1$F��%KRZPLFN�HW�DO����������

8SRQ�WKH�ELQGLQJ�RI�EDFWHULD�WR�IXQFWLRQDOLVHG�HOHFWURGHV��FKDUJHV�DW�WKH�PHPEUDQH�RI�WKH�

EDFWHULD�DQG�WKH�GLVSODFHPHQW�RI�ZDWHU�DQG�LRQV�IURP�WKH�ELROD\HU�VXUIDFH��GXH�WR�WKH�

SUHVHQFH�RI�WKH�ODUJH�EDFWHULD���GLVWXUEV�VLJQLILFDQWO\�WKH�HOHFWURFKHPLFDO�GRXEOH�OD\HU�

FDSDFLWDQFH��7KLV�LQ�WXUQ�FDXVHV�D�VKLIW�RQ�WKH�WKUHVKROG�SRWHQWLDO�RI�WKH�%LR)(7V��7KH�

%LR)(7�ZLOO�SURYLGH�D�VLJQDO�WR�DQ\�W\SH�RI�EDFWHULD�WKDW�ELQGV�WR�WKH IXQFWLRQDOLVHG�

HOHFWURGHV��)RU�H[DPSOH��LQ�*UDP�SRVLWLYH�EDFWHULD�WKH�QHJDWLYH�FKDUJH�LV�PRVWO\�GXH�WR�WKH�

SUHVHQFH�RI�QHJDWLYHO\�FKDUJHG�SKRVSKDWH�LQ�WHLFKRLF�DFLGV�± WHLFKRLF�DFLGV�DUH�OLQNHG�WR�

HLWKHU�WKH�SHSWLGRJO\FDQ�RU�WR�WKH�XQGHUO\LQJ�SODVPD�PHPEUDQH��)RU�*UDP�QHJDWLYH�EDFWHULD��

WKH�RXWHU�EDFWHULDO�ZDOO�LV�FRYHUHG�E\�SKRVSKROLSLGV�DQG�OLSRSRO\VDFFKDULGHV�DQG�WKH�FKDUJH�LV�

PRVWO\�JLYHQ�E\�WKH�VWURQJ�QHJDWLYH�FKDUJH�RI�OLSRSRO\VDFFKDULGHV��)XUWKHUPRUH�DOO�EDFWHULD�

ZLOO�FDXVH�GLVSODFHPHQW�RI�ZDWHU�LRQV�IURP�WKH�ELROD\HU�IXUWKHU�FKDQJLQJ�WKH�HOHFWURFKHPLFDO�

GRXEOH�OD\HU�FDSDFLWDQFH�

,Q�FRQFOXVLRQ�ZH�KDYH�GHPRQVWUDWHG�D�IDVW��HIIHFWLYH�DQG�LQH[SHQVLYH�VHQVRU�WKDW�FDQ�EH�XVHG�

WR�VXSSRUW�FXUUHQW�FOLQLFDO�PLFURELRORJ\�E\�SURYLGLQJ�KLJK�WKURXJKSXW�VFUHHQLQJ�RI�

SDWKRJHQLF�EDFWHULDO�VDPSOHV��2XU�WHFKQRORJ\�FDQ�EH�HDVLO\�LPSOHPHQWHG�DQG�ZRXOG�EH�

SHUIRUPHG�DIWHU�WKH�HQULFKPHQW�VWHS�DQG�EHIRUH�IXUWKHU�DGYDQFHG�LQYHVWLJDWLRQV�VR�WKDW�

DGGLWLRQDO�WLPH�DQG�FRVWV�FDQ�EH�VDYHG�LQ�WKH�DUHD�RI�WUDGLWLRQDO�EDFWHULDO�GHWHFWLRQ� 7KH�

UHVXOWV�VKRZ�WKURXJK�WKH�XVH�RI�VXLWDEOH�PROHFXODU�SUREHV��WKH�%LR)(7V�FDQ�GLIIHUHQWLDWH�

SDWKRJHQV�WKDW�FDQ�EH�XVHG�IRU�PXOWLSOH[HG�VFUHHQLQJ��7KH�ODUJH�YROXPH�SURGXFWLRQ�RI�VXFK�
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FKLSV�ZLOO�EULQJ�WKH�DVVD\�SULFH�IXUWKHU�GRZQ��PDNLQJ�LW�DQ�DWWUDFWLYH�SURSRVLWLRQ�IRU�SDWKRJHQ�

VFUHHQLQJ�LQ�SRLQW�RI�FDUH�DSSOLFDWLRQV�

$FNQRZOHGJPHQWV

7KH�DXWKRUV�WKDQN�'U�6XVDQD�/LpEDQD�*LURQD�IRU�LPSRUWDQW�GLVFXVVLRQV��7KLV�ZRUN�ZDV�SDUWO\�

IXQGHG�E\�WKH�(XURSHDQ�8QLRQ¶V�6HYHQWK�)UDPHZRUN�3URJUDPPH�IRU�UHVHDUFK��WHFKQRORJLFDO�

GHYHORSPHQW�DQG�GHPRQVWUDWLRQ�XQGHU�JUDQW�DJUHHPHQW�QR����������KL3$'�������������

��������*O\FR%LR0������������ DQG���������3526(16(��������������-50�WKDQNV�

&21$&\7�IRU�D�GRFWRUDO�VFKRODUVKLS�

5HIHUHQFHV

$KPHG��$���5XVKZRUWK��-���+LUVW��1��	�0LOOQHU��3��%LRVHQVRUV�IRU�ZKROH�FHOO�EDFWHULDO�

GHWHFWLRQ��&OLQ��0LFURELRO��5HY� ��� ���������������

$VDPL��.���+DQDL��7��	�.RL]XPL��1��'LHOHFWULF�DQDO\VLV�RI�(VFKHULFKLD�FROL�VXVSHQVLRQV�LQ�WKH�

OLJKW�RI�WKH�WKHRU\�RI�LQWHUIDFLDO�SRODUL]DWLRQ��%LRSK\V��-� ��� ���������������

%HUJJUHQ��&���%MDUQDVRQ��%��	�-RKDQVVRQ��*��&DSDFLWLYH�ELRVHQVRUV��(OHFWURDQDO\VLV ��� ����

�����������

%KRZPLFN�HW�DO� ,QWHVWLQDO�DGKHUHQFH�RI�9LEULR�FKROHUD LQYROYHV�D�FRRUGLQDWHG�LQWHUDFWLRQ�

EHWZHHQ�FRORQL]DWLRQ�IDFWRU�*ES$�DQG�PXFLQ��,QIHFW��,PPXQ� ���������������������

%RWK��3��HW�DO� 'LVFULPLQDWLRQ�RI�HSLPHULF�JO\FDQV�DQG�JO\FRSHSWLGHV�XVLQJ�,0�06�DQG�LWV�

SRWHQWLDO�IRU�FDUERK\GUDWH�VHTXHQFLQJ��1DW� &KHP� �� �������������

%UDFKPDQ��3��	�$EUXW\Q��(��%DFWHULDO�,QIHFWLRQV�RI�+XPDQV���6SULQJHU�6FLHQFH�%XVLQHVV�

0HGLD��������

&DUUDUD��6��HW�DO� /DEHO�IUHH�FDQFHU�PDUNHUV�GHWHFWLRQ�E\�FDSDFLWDQFH�ELRFKLS��6HQV� $FWXDWRUV�

% ���� ���������������

&RDWHV��$���+X��<���%D[��5��	�3DJH��&��7KH�IXWXUH�FKDOOHQJHV�IDFLQJ�WKH�GHYHORSPHQW�RI�QHZ�

DQWLPLFURELDO�GUXJV��1DW��5HY��'UXJ�'LVFRY� �� ���������������
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&RXQLRW��1���$I]DOLDQ��$���9DQ�2YHUVWUDHWHQ�6FKO|JHO��1���)UDQFLV��/��	 )ODQGUH��'��

&DSDFLWLYH�ELRVHQVLQJ�RI�EDFWHULDO�FHOOV��DQDO\WLFDO�PRGHO�DQG�QXPHULFDO�VLPXODWLRQV��6HQV��

$FWXDWRUV�% ���� �������������D��

&RXQLRW��1��HW�DO� /\WLF�HQ]\PHV�DV�VHOHFWLYLW\�PHDQV�IRU�ODEHO�IUHH��PLFURIOXLGLF�DQG�

LPSHGLPHWULF�GHWHFWLRQ�RI�ZKROH�FHOO�EDFWHULD�XVLQJ�$/'�$O�2� SDVVLYDWHG�PLFURHOHFWURGHV��

%LRVHQV��%LRHOHFWURQ� ��� �������������E��

'LGHORW��;���%RZGHQ��5���:LOVRQ��'���3HWR��7��	�&URRN��'��7UDQVIRUPLQJ�FOLQLFDO�

PLFURELRORJ\�ZLWK�EDFWHULDO�JHQRPH�VHTXHQFLQJ��1DW��5HY��*HQHW� �������������������

(VWUHOD��3��HW�DO� /DEHO�)UHH�6XE�SLFRPRODU�SURWHLQ�GHWHFWLRQ�ZLWK�ILHOG�HIIHFW�WUDQVLVWRUV��

$QDO��&KHP� ��� �����������������

(VWUHOD��3���6WHZDUW��$���<DQ��)��	�0LJOLRUDWR��3��)LHOG�HIIHFW�GHWHFWLRQ�RI�ELRPROHFXODU�

LQWHUDFWLRQV��(OHFWURFKLP��$FWD ��� �����������������

)RUPLVDQR��1��HW�DO�0XOWLPRGDO�HOHFWURFKHPLFDO�DQG�QDQRSODVPRQLF�ELRVHQVRUV�XVLQJ�

IHUURFHQH�FURZQHG�QDQRSDUWLFOHV�IRU�NLQDVH�GUXJ�GLVFRYHU\�DSSOLFDWLRQV��(OHFWURFKHP��

&RPPXQ� ��� �������������

)RXUQLHU��3�(��HW�DO�0RGHUQ�FOLQLFDO�PLFURELRORJ\��QHZ�FKDOOHQJHV�DQG�VROXWLRQV��1DW��5HY��

0LFURELRO� �������������������

)R[PDQ��%���%DUORZ��5���'
$UF\��+���*LOOHVSLH��%��	�6REHO��-�'��8ULQDU\�WUDFW�LQIHFWLRQ��VHOI�

UHSRUWHG�LQFLGHQFH�DQG�DVVRFLDWHG�FRVWV��$QQ� (SLGHPLRO� ��� ���������������

+DUWPDQQ��0��	�/LQGKRUVW��7��7KH�EDFWHULDO�OHFWLQ�)LP+��D�WDUJHW�IRU�GUXJ�GLVFRYHU\��

FDUERK\GUDWH�LQKLELWRUV�RI�W\SH���ILPEULDH�PHGLDWHG�EDFWHULDO�DGKHVLRQ��(XU��-��2UJ��&KHP��

����� �����������������

.DQJ��'��HW�DO� 5DSLG�GHWHFWLRQ�RI�VLQJOH�EDFWHULD�LQ�XQSURFHVVHG�EORRG�XVLQJ�LQWHJUDWHG�

FRPSUHKHQVLYH�GURSOHW�GLJLWDO�GHWHFWLRQ��1DW��&RPPXQ� �� ������������

/L��'��HW�DO� /DEHO�IUHH�FDSDFLWLYH�LPPXQRVHQVRU�EDVHG�RQ�TXDUW]�FU\VWDO�$X�HOHFWURGH�IRU�

UDSLG�DQG�VHQVLWLYH�GHWHFWLRQ�RI�(VFKHULFKLD�FROL�2����+���$QDO��&KLP��$FWD ���� ������

�������

0D��)��HW�DO��*O\FRV\ODWLRQ�RI�TXLQRQH�IXVHG�SRO\WKLRSKHQH�IRU�UHDJHQWOHVV�DQG�ODEHO�IUHH�

GHWHFWLRQ�RI�(��FROL��$QDO��&KHP� ��� �����������������
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0DKGDYL�HW�DO� +HOLFREDFWHU�S\ORUL6DE$�DGKHVLRQ�LQ�SHUVLVWHQW�LQIHFWLRQ�DQG�FKURQLF�

LQIODPPDWLRQ��6FLHQFH ��������������������

0DQQRRU��0��HW�DO� *UDSKHQH�EDVHG�ZLUHOHVV�EDFWHULD�GHWHFWLRQ�RQ�WRRWK�HQDPHO��1DW��

&RPPXQ� �� �����������

0RKDQW\��1��	�%HUU\��9��*UDSKHQH�EDVHG�VLQJOH�EDFWHULXP�UHVROXWLRQ�ELRGHYLFH�DQG�'1$�

WUDQVLVWRU��LQWHUIDFLQJ�JUDSKHQH�GHULYDWLYHV�ZLWK�QDQRVFDOH�DQG�PLFURVFDOH�ELRFRPSRQHQWV��

1DQR�/HWW� �� �����������������

1REOH��*��HW�DO� $FFHOHUDWHG�HQ]\PDWLF�JDODFWRV\ODWLRQ�RI�1��DFHW\OJOXFRVDPLQROLSLGV�LQ�OLSLG�

PLFURGRPDLQV��-��$P��&KHP��6RF� ���� �������������������

2HOVFKODHJHU��7���'REULQGW��8��	�+DFNHU��-��9LUXOHQFH�IDFWRUV�RI�XURSDWKRJHQV��&XUU��2SLQ��

8URO� ��� �������������

2VWXQL��(���<DQ��/��	�:KLWHVLGHV��*��7KH�LQWHUDFWLRQ�RI�SURWHLQV�DQG�FHOOV�ZLWK�VHOI�

DVVHPEOHG�PRQROD\HUV�RI�DONDQHWKLRODWHV�RQ�JROG�DQG�VLOYHU��&ROORLGV�6XUI��% ��� ������������

3RJKRVVLDQ��$��	�6FK|QLQJ��0�-��/DEHO�IUHH�VHQVLQJ�RI�ELRPROHFXOHV�ZLWK�ILHOG�HIIHFW�

GHYLFHV�IRU�FOLQLFDO�DSSOLFDWLRQV��(OHFWURDQDO\VLV ���������������������

5HLVQHU��$���+DDJHQVHQ��-���6FKHPEUL��0���=HFKQHU��(��	�0ROLQ��6��'HYHORSPHQW�DQG�

PDWXUDWLRQ�RI�(VFKHULFKLD�FROL�.����ELRILOPV��0RO��0LFURELRO� ��� ���������������

5RQDOG��$��7KH�HWLRORJ\�RI�XULQDU\�WUDFW�LQIHFWLRQV��WUDGLWLRQDO�DQG�HPHUJLQJ�SDWKRJHQV��'LV��

0RQ� �����������������

âDUG]tN��5��HW�DO� 3UHSDUDWLRQ�RI�DPLQRHWK\O�JO\FRVLGHV�IRU�JO\FRFRQMXJDWLRQ��%HOVWHLQ�-��2UJ��

&KHP� �� ������� �������

âDUG]tN��5��HW�DO� &KHPRHQ]\PDWLF�V\QWKHVLV�RI�2�PDQQRV\OSHSWLGHV�LQ�VROXWLRQ�DQG�RQ�VROLG�

SKDVH��-��$P��&KHP��6RF� ���� �����������������

6LOKDY\��7���.DKQH��'��	�:DONHU��6��7KH�EDFWHULDO�FHOO�HQYHORSH��&ROG�6SULQJ�+DUE��3HUVSHFW��

%LRO� �� D�������D��������������

6WHLQ��5� 6XSHU�VSUHDGHUV�LQ�LQIHFWLRXV�GLVHDVHV��,QW��-��,QIHFW��'LV� ��� H����H�����������

9DUVKQH\��0��	�/L��<��'RXEOH�LQWHUGLJLWDWHG�DUUD\�PLFURHOHFWURGH�EDVHG�LPSHGDQFH�

ELRVHQVRU�IRU�GHWHFWLRQ�RI�YLDEOH�(VFKHULFKLD�FROL�2����+��LQ�JURZWK�PHGLXP��7DODQWD ���

���������������
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:HEVWHU��0���7LPRVKNLQ��,���0DFJUHJRU��6��	�0DWWH\��0��&RPSXWHU�DLGHG�PRGHOOLQJ�RI�DQ�

LQWHUGLJLWDWHG�PLFURHOHFWURGH�DUUD\�LPSHGDQFH�ELRVHQVRU�IRU�WKH�GHWHFWLRQ�RI�EDFWHULD��,(((�

7UDQV� 'LHOHFWU� (OHFWU� ,QVXO� ��� �����������������

:HLVVHQERUQ��0��HW�DO� )RUPDWLRQ�RI�FDUERK\GUDWH�IXQFWLRQDOLVHG�SRO\VW\UHQH�DQG�JODVV�VOLGHV�
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