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$FNQRZOHGJHPHQWV
,W� LV� D� JUHDW� SOHDVXUH� IRU� PH� WR� WKDQN� 3URI�� 'U� 7KRPDV� 6FKHSHU� ZKR� KDV� JLYHQ� PH� WKH�RSSRUWXQLW\�WR�WDNH�SDUW�RQ�WKH�GRFWRUDO�SURJUDP�LQ�WKH�,QVWLWXWH�RI�7HFKQLFDO�&KHPLVWU\��DW�8QLYHUVLW\�RI�+DQQRYHU�IRU�WKH�LQWHUHVWLQJ�VXEMHFW�DQG�WKH�IULHQGO\�VXSSRUW�
,�ZLVK�WR�H[SUHVV�D�ZDUP�WKDQN�WR�3'�'U��%HUQG�+LW]PDQQ�IRU�DFFHSWDQFH�RI�FR�UHIHUHH�DQG�KLV�NLQGQHVV�
0DQ\� IULHQGV�� FROOHDJXHV� DQG� FR�ZRUNHU� KHOSHG� VXJJHVWLRQV� DQG� DUW� ZRUNV� IRU� WKLV�GLVVHUWDWLRQ�� � ,� WKDQN�5RODQG�8OEHU��$QGUHDV�0DFNHQVHQ��7DQMD�.RRS��$PHOLWD�%DUWRORPH��$QNH� *|KULQJ�� 'LUN� 6WHXEHU�� +XQJ� /DP�� 3UH\DWXGVDQH\� 3UDFKDL\R��:LSKDUDW� &KXDFKXDG�DQG�-DUHH\D�<LPUDWDQDERYRUQ�IRU�WKHLU�KHOS�DQG�SURRI�UHDGLQJ�
,¶P� JUDWHIXO� WR� 6XVDQQD�+XHEQHU� IURP�283� �,QVWLWXW� I�U�2UGQXQJV� XQG� 3UR]H�SROLWLN�� DW�8QLYHUVLW\� RI� +DQQRYHU� IRU� KHU� FULWLFDO� FRPPHQWV� DQG� PDQ\� KHOSIXO� VXJJHVWLRQV� LQ� WKH�VHFWLRQ�RI�SURFHVV�HFRQRPLFV�
,�ZLVK�WR� WKDQN�'U��*UHJRU�&��*DPV�IURP�*DPPD�&KHPLH�*PE+��ZKR�DGYLVHG�PH�WR�XVH�HQ]\PH�LQ�WKH�ZD\�RI�SXUSRVH�
0DQ\� PHDVXUHPHQWV� RI� +3/&� DQDO\VLV�� ,� SDUWLFXODUO\� WKDQN� 0DUWLQD� :HL�� IRU� QRW� RQO\�WROHUDWLQJ�EXW�HPEUDFLQJ�WKLV�HQGHDYRU�
,W�LV�D�JUHDW�SOHDVXUH�IRU�PH�WR�WKDQN�WKH�FROOHDJXHV�DQG�PHPEHUV�ZKR�KDYH�KHOSHG�PH�LQ�WKH�,QVWLWXWH� RI� 7HFKQLFDO� &KHPLVWU\� HYHQ� WKRXJK� ZH� KDG� D� PDWWHU� WR� FRPPXQLFDWH� DQG�XQGHUVWDQG�WR�HDFK�RWKHU�
7KH�ILQDQFLDO�VXSSRUW�RI�WKH�GRFWRUDO�SURJUDP�E\�D�JUDQW�IURP�WKH�5R\DO�7KDL�JRYHUQPHQW�LV�JUDWHIXOO\�DFNQRZOHGJHG�
0\�JUDWHIXO�WKDQNV�WR�P\�SDUHQWV�ZKR�DFFHSWHG�P\�DEVHQFH�ZLWK�JUHDW�XQGHUVWDQGLQJ�
)LQDOO\��DQG�PRVW� LPSRUWDQWO\�� ,�ZLVK� WR� WKDQN�.XVQDGL�/LHP�IRU�KLV�FRQVWDQW�VXSSRUW��DQG�HQFRXUDJHPHQW��ZLWKRXW�ZKLFK�WKLV�ZRUN�FRXOG�QRW�KDYH�EHHQ�FRPSOHWHG�



$EVWUDFW
7KH� JRDO� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH� HQ]\PDWLF� K\GURO\VLV� RI� UHQHZDEOH� YHJHWDEOH�SURWHLQV�� � 7KH� SURGXFWV� FDQ� EH� XVHG� IRU� FRVPHWLFV�� GLHWHWLFV� DQG� SKDUPDFHXWLFDOV�� � &RUQ�JOXWHQ�PHDO� �&*0�� DQG� VR\EHDQ PHDO� �6%0��ZHUH� K\GURO\]HG� XVLQJ� WKH� FRPELQDWLRQ� RI�$OFDODVH����/��DQ�HQGRSHSWLGDVH��DQG�)ODYRXU]\PH�����/��DQ�H[RSHSWLGDVH����7KH�HIIHFW�RI�HQ]\PH� FRQFHQWUDWLRQ�� VXEVWUDWH� FRQFHQWUDWLRQ� DQG� UHDFWLRQ� FRQGLWLRQV� RQ� WKH� K\GURO\VLV�ZHUH�LQYHVWLJDWHG���7KH�H[WHQW�RI�UHDFWLRQ�ZDV�H[SUHVVHG�LQ�WHUPV�RI�WKH�GHJUHH�RI�K\GURO\VLV�XVLQJ� UHYHUVHG�SKDVH� +3/&� DQDO\VLV� RI� DPLQR� DFLGV�� � 7KH� GHJUHH� RI� K\GURO\VLV� ZDV� DOVR�DQDO\]HG�E\�R�SKDWKDOGLDOGHK\GH��23$��DQG�WULQLWUR�EHQ]HQH�VXOIRQLF�DFLG��71%6��PHWKRG��DOWHUQDWLYHO\� 7KHVH�YDOXHV�ZHUH�WKHQ�FRPSDUHG�XVLQJ�FRUUHODWLRQ�DQDO\VLV�
7KH� UHDFWLYH� NLQHWLFV� IRU� WKH� HQ]\PDWLF� K\GURO\VLV� ZHUH� GHWHUPLQHG�� � $V� WKH� SURGXFW�FRQFHQWUDWLRQ� LQFUHDVHG�� WKH� UDWH� RI� HQ]\PDWLF� K\GURO\VLV� GHFUHDVHG� GXH� WR� WKH� SURGXFW�LQKLELWLRQ�� �+RZHYHU�� WKH�KLJKHU� WKH� VXEVWUDWH�FRQFHQWUDWLRQ�� WKH�PRUH�HIILFLHQW�ZLOO�EH� WKH�RYHUDOO� SURFHVV� HFRQRP\�� � 7KHUHIRUH�� VXEVWUDWH� FRQFHQWUDWLRQ� VKRXOG� EH� DW� WKH� VDWXUDWLRQ�SRLQW� DQG� WKH� EDWFK� UHDFWRU� VKRXOG� EH� VFDOH� LQGHSHQGHQW� LQ� RUGHU� WR� SURYLGH� PD[LPXP�PL[LQJ�EHKDYLRU���+HDW�WUHDWPHQW�RI�WKH�VXEVWUDWH�SULRU�WR�K\GURO\VLV�ZDV�HVVHQWLDO�VLQFH�WKH�SURWHLQ�GHQDWXUDWLRQ�LQFUHDVHG�WKH�LQLWLDO�UDWH�RI�K\GURO\VLV�DFFRUGLQJ�WR�/LQGHUVWURP�/DQJ¶V�WKHRU\�
$OWHUQDWLYHO\��WKH�UHDFWLRQ�XVLQJ�WKH�VWDEOH�KLJK�WHPSHUDWXUH�HQ]\PH��H[WUHPR]\PHV�VXFK�DV�D� UHFRPELQDQW� FDUER[\�WHUPLQDO� SURWHDVH� �IURP� 7KHUPRWRJD� PDULWLPD�� DQG� DQ� LVRODWHG�SURWHDVH� �IURP� 7KHUPRDQHUREDFWHU� NHUDWLQRSKLOXV�� ZHUH� VWXGLHG�� � 7KH� FKDUDFWHUL]DWLRQ� RI�H[WUHPR]\PHV�� ZKLFK� K\GURO\]HG� GLIIHUHQW� RWKHU� VXEVWUDWHV� VXFK� DV� FDVHLQ� DQG�&*0�ZDV�SHUIRUPHG�LQ�RUGHU�WR�JHW�LQIRUPDWLRQ�DERXW�HQ]\PH�VWDELOLW\�DQG�DOWHUHG�VSHFLILFLW\�7KH� HFRQRPLF� FRVWV� RI� WKH� DPLQR� DFLG� SURGXFWLRQ� SURFHVV� ZHUH� FDOFXODWHG� WR� VHUYH� WKH�SXUSRVH�RI�SURJUHVV�FRQWURO�LQ�WKH�DYDLODEOH�FRQWH[W�RI�WKH�HFRQRPLF�HYDOXDWLRQ���%HVLGH�WKH�HFRQRPLF�HYDOXDWLRQ�DQG�WKH�SURFHGXUH�RI�HQ]\PDWLF�K\GURO\VLV��HFRORJLFDO�DGYDQWDJHV�ZHUH�FRQVLGHUHG�
.H\ZRUGV� SURWHRO\WLF��H[WUHPR]\PH��HQ]\PDWLF�K\GURO\VLV��DPLQR�DFLGV



$EVWUDNW
'LH� $UEHLW� KDWWH� ]XP� =LHO�� GLH� HQ]\PDWLVFKH� +\GURO\VH� SIODQ]OLFKHU� 3URWHLQHQ� ]X�XQWHUVXFKHQ�� � 'LH� VR� JHZRQQHQHQ� $PLQRVlXUHQ� N|QQHQ� DOV� 5RKVWRII� I�U� GLH� .RVPHWLN���/HEHQVPLWWHO� XQG� 3KDUPDSURGXNWH� GLHQHQ�� � 0DLVNOHEHU� �&*0�� XQG� 6RMDSURWHLQ� �6%0��ZXUGHQ�GXUFK�GLH�NRPELQLHUWH�1XW]XQJ�GHU�(QGRSHSWLGDVH�$OFDODVH����/�XQG�([RSHSWLGDVH�)ODYRXU]\PH� ����/� K\GURO\VLHUW�� � 'HU� (LQIOX�� GHU� (Q]\PNRQ]HQWUDWLRQ�� GHU�6XEVWUDWNRQ]HQWUDWLRQ�XQG�GHU�5HDNWLRQVEHGLQJXQJHQ�DXI�GLH�+\GURO\VH�ZXUGHQ�XQWHUVXFKW���'LH� $XVEHXWH� GHU� 5HDNWLRQ� ZXUGH� GXUFK� GHQ� *UDG� GHU� +\GURO\VH�� ZHOFKH� GXUFK�$PLQRVlXUHDQDO\VH� PLW� +LOIH� GHU� 5HYHUVHG�SKDVH�+3/&� JHPHVVHQ� ZXUGH�� GDUJHVWHOOW���$OWHUQDWLY� ZXUGH� GLH� $XVEHXWH� GHU� +\GURO\VH� HEHQIDOOV� GXUFK� GLH� EHNDQQWHQ� R�3KDWKDOGLDOGHK\G� �23$�� XQG� 7ULQLWUREHQ]RVXOIRQVlXUH� �71%6��0HWKRGHQ� IHVWJHVWHOOW���'LHVH�:HUWH�ZXUGHQ�PLW�+LOIH�GHU�.RUUHODWLRQVDQDO\VH�YHUJOLFKHQ�
'LH� .LQHWLNHQ� GHU� HQ]\PDWLVFKHQ� +\GURO\VH� ZXUGH� EHVWLPPW�� � :HQQ� GLH�3URGXNWNRQ]HQWUDWLRQ� VWHLJW�� VLQNW� GLH� *HVFKZLQGLJNHLW� GHU� HQ]\PDWLVFKHQ� +\GURO\VH�DXIJUXQG�GHU�3URGXNWLQKLELHUXQJ���-H�K|KHU�GLH�6XEVWUDWNRQ]HQWUDWLRQ�JHZlKOW�ZHUGHQ�NDQQ��GHVWR�ZLUWVFKDIWOLFKHU� LVW�GHU�JHVDPWH�3UR]H����'HVKDOE�VROOWH�GLH�6XEVWUDWNRQ]HQWUDWLRQ�DP�6lWWLJXQJVSXQNW� OLHJHQ� XQG� GHU� %DWFK�5HDFWRU� VR� DXVJHOHJW� ZHUGHQ�� GDVV� HLQH� PD[LPDOH�'XUFKPLVFKXQJ� YRUOLHJW�� � (LQH�:lUPHEHKDQGOXQJ� GHV� 6XEVWUDWHV� YRU� GHU� +\GURO\VH� ZDU�QRWZHQGLJ��ZHLO�GLH�3URWHLQ�'HQDWXULHUXQJ�GLH�$QIDQJVJHVFKZLQGLJNHLW�GHU�HQ]\PDWLVFKHQ�+\GURO\VH�QDFK�GHU�/LQGHUVWURP�/DQJ�7KHRULH�YHUVWlUNWH�
$OWHUQDWLY� N|QQWHQ� (Q]\PH� JHQXW]W� ZHUGHQ�� GLH� EHL� KRKHQ� 7HPSHUDWXUHQ� VWDELO� VLQG��([WUHPR]\PH�� �(LQH� UHNRPELQDQWH�FDUER[\�WHUPLQDOH�3URWHDVH� �DXV�7KHUPRWRJD�PDULWLPD��XQG�HLQH�LVROLHUWH�3URWHDVH��DXV�7KHUPRDQHUREDFWHU�NHUDWLQRSKLOXV��ZXUGHQ�HLQJHVHW]W���'LH�&KDUDNWHULVLHUXQJ� GHU� ([WUHPR]\PH�� GLH� DQGHUH� 6XEVWUDWH� ZLH� &DVHLQ� XQG� &*0�K\GURO\VLHUHQ�� ZXUGH� GXUFKJHI�KUW�� XP� ,QIRUPDWLRQHQ� �EHU� (Q]\PVWDELOLWlW� XQG� GLH�ZHFKVHOQGH�6SH]LILWlW�]X�YHUEHVVHUQ�
'LH� .RVWHQ� GHU� $PLQRVlXUHSURGXNWLRQ� ZXUGHQ� NDONXOLHUW�� XP� HLQH� |NRQRPLVFKHQ�$XVZHUWXQJ� GHV� 3UR]HVVHV� YRUQHKPHQ� ]X� N|QQHQ�� � 1HEHQ� GHP�3UR]H�� GHU� HQ]\PDWLVFKHQ�+\GURO\VH�VHOEVW�XQG�GHVVHQ�|NRQRPLVFKHQ�%HUHFKQXQJ��ZXUGHQ�DXFK�|NRORJLVFKH�)DNWRUHQ�EHWUDFKWHW�
6WLFKZ|UWHU��3URWHRO\VH��([WUHPR]\PH��HQ]\PDWLVFKH�+\GURO\VH��$PLQRVlXUHQ
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� ([WUHPR]\PHV��������������������������������������������������������������������������������������������������� ,QWURGXFWLRQ�������������������������������������������������������������������������������������������������������������� ����� ([WUHPRSKLOHV ���������������������������������������������������������������������������������������������������������� ����� ([WUHPR]\PH�SURGXFWLRQ����������������������������������������������������������������������������������������� ����� &KDUDFWHUL]DWLRQ�RI�H[WUHPR]\PHV�RQ�FRUQ�JOXWHQ�PHDO��&*0������������������������������ ������� 7KH�UHFRPELQDQW�SURWHDVH�IURP�7KHUPRWRJD�PDULWLPD������������������������������� ������� 7KH�LVRODWHG�SURWHDVH�IURP�7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS�QRY� ��� ����� 6XPPDU\������������������������������������������������������������������������������������������������������������������ ��� 3URFHVV�(FRQRPLFV�������������������������������������������������������������������������������������������� (Q]\PDWLF�K\GURO\VLV�FRVWV ������������������������������������������������������������������������������������� ����� +\GURO\VLV�WLPHV ������������������������������������������������������������������������������������������������������ ��� &RQFOXVLRQV ����������������������������������������������������������������������������������������������������� $QQH[ ����������������������������������������������������������������������������������������������������������������� $EEUHYLDWLRQV����������������������������������������������������������������������������������������������������������� ����� %UDGIRUG�DVVD\ ��������������������������������������������������������������������������������������������������������� ����� +3/&�DQDO\WLFDO�PHWKRG������������������������������������������������������������������������������������������ ����� 'HWHUPLQDWLRQ�RI�FUXGH�SURWHLQ��.MHOGDKO�PHWKRG� ������������������������������������������������� ����� &RUUHODWLRQ�DQDO\VLV ������������������������������������������������������������������������������������������������� ����� (QGRSHSWLGDVH�DVVD\ ������������������������������������������������������������������������������������������������ ����� ([RSHSWLGDVH�DVVD\ �������������������������������������������������������������������������������������������������� ����� &DOFXODWLRQ�RI�'+� ���������������������������������������������������������������������������������������������� ������ 71%6�DVVD\ ����������������������������������������������������������������������������������������������������������� ������� 23$�DVVD\�������������������������������������������������������������������������������������������������������������� ������� 3URGXFW�GDWD�RI�HQ]\PH�VXSSOLHG�E\�WKH�FRPSDQLHV ���������������������������������������������� ������� 5DZ�GDWD�RI�DPLQR�DFLGV�FRPSRVLWLRQ ������������������������������������������������������������������� ������� 5DZ�GDWD�RI�HFRQRPLF�FDOFXODWLRQ ������������������������������������������������������������������������� ������� 0DVV�EDODQFH���������������������������������������������������������������������������������������������������������� ����� 5HIHUHQFHV �����������������������������������������������������������������������������������������������������



���,QWURGXFWLRQ �
� ,QWURGXFWLRQ
&RPPHUFLDO� LQWHUHVW� LQ� DPLQR� DFLGV� LV� DQ� RXWJURZWK� RI� DQ� XQGHUVWDQGLQJ� RI� WKH� YDULRXV�IXQFWLRQV� WKDW� WKHVH� OLIH�JLYLQJ� VXEVWDQFHV� SHUIRUP� LQ� KXPDQV� DQG� DQLPDOV�� � $V�XQGHUVWDQGLQJ� RI� WKH� IXQFWLRQV� DQG�SURSHUWLHV�RI� DPLQR� DFLGV� LQFUHDVHV�� QHZ�FRPPHUFLDO�DSSOLFDWLRQV� DULVH��ZKLOH� FXUUHQW� FRPPHUFLDO� XVHV� FRQWLQXH� WR� H[SDQG� WKHLU�PDUNHWV� RQ� D�ZRUOGZLGH�EDVLV���,QFUHDVHG�NQRZOHGJH�RI�WKH�UROH�RI�DPLQR�DFLGV�LQ�GLIIHUHQW�DSSOLFDWLRQV�DV� QXWULWLRQDO� DJHQW�� OHG� WR� WKHLU� XVH� WR� IRUWLI\� DQLPDO� IHHGV�� DV� IRRG� VXSSOHPHQWV� IRU�KXPDQV��DQG�WR�DSSO\�WKHP�LQ�WKH�SKDUPDFHXWLFDO�ILHOG�
,Q� ����� WKH� DQQXDO� SURGXFWLRQ� RI� DPLQR� DFLGV� LQ� WKH� ZRUOG� ZDV� �������� WRQV�� ZLWK� DQ�HVWLPDWHG� YDOXH� RI� DERXW� ��� ELOOLRQ�86� �(QHL� HW� DO��� ������� �7KH� JURZWK� RI� GHPDQG�ZLOO�GHSHQG�RQ�WKH�SURJUHVV�LQ�SURGXFWLRQ�WHFKQRORJ\�WR�UHGXFH�FRVWV��DQG�DOVR�RQ�WKH�SRVVLEOH�DSSOLFDWLRQ�RI�DPLQR�DFLGV�DV�FKHPLFDO�UDZ�PDWHULDOV��.DQHNR�HW�DO�����������)RU������WKH�ZRUOG�DPLQR�DFLG�GHPDQG�E\� UHJLRQ�ZDV�HVWLPDWHG������ELOOLRQ�86��)LJXUH������� �*OREDO�GHPDQG�IRU�DPLQR�DFLGV�ZLOO�H[FHHG������ELOOLRQ�86�LQ�������

)LJXUH���� 5HJLRQDO�GHPDQG�RI�DPLQR�DFLG�LQ�WKH�ZRUOG�������ELOOLRQ�86��������
7KH� $VLD�3DFLILF� UHJLRQ� ZLOO� FRQWLQXH� WR� EH� WKH� OHDGHU� LQ� DPLQR� DFLG� SURGXFWLRQ� DQG�FRQVXPSWLRQ�� ODUJHO\� GXH� WR� WKH� HQRUPRXV� VL]H� RI� WKH� 0RQRVRGLXP� *OXWDPDWH� �06*��PDUNHW�LQ�WKDW�SDUW�RI�WKH�ZRUOG��ZKLOH�&KLQD¶V�UDSLG�DGRSWLRQ�RI�DPLQR�DFLG�IHHG�DGGLWLYHV�ZLOO�DOVR�LQFUHDVH�WKH�GHPDQG���+RZHYHU��WKH�VDWXUDWLRQ�RI�WKH�06*�PDUNHW�ZLOO�VORZO\�EH�
� &RS\ULJKW� �����E\�)UHHGRQLD�*URXS��LV�D�OHDGLQJ�LQWHUQDWLRQDO�GDWDEDVH�EXVLQHVV�UHVHDUFK�FRPSDQ\�



���,QWURGXFWLRQ�
DFKLHYHG�RYHUDOO�LQ�$VLD�� �7KH�PRVW�UDSLG�LQFUHDVHV�ZLOO�OLNHO\�WDNH�SODFH�LQ�WKH�HPHUJLQJ�PDUNHWV�RI�$IULFD�DQG�/DWLQ�$PHULFD��<RVKLGD�HW�DO���������
7KXV��WKH�DSSOLFDWLRQ�RI�DPLQR�DFLGV�LV�IRFXVHG�RQ�WKHLU�QXWULWLRQDO�YDOXH�DQG�WDVWH��DQG�RQ�WKHLU� SK\VLRORJLFDO� DFWLYLW\�� LQYROYLQJ� WKH� IRRG� DQG� DQLPDO� IHHG� LQGXVWULHV� DQG� WKH�SKDUPDFHXWLFDO� LQGXVWU\�� � ,Q� SUDFWLFH�� WKLV� WHFKQRORJLFDO� H[FHOOHQFH� HPSKDVL]H� RQ� WZR�DUHDV�

x 7HFKQRORJ\� IRU� LPSURYHG� WHFKQLTXHV� WKDW� HQDEOH�PRUH�HIILFLHQW�SURGXFWLRQ�DQG�UHGXFH�ZDVWH�
x 7HFKQRORJ\�IRU�RSWLPDO�XVH�RI�UDZ�PDWHULDOV�WKDW�FDQ�EH�REWDLQHG�ORFDOO\�

7KH�PDMRULW\�RI�DPLQR�DFLGV�DUH�SURGXFHG�IURP�YHJHWDEOH�DQG�DQLPDO�SURWHLQ�VRXUFHV���7KH�LPSRUWDQFH� RI� YHJHWDEOH� SURWHLQ� DV� D� SURWHLQ� VRXUFH� LQ� IHHG� KDV� ORQJ� EHHQ� UHFRJQL]HG���9HJHWDEOH� SURWHLQ� LV� HFRQRPLFDOO\� IDYRUDEOH� FRPSDUHG�ZLWK� DQLPDO� SURWHLQ� VXFK� DV� ILVK�PHDO�� ZKLFK� LV� VRXUFH� OLPLWHG�� � 7KHUH� LV� QR� GLIIHUHQFH� LQ� UHJDUGLQJ� QXWULWLRQDO�FRQVLGHUDWLRQV� EHWZHHQ� DPLQR� DFLG� IRUWLILFDWLRQ� RI� IHHG� DQG� GLUHFW� XWLOL]DWLRQ� RI� DPLQR�DFLGV�IRU�IRRG���+RZHYHU��LQ�WKH�FDVH�RI�IRRG��PDQ\�FRPSOH[�IDFWRUV�KDYH�WR�EH�FRQVLGHUHG��ZKHUHDV�WKH�DQLPDO�IHHG�SURGXFWLRQ�LV�PDLQO\�EDVHG�RQ�HFRQRPLF�IDFWRUV�
7KH� SXUSRVH� RI� DPLQR� DFLG� IRUWLILFDWLRQ� LV� DQ� LQFUHDVH� RI� DQLPDO� JURZWK� E\� HIILFLHQW�XWLOL]DWLRQ�RI�YHJHWDEOH�SURWHLQ�� GHSHQGLQJ�RQ� WKH�EDODQFH�RI� LWV� FRQVWLWXHQW� DPLQR� DFLGV��HVSHFLDOO\� WKH� HVVHQWLDO� DPLQR� DFLGV�� � 3URWHLQ� IURP� VR\EHDQ� PHDO� LV� XVHIXO�� EXW� LW� LV�GHILFLHQW� LQ� PHWKLRQLQH�� � $OO� RWKHU� JUDLQV� DQG� RLOVHHG� PHDOV� DUH� SULPDULO\� GHILFLHQW� LQ�O\VLQH� /\VLQH� DQG�PHWKLRQLQH� DUH� WKHUHIRUH�DGGHG� WR� VXFK�YHJHWDEOH�EDVHG� IHHGV��ZKLFK�UHVXOW�LQ�DQ�LQFUHDVH�RI�DQLPDO�JURZWK�DQG�D�UHGXFHG�DPRXQW�RI�H[FUHPHQWV��<RVKLGD�HW�DO���������
6R\EHDQ� PHDO� LV� D� VRXUFH� RI� YHJHWDEOH� SURWHLQ� WKDW� FRQWDLQV� D� ODUJH� DPRXQW� RI O\VLQH���7KHUHIRUH��ZKHQ�VR\EHDQ�PHDO�SULFHV�DUH�KLJK�DQG�FRUQ�SULFHV�DUH�ORZ��IHHG�PDQXIDFWXUHUV�WHQG�WR�XVH�PRUH�FRUQ�WR�PDNH�FKHDSHU�IHHG���,Q�WKLV�HYHQW��O\VLQH�LV�DGGHG�DV�D�QXWULWLRQDO�FRPSRQHQW�WR�WKH�IHHG���,I�WKH�SULFH�RI�O\VLQH�LV�KLJK��VR\EHDQ�PHDO�ZLOO�EH�DGGHG���7RGD\��ZRUOGZLGH�DERXW�����u ��� WRQV�RI�DPLQR�DFLGV�DUH�SURGXFHG�DQQXDOO\��)RUVFKXQJV]HQWUXP�-�OLFK�*PE+����������:KLOH��JOREDO�GHPDQG�IRU�O\VLQH�LV�HVWLPDWHG�WR�UHDFK�������� WRQV�WDQQXDOO\���7KH�PDUNHW�KDV�JURZQ�E\�DQ�DYHUDJH�RI���� DQQXDOO\���)RU�WKLV�UHDVRQ��SDUW�RI�
� (VWLPDWH�IRU�ILVFDO�������$MLQRPRWR�&R���,QF�



���,QWURGXFWLRQ �
WKH�FXUUHQW�VWXGLHV�ZDV�IRFXVHG�RQ�XVLQJ�YHJHWDEOH�SURWHLQV�VXFK�DV�VR\EHDQ�PHDO�DQG�FRUQ�JOXWHQ�PHDO�DV�UDZ�PDWHULDOV�LQ�DPLQR�DFLG�SURGXFWLRQV�
8VXDOO\�� DPLQR� DFLG�PROHFXOHV� H[LVW� LQ� WZR�PLUURU� LPDJH� IRUPV�� NQRZQ� DV� WKH�'� DQG�/�HQDQWLRPHUV�� FKLUDOV� RU� UDFHPDWHV�� � /�DPLQR� DFLGV� DUH� XVHG� H[FOXVLYHO\� IRU� SURWHLQ�V\QWKHVLV�E\�OLYLQJ�RUJDQLVPV���8QIRUWXQDWHO\��K\GURO\VLV�RI�SURWHLQV�LQ���1�+&O�DW�����&�IRU����K�LQHYLWDEO\�FDXVHV�UDFLPL]DWLRQ�RI�DPLQR�DFLGV��.RQQR���������DV REWDLQHG�����/�DPLQR�DFLGV�DQG�����'�DPLQR�DFLGV� WKDW�PHDQV��RQO\�����/�DPLQR�DFLGV�RI�WKH�SURGXFW�FDQ�EH�XVHG�LQ�OLYLQJ�FHOO���+RZHYHU��VRPH�'�DPLQR�DFLGV�DUH�LQWHUHVWLQJ�LQ�IRRG�LQGXVWU\��H�J�� '�DVSDUDJLQ� RIIHUV� D� WDVWH� TXDOLW\� RI� ELWWHUQHVV�� DQG� /�DVSDUDJLQ� RIIHUV� D� VZHHWQHVV�IODYRU�RU�D�VXJDU�IUHH�VZHHWHQHU��(QGHUV�HW�DO���������
$PLQR� DFLGV� DUH� ZLGHO\� SUHSDUHG� E\� K\GURO\VLV� ZLWK� K\GURFKORULF� DFLG�� IROORZHG� E\� D�QHXWUDOL]DWLRQ�ZLWK�1D2+�� �2WKHUZLVH��DFLG�K\GURO\VLV� OHDG�WR�VRPH�GHVWUXFWLRQ�RI�DPLQR�DFLGV�DQG�VRPH�IRUPDO�PL[WXUH�RI�'� DQG�/�DPLQR�DFLGV���7KH�KLJK�FKHPLFDO�HOHPHQW�DQG�VDOW�FRQFHQWUDWLRQ�DULVH�IURP�QHXWUDOL]DWLRQ���7KH�VHSDUDWLRQ�DQG�SXULILFDWLRQ�RI�DPLQR�DFLGV�DUH� LQWHQGHG� PRVWO\� WKURXJK� VHOHFWLYH� LRQ�H[FKDQJH� FKURPDWRJUDSK\�� � ,Q� WKLV� FDVH�� WKH�SURGXFWLRQ�RI���WRQ�RI�DPLQR�DFLG�LV�DFFRPSDQLHG�E\������WRQ�1D&O��DV�D�ZDVWH�WKDW�VKRXOG�EH�FRQVLGHUHG���0RUHRYHU��DFLG�K\GURO\VLV�UHTXLUHV�KLJK�HQHUJ\�IRU�DQ�RSHUDWLRQ�DW�����&����EDU�IRU���K�LQ�DQ�DXWRFODYH�UHDFWRU�
7KH� SURGXFWLRQ� RI� DPLQR� DFLGV� E\� DFLG� K\GURO\VLV�� DFFRUGLQJ� WR� HQYLURQPHQWDO� SUREOHPV�FDQ�QRW�EH�DFFHSWHG�IRU�ORQJ�WHUP���7KH�DLP�RI�HQYLURQPHQWDO�SURWHFWLRQ�LV�WR�LQWURGXFH�D�PHWKRG� ZKLFK� DYRLGV� KLJK� FRQVXPSWLRQ� RI� FKHPLFDOV� DQG� KLJK� VDOW� FRQFHQWUDWLRQV��LQFOXGLQJ�UHGXFWLRQ�RI�HQHUJ\�DQG�ZDVWH�
$Q� DOWHUQDWLYH� PLJKW� EH� WKH� HQ]\PDWLF� K\GURO\VLV� EHFDXVH� RI� PLOGHU� SURFHVV� FRQGLWLRQ��KLJKHU� VSHFLILFLW\�� HDVLHU� FRQWURO� RI� WKH� UHDFWLRQ� DQG� PLQLPDO� IRUPDWLRQ� RI� E\�SURGXFWV��$GOHU�1LVVHQ����������,Q�DGGLWLRQ��WKH�QXWULWLRQDO�TXDOLW\�RI�WKH�DPLQR�DFLGV�LV�PDLQWDLQHG���7KH�XVH�RI� WKHUPRVWDEOH�HQ]\PHV�RIIHUV� WKH�SRVVLELOLW\�� �$V� VHW�XS�DQ�K\GURO\VLV�SURFHVV�ZKLFK� ZRUNV� XQGHU� H[WUHPH� FRQGLWLRQV�� IRU� H[DPSOH�� KLJK� LRQLF� VWUHQJWK� LQ� D� FRPSOH[�QDWXUDO� VXEVWUDWH�� �8S� WR�QRZ�HQ]\PDWLF�K\GURO\VLV� LV�QRW� LQ� LQGXVWULDO�SUDFWLFH� IRU� ODUJH�VFDOH�GXH�WR�

x 7KH�SURGXFWLRQ�FRVWV�DUH�WRR�KLJKx ,QVXIILFLHQW�HQ]\PDWLF�K\GURO\VLVx 8QVXIILFLHQW�UHDFWLRQ�UDWHV



���,QWURGXFWLRQ�
7KH�JRDO�RI�WKLV�SURMHFW�LV�WR�VWXG\�WKH�HQ]\PDWLF�K\GURO\VLV�RI�UHQHZDEOH�YHJHWDEOH�SURWHLQ�VXFK� DV� FRUQ� JOXWHQ� PHDO� �&*0�� DQG� VR\EHDQ� PHDO� �6%0��� � :LWKLQ� WKH� SURFHVV��FRPPHUFLDO� HQ]\PH� DQG� H[WUHPR]\PH� DUH� XVHG� WR� FDUU\� RXW� WKH� UHDFWLRQ� XQGHU� PLOG�FRQGLWLRQ��VR�WKDW�WKH�QXWULWLRQDO�TXDOLW\�RI�WKH�DPLQR�DFLG�LV�PDLQWDLQHG���7KH�VHOHFWLYLW\�RI�WKHVH�HQ]\PHV�DQG�UDZ�PDWHULDOV�ZLOO�EH�VWXGLHG�LQ�GHWDLO�� �7KH�NLQHWLFV�RI�WKH�K\GURO\VLV�SURFHVV� VKRXOG� EH� GHWHUPLQHG� LQ� FRUUHODWLRQ� WR� WKH� HVWDEOLVKHG� DFLG� SURFHVV�� � $� GHWDLOHG�HFRQRPLF�EDODQFH�LQ�WKH�SXUSRVH�RI�HQYLURQPHQWDO�FRQWURO�VKRXOG�EH�SURYLGHG�LQ�VFRSH�RI�WKLV�SURMHFW�
7KH�ILQDO�SURGXFW�FRQVLVWV�RI� WKH�UHVLGXDO�VXEVWUDWH��HQ]\PH��DPLQR�DFLG�DQG�ZDVWH�ZDWHU���)XUWKHU� SURFHVVLQJ�� VHSDUDWLRQ� DQG� SXULILFDWLRQ� RI� DPLQR� DFLG� ZHUH� VWXGLHG� LQ� RWKHU�UHVHDUFK�SURMHFWV�E\�WDNLQJ�FKURPDWRJUDSKLF�SROLVKLQJ�DQG�GRZQVWUHDP�VWHSV�



���3URWHLQV��$PLQR�$FLGV�DQG�(Q]\PHV �
� 3URWHLQV��$PLQR�$FLGV�DQG�(Q]\PHV
��� 3URWHLQV�DQG�DPLQR�DFLGV
3URWHLQV�DUH�SRO\PHUV�RI�/�D�DPLQR�DFLGV���7KH�D UHIHUV�WR�D�FDUERQ�ZLWK�D�SULPDU\�DPLQH��D�FDUER[\OLF� DFLG�� D� K\GURJHQ� DQG� D� YDULDEOH� VLGH�FKDLQ� JURXS�� XVXDOO\� GHVLJQDWHG� DV� ³5´���&DUERQ� DWRPV� ZLWK� IRXU� GLIIHUHQW� JURXSV� DUH� DV\PPHWULF� DQG� H[KLELW� WZR� GLIIHUHQW�DUUDQJHPHQWV� LQ� VSDFH�GXH� WR� WKH� WHWUDKHGUDO�QDWXUH�RI�ERQGV� �%DUUHWW���������� �$PLQR�DFLGV�DUH� LQ� HLWKHU� DQ� ³/´� RU� ³'´� FRQILJXUDWLRQ�� WKH� GLIIHUHQFH� GHWHUPLQHG� E\� ZKLFK� VLGH� RI� WKH�PROHFXOH�WKH�DPLQR�JURXS���1+���LV�DWWDFKHG���,Q�QDWXUDO�SURWHLQ��DOO�DPLQR�DFLG�UHVLGXHV�DUH�RI� WKH�³/´�FRQILJXUDWLRQ�� �$PLQR�DFLGV�RI� WKH�'�FRQILJXUDWLRQ�DUH�QRW�IRXQG�LQ�SURWHLQV�DQG�GR� QRW� SDUWLFLSDWH� LQ� ELRORJLFDO� UHDFWLRQV� �'DZVRQ�� ������� � )RU� WKLV� UHDVRQ�� '�FRQILJXUHG�DPLQR�DFLGV�DUH�QRW�GHVLUDEOH�IRU�QXWULWLRQDO�VXSSOHPHQWDWLRQ�
3URWHLQV� DUH� FRPSRVHG� RI� ��� GLIIHUHQW� DPLQR� DFLGV�� VRPH� RI� ZKLFK�PD\� EH�PRGLILHG� DIWHU�V\QWKHVLV�RI�WKH�SURWHLQ�� �0DQ\�DPLQR�DFLGV�DUH�SURGXFHG�E\�WKH�ERG\���2WKHUV��WKH�HVVHQWLDO�DPLQR�DFLGV��FDQQRW�EH�HQGRJHQRXVO\�V\QWKHVL]HG�LQ�DGHTXDWH�DPRXQWV��VR�WKDW�WKH\�PXVW�EH�REWDLQHG�IURP�WKH�GLHW���'LIIHUHQFHV�LQ�WKH�SURSHUWLHV�RI�DPLQR�DFLGV�UHIOHFW�GLIIHUHQFHV�DPRQJ�WKHLU� VLGH� FKDLQV�� � ([FHSW� IRU� JO\FLQH�� ZKLFK� KDV� QR� FKLUDO� FDUERQ�� DOO� DPLQR� DFLGV� FDQ� EH�FODVVLILHG�DFFRUGLQJ�WR�WKHLU�LQWHUDFWLRQV�ZLWK�ZDWHU��K\GURSKRELF�VLGH�FKDLQV�DUH�GHULYHG�IURP�FRPSRXQGV� WKDW�DUH�VSDULQJO\�VROXEOH� LQ�ZDWHU�� �+\GURSKLOLF�DPLQR�DFLG�UHVLGXHV�DUH�IXUWKHU�VXEGLYLGHG�LQWR�EDVLF��DFLGLF��RU�SRODU�QRQ�LRQL]H�VLGH�FKDLQV���7KH�YDULRXV�VLGH�FKDLQ�JURXSV�ZLOO�LQIOXHQFH�WKH�FKHPLFDO�SURSHUWLHV�RI�SURWHLQV�DV�ZHOO�DV�GHWHUPLQH�WKH�RYHUDOO�VWUXFWXUH�RI�WKH� SURWHLQ� �7DEOH� ���� DQG� 7DEOH� ������ � 7KH� SURSHUWLHV� RI� VLGH� FKDLQV� RI� DPLQR� DFLGV� DUH�LPSRUWDQW� IDFWRUV� LQ� VWDELOL]LQJ� WKH�FRQIRUPDWLRQV�DQG�GHWHUPLQLQJ� WKH� IXQFWLRQV�RI�SURWHLQV��+RUWRQ�HW�DO�����������)RU�H[DPSOH��WKH�SRODU�DQG�QRQ�SRODU�RI�/�DPLQR�DFLGV�DUH�

x QRQ�SRODU � DODQLQH�� JO\FLQH�� LVROHXFLQH�� OHXFLQH�� PHWKLRQLQH�� SKHQ\ODODQLQH��SUROLQH��WU\SWRSKDQH��YDOLQH�x SRODU � DUJLQLQH�� DVSDUDJLQH�� DVSDUWLF� DFLG�� F\VWHLQH�� JOXWDPLQH�� JOXWDPLF�DFLG��KLVWLGLQH��O\VLQH��VHULQH��WKUHRQLQH��W\URVLQH�
7KH�FKDUJHV�RI�LRQL]H�VLGH�FKDLQV�GHSHQG�RQ�ERWK�WKH�S+�DQG�WKHLU�S.D YDOXHV���'LIIHUHQFHV�LQ�FKDUJHV�FDQ�EH�XVHG�WR�VHSDUDWH DPLQR�DFLGV�DQG�SURWHLQV�� �,Q�SURWHLQV��DPLQR�DFLGV�UHVLGXHV�DUH� OLQNHG� E\� SHSWLGH� ERQGV�� �7KH� VHTXHQFH� RI� UHVLGXHV� LV� FDOOHG� WKH� SULPDU\� VWUXFWXUH� �VHH�S����� �7KH�IRUPDWLRQ�RI�SHSWLGH�ERQG�LQYROYHV�WKH�ORVV�RI�RQH�PROHFXOH�RI�ZDWHU��2+�FRPHV�IURP�WKH�FDUER[\O�JURXS�DQG�WKH�+�IURP�WKH�DPLQR�JURXS��1DJRGDZLWKDQD�DQG�5HHG����������
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+RZHYHU�� WKH� DPLQR� DFLG� FRPSRVLWLRQ� RI� D� SURWHLQ� FDQ� EH� GHWHUPLQHG� TXDQWLWDWLYHO\� E\�K\GURO\]LQJ�WKH�SHSWLGH�ERQGV�DQG�DQDO\]LQJ�WKH�K\GURO\VDWH��&RSHODQG��������
7DEOH���� 6WUXFWXUH�RI�WKH�FRPPRQ�DPLQR�DFLGV�LQ�SURWHLQV��+ROPH�������
7\SH�RI�VLGH�FKDLQ 1DPH ,83$&�,8%�$EEUHYLDWLRQ� 6WUXFWXUDO�IRUPXOD$VSDUWLF�DFLG� �$OD��$� +22&�&+��&1+��&22+&DUER[\OLF�DFLG *OXWDPLF�DFLG� �*OX��*� +22&�&+��&+��&1+��&22+$VSDUDJLQH� �$VQ��1� +�1�&2��&+��&1+��&22+$PLGH *OXWDPLQH� �*OQ��4� +�1�&2��&+��&+��&1+��&22+9DOLQHD �9DO��9� �&+����&+�&1+��&22+/HXFLQHD �/HX��/� �&+����&+�&+��&1+��&22+,VROHXFLQHD �,OH��,� &+��&+��&+�&+���&1+��&22+

3KHQ\ODODQLQHD �3KH��)� &+� &1+� &22+
7\URVLQH �7\U��<� +2 &+� &1+� &22+
7U\SWRSKDQD �7US��:� &1++&+&

&+
&+

&1 1+ &+& � &22+
3UROLQH �3UR��3� �

�
+�& &++ & 1+ &+ &22+

/DUJH�K\GURSKRELF�VLGH�FKDLQ

+\GUR[\SUROLQHE �+\S� &22+&+1+&�+ �&++2+&
&\VWHLQH� �&\V��&� +6&+��&1+��&22+6�&RQWDLQLQJ� VLGH�FKDLQ 0HWKLRQLQHD �0HW��0� &+��6�&+��&1+��&22+/\VLQHD �/\V��.� +�1�&+��&+��&+��&+��&1+��&22+$UJLQLQH �$UJ��5� +�1��&1+��1+�&+��&+��&+��&1+��&22+6PDOO� QHXWUDO� VLGH�FKDLQ
+LVWLGLQH� �+LV��+� &1++&&+

� �1+&+ &22+1 &1++&&+
� �& 1+&+ &22+1 &1++&&+
� �& 1+&+ &22+1+

*O\FLQH� �*O\��*� +�&1+��&22+$ODQLQH� �$OD��$� &+��&1+��&22+6HULQH� �6HU��6� +2&+��&1+��&22+
%DVLF�VLGH�FKDLQ

7KUHRQLQHD �7KU��7� &+��&+2+�&1+��&22+D�(VVHQWLDO�QXWULWLRQ�WR�KXPDQVE 2FFXUV�LQ�JHODWLQ��ZKLFK�LV�SURGXFHG�IURP�FROODJHQ



���3URWHLQV��$PLQR�$FLGV�DQG�(Q]\PHV �
7DEOH���� 6RPH�FKDUDFWHULVWLFV�DQG�SURSHUWLHV RI�WKH�FRPPRQ DPLQR�DFLGV�LQ�SURWHLQ

1DPH 0ROHFXODU�ZHLJKW�0:�
5HVLGXH�PROHFXODUZHLJKW�0:�E

1LWURJHQ�FRQWHQW��� :DWHU�VROXELOLW\��J����J�����&�F 0�S��&� S,�DW����&̧
¹·©̈§ �� �� S.S. G

$VSDUWLF�DFLG�*OXWDPLF�DFLG� ���������� ������ ��������� �������� ������ ��������$VSDUDJLQH�*OXWDPLQH� ���������� ������ ���������� �������� ������ ��������9DOLQH�/HXFLQH�,VROHXFLQH�3KHQ\ODODQLQH�7\URVLQH�7U\SWRSKDQ�3ROLQH�+\GUR[\SUROLQH�
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D 0:�RI�F\VWLQH�LV���u �����E 5HVLGXH�PROHFXODU�ZHLJKW�LV�WKH�0:�PLQXV�ZDWHU�RU����F )RRG�SURWHLQV��SURSHUWLHV�DQG�FKDUDFWHUL]DWLRQ��1DNDL��6��DQG�0RGOHU��:�+���������G 7KH�0HUFN� ,QGH[��0HUFN�	�&R��,QF���1DKZD\��1�-������������ &5&�+DQGERRN�RI�&KHP�	�3K\V���&OHYHODQG��2KLR�����������
����� 7\SHV�RI�SURWHLQ�VWUXFWXUH7KH� SURWHLQ�SURWHDVH� LQWHUDFWLRQ� LV� UHODWHG� WR� LWV� VWUXFWXUH�� � 7KH� IROORZLQJ� OHYHOV� RI�RUJDQL]DWLRQ�VKRXOG�EH�FRQVLGHUHG�ZKHQ�GHVFULELQJ�WKH�VWUXFWXUH�RI�D�SURWHLQ�
3ULPDU\�6WUXFWXUH� 7KH�VHTXHQFH�RI�WKH�DPLQR�DFLGV�WKDW�PDNHV�XS�WKH�SURWHLQ�LV�GLIIHUHQW�IRU�HYHU\�SURWHLQ���7KH�RYHUDOO�SURWHLQ�VWUXFWXUH�DQG�IXQFWLRQ�DUH�GHWHUPLQHG�E\�WKH�VHTXHQFH�
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RI�DPLQR�DFLGV�LQ�WKH�SURWHLQ���7KH�QXPEHU�RI�SHSWLGH�ERQGV�WKDW�D�SURWHDVH�FDQ�EUHDN��GHSHQG�RQ�ZKLFK�DPLQR�DFLGV�DUH�LQ�WKH�SURWHLQ�DQG�ZKLFK�DPLQR�DFLGV�DUH�DGMDFHQW�WR�HDFK�RWKHU�
6HFRQGDU\�6WUXFWXUH� 'HSHQGLQJ�RQ�ZKLFK�DPLQR�DFLGV�DUH�SUHVHQW�� WKH�SHSWLGHV�FKDLQ�FDQ�RUJDQL]H�LWVHOI�LQ�VHYHUDO�ZD\V���)RU�H[DPSOH��LW�FDQ�FRLO�XS WR�IRUP�DQ�³D�KHOLFHV´�VLPLODU�WR�D�EHGVSULQJ���,Q�VRPH�FDVHV�WKH�SHSWLGH�FKDLQ�FDQ�EH�LQ�DQ�H[WHQGHG�]LJ]DJ�VWDWH�UHIHUUHG�WR�DV�WKH�³E�FRQIRUPDWLRQ´���)LQDOO\�LW�PD\�WDNH�QHLWKHU�IRUP��H[LVWLQJ�DV�D�³UDQGRP�FRLO´�
7HUWLDU\�6WUXFWXUH� 7KH�WHUWLDU\�VWUXFWXUH�GHVFULEHV�WKH�VKDSH�LQ�ZKLFK�WKH�SURWHLQ�FKDLQ�LV�IROGHG�LWV�WKUHH�GLPHQVLRQDO���'��FRQIRUPDWLRQ���7KLV�LV�LQIOXHQFHG�E\�WKH�DUHDV�RI�D�KHOLFHV�DQG� UDQGRP�FRLOV� WKDW� DUH� LQ� WKH� SURWHLQ� FKDLQ�� �7KH� WHUWLDU\� VWUXFWXUH� LV� JUHDWO\� DIIHFWHG�E\�LQWUD�FKDLQ�IRUFHV�DQG�YHU\�LPSRUWDQW�LQ�GHWHUPLQLQJ�KRZ�VXVFHSWLEOH�D�SDUWLFXODU�SURWHLQ�LV�WR�DWWDFN�
4XDWHUQDU\�6WUXFWXUH� 7KLV� UHIHUV� WR� WKH� DVVRFLDWLRQ� RI� VHYHUDO� SURWHLQV� WR� IRUP� DQ�DJJUHJDWH�� �)RU� H[DPSOH�� VHYHUDO� �������0:�VR\�SURWHLQ� VXE�XQLWV� DVVRFLDWH� WR� IRUP� ODUJHU�FRPSOH[HV� RI� DERXW� �������� 0:� XQLWV�� � 7KH� IRUFHV� WKDW� FDXVH� VXE�XQLWV� WR� DVVRFLDWH� DUH�VLPLODU�WR�WKRVH�WKDW�VWDELOL]H�WKH�WHUWLDU\�VWUXFWXUH���,W�PD\�EH�QHFHVVDU\�WR�EUHDNXS�WKH�SURWHLQ�DJJUHJDWHV�LQ�RUGHU�WR�DFKLHYH�H[WHQVLYH�K\GURO\VLV�
����� 9HJHWDEOH�SURWHLQ�VRXUFHV8QOLNH� DQLPDO� SURWHLQV�� SODQW� SURWHLQV�PD\� QRW� FRQWDLQ� DOO� WKH� HVVHQWLDO� DPLQR� DFLGV� LQ� WKH�QHFHVVDU\�SURSRUWLRQV���3URWHLQ�VRXUFHV�IURP�RLOVHHG�VXFK�DV�VR\EHDQ�PHDO�DUH�XVHIXO�EXW�LW�LV�GHILFLHQW�LQ�PHWKLRQLQH���7KH�OLPLWLQJ�DPLQR�DFLG LQ�FHUHDOV�LV�O\VLQH��ZLWKRXW�H[FHSWLRQ�
9HJHWDEOH� SURWHLQV� DUH� D� SURPLQHQW� E\�SURGXFW� HPHUJLQJ� IURP� WKH� SURFHVVLQJ� RI� VWDUFK� DQG�RLO�� IRU� H[DPSOH�� FRUQ� JOXWHQ�PHDO� DQG� VR\EHDQ�PHDO�ZKLFK�ZHUH� XVHG� DV� VXEVWUDWHV� LQ� WKLV�ZRUN�
������� &RQ�JOXWHQ�PHDO��&*0�7KHUH� DUH� WKUHH�EDVLF�PHWKRGV� IRU�SURFHVVLQJ�FRUQ��DONDOLQH�SURFHVVLQJ��GU\�PLOOLQJ�DQG�ZHW�PLOOLQJ�LV�D�SURFHVV�WKDW�XWLOL]HV�PHFKDQLFDO�XQLW�RSHUDWLRQV�VL]H�UHGXFWLRQ��PLOOLQJ���DTXHRXV�H[WUDFWLRQ� DQG� VHSDUDWLRQ� �ILOWUDWLRQ�� FHQWULIXJDWLRQ�� IRU� VHSDUDWLQJ� DQG� SXULI\LQJ� WKH� PDMRU�FRUQ� FRPSRQHQWV�� YL]��� RLO� VWDUFK�� SURWHLQ�� ILEHU� +RZHYHU�� ZHW� PLOOLQJ� JHQHUDWHV� ODUJH�DPRXQWV� RI� SURWHLQ� FR�SURGXFWV�� DERXW� ����� RI� WKH� FRUQ� EHFRPHV� FRUQ� JOXWHQ�PHDO� �&*0������SURWHLQ��DQG�����RI�FRUQ�GU\�ZHLJKW�LV�FRUQ�JOXWHQ�IHHG��&*)������SURWHLQ��
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)LJXUH���� LV�D�IORZ�GLDJUDP�RI�WKH�SURFHVV�VWHSV�LQ�ZHW�PLOOLQJ�FRUQ���7KH�62� LQ�WKH�VWHHSLQJ�VWHS� QRW� RQO\� KHOSV� GLVUXSW� GLVXOILGH� ERQGV� DQG� SURWHLQ� PDWUL[�� EXW� LW� DOVR� KHOSV� DFWLYDWH�SURWHDVHV� DQG� SURYLGHV� D� IDYRUDEOH� S+� IRU� D� ODFWLF� DFLG� IHUPHQWDWLRQ�� � 3URWHLQ�FRQWDLQLQJ�SURGXFWV� RI� ZHW� SURFHVVLQJ� DUH�� D�� WKH� VROXEOH� �DOVR� FDOOHG� VWHHS� ZDWHU�� VWHHS� OLTXRU� RU�IHUPHQWHG� FRUQ� H[WUDFWLYHV��� E�� WKH� JHUP� UHVLGXH� UHPDLQLQJ� DIWHU� RLO� H[WUDFWLRQ�� DQG� F�� WKH�JOXWHQ��ZKLFK�LV�WKH�LQVROXEOH�SURWHLQDFHRXV�SRUWLRQ�RI�WKH�HQGRVSHUP���7KH�GU\�VXEVWDQFH�LQ�VWHHS�ZDWHU�DQDO\VHV�DERXW�����FUXGH�SURWHLQ� �1�u �������EXW�RQO\�DERXW�����RI� WKLV�FUXGH�SURWHLQ� LV� QRQ�GLDO\]DEOH�� � 6WHHS�ZDWHU� LV� D� JRRG� VRXUFH� RI� DPLQR� DFLGV� DQG�JURZWK� IDFWRUV�GHVLUHG�DV�D�VXSSOHPHQW�WR�PDQ\�LQGXVWULDO�IHUPHQWDWLRQ��&KULVWLDQVRQ�HW�DO�����������2I�WKHVH�WKUHH�SURWHLQ�VRXUFH��FRUQ�JOXWHQ�SRVVHVVHV�PRUH�SRVVLELOLWLHV�DV�D�UDZ�PDWHULDO�IRU�LQGXVWULDO�DSSOLFDWLRQV�EHFDXVH�RI�LWV�KLJK�SURWHLQ�FRQFHQWUDWLRQ��XVXDOO\�DERXW�����GU\�EDVLV��$IWHU�ZHW�PLOOLQJ��QHDUO\�����RI�WKH�SURWHLQ�LQ�FRUQ�LV�IRXQG�LQ�JOXWHQ�FRQVWLWXWLQJ�����RI�WKDW�SURWHLQ�

,QVSHFWLRQ�DQG&RUQ�&OHDQHUV
6WHHS�7DQNV

*HUP6HSDUDWRUV
*ULQGLQJ�0LOOV

:DVKLQJ6FUHHQV&HQWULIXJDO6HSDUDWRUV6WDUFK�:DVKLQJ+\GUR�&ORQHV

6WHHSZDWHU 6WHHSZDWHU(YDSRUDWRUV*HUP *HUP([WUDFWRUV
%UDQ

*OXWHQ

&RUQ2LO�����OE

&RQGHQVHG)HUPHQWHG&RUQ�([WUDFWLYHV
&RUQ*HUP0HDO

*OXWHQ)HHG*OXWHQ0HDO6WDUFK�DQG�1XWULWLYH6ZHHWQHUV

&251 ��%XVKHO8�6���������0RLVWXUH�

������OE �����OE �����OE �����OE �����OE
)LJXUH���� &RUQ�ZHW�PLOOLQJ�SURFHVV�IORZ�GLDJUDP����EXVKHO� ����NJ����OE� �������NJ��
������� 6R\EHDQ�PHDO��6%0�6%0�LV�D�SURFHVVHG�E\�SURGXFW�RI�VR\EHDQV�FUXVKLQJ�LQGXVWU\�WKDW�SURGXFHV�YHJHWDEOH�RLO�IRU�KXPDQ�FRQVXPSWLRQ���7KLV��������SURWHLQ�PHDO�LV�WKH�PRVW�FRPPRQ�VRXUFH�RI�SURWHLQ�LQ�IHHG�DQG� LV�FRPPRQO\�XVHG� LQ�SRXOWU\��KRJ�DQG�GDLU\� UDWLRQV�� �6ROYHQW�H[WUDFWHG�VR\EHDQ�PHDO� LV�SURGXFHG� E\� FUDFNLQJ�� KHDWLQJ� DQG� IODNLQJ� VR\EHDQV� DQG� UHGXFLQJ� WKH� RLO� FRQWHQW� RI� WKH�
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FRQGLWLRQHG�SURGXFW�E\�WKH�XVH�RI�KH[DQH�RU�KRPRORJRXV�K\GURFDUERQ�VROYHQWV�WR����RU�OHVV�RQ�D�FRPPHUFLDO�EDVLV���7KH�H[WUDFWHG�IODNHV�DUH�FRRNHG�DQG�JURXQG�LQWR�PHDO���6R\EHDQ�PHDO�RI� ������� SURWHLQ� ZLWK� D� PD[LPXP� RI� ��� ILEHU� LV� SURGXFHG� LQ� DUHDV� ZKHUH� WKH� SURWHLQ�FRQWHQW� LV� KLJKHU� LQ� WKH� RULJLQDO� VR\EHDQ�� � ,W� PD\� FRQWDLQ� DQ� LQHUW� QRQ�WR[LF� FRQGLWLRQLQJ�DJHQW�� HLWKHU� QXWULWLYH�� RU� QRQ�QXWULWLYH�� RU� D� FRPELQDWLRQ� WKHUHIRUH�� WR� UHGXFH� FDNLQJ� DQG�LPSURYH�IORZ�DELOLW\�WR�DFFRPSOLVK�LWV�LQWHQGHG�HIIHFW���7KH�QDPH�RI�FRQGLWLRQLQJ�DJHQW�PXVW�EH� VKRZQ� DV� DQ� DGGHG� LQJUHGLHQW� RQ� WKH� ODEHO� WKDW� DUH GHWHUPLQHG� E\� WKH� $VVRFLDWLRQ� RI�$PHULFDQ�)HHG�&RQWURO�2IILFLDOV�,QFRUSRUDWHG��$$)&2��������
����� $PLQR�DFLG�SURSHUWLHV
$Q�DPLQR�DFLG�LV�DQ\�PROHFXOH�WKDW�FRQIRUPV��DW�QHXWUDO�S+��WR�WKH�JHQHUDO�IRUPDO��

)LJXUH���� *HQHUDO�VWUXFWXUH�RI�DQ�D�DPLQR�DFLG�
7KH�FHQWUDO�FDUERQ�DWRP�LQ�WKLV�VWUXFWXUH�LV�UHIHUUHG�WR�DV�WKH�DOSKD�FDUERQ �&D��EHFDXVH�LW�LV�DGMDFHQW�WR�WKH�FDUER[\��DFLGLF��JURXS���(DFK�DPLQR�DFLG�KDV�WZR�FKHPLFDO�JURXSV��DQ�DPLQR�JURXS�DQG�D�FDUER[\O�JURXS��ZKLFK�FDQ�IRUP�FKHPLFDO�ERQGV�ZLWK�RWKHU�DPLQR�DFLGV�� �$Q�5�JURXS��LV�NQRZQ�DV�WKH�DPLQR�DFLG�VLGH�FKDLQ� $PLQR�DFLGV�DUH�FODVVLILHG�LQWR�WKH�IROORZLQJ�JURXSV�EDVHG�RQ�WKH�FKHPLFDO�DQG�RU�VWUXFWXUDO�SURSHUWLHV�RI�WKHLU�VLGH�FKDLQV��)LJXUH������
7DEOH���� &ODVVLILFDWLRQ�RI�DPLQR�DFLGV�EDVHG�RQ�FKHPLFDO�VWUXFWXUH��'DYLG�DQG�3HFN��������

&KHPLFDO�QDWXUH�RI�5�JURXS ([DPSOHV$OLSKDWLF *O\��$OD��9DO��/HX$URPDWLF 3KH��7\U��7US+\GUR[\OLF 6HU��7KU&DUER[\OLF $VS��*OX6XOSKXU�FRQWDLQLQJ &\V��0HW,PLQR 3UR��+\S$PLQR /\V��$UJ$PLGH $VQ��*OQ
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,Q� WKH� VLPSOHVW� FDVH�� 5 +� �DPLQR� DFHWLF� DFLG� RU� JO\FLQH��� � ,Q� RWKHU� DPLQR� DFLGV� 5� LV� DQ�DOLSKDWLF�� DURPDWLF� RU� KHWHURF\FOLF� UHVLGXH� DQG� PD\� LQFRUSRUDWH� RWKHU� IXQFWLRQDO� JURXSV���6LQFH� WKH� DOSKD� FDUERQ� LV� D� FKLUDO� FHQWHU�� DOO� WKH� QDWXUDOO\� RFFXUULQJ� DPLQR� DFLGV�� H[FHSW�JO\FLQH�� H[LVW� LQ� WZR� HQDQWLRPHULF� IURP� WKH� /� DQG�'�� � $OO� QDWXUDOO\� RFFXUULQJ� SURWHLQV� DUH�FRPSRVHG�H[FOXVLYHO\�IURP�WKH�/�HQDQWLRPHUV�RI�DPLQR�DFLGV�
,W� LV� KHOSIXO� ZKHQ� FRQVLGHULQJ� WKH� SULQFLSOHV� DQG� DSSOLFDWLRQV� RI� PHWKRGV� IRU� WKH�GHWHUPLQDWLRQ�RI�DPLQR�DFLGV�WR�EH�DEOH�WR�DSSUHFLDWH�WKH�FKDUDFWHULVWLFV�RI�WKHVH�FRPSRXQGV��7DEOH� ������ � $OWKRXJK� LW� LV� QRW� DOZD\V� HVVHQWLDO� WR� NQRZ� WKH� H[DFW� VWUXFWXUDO� IRUPXOD� RI�LQGLYLGXDO� DPLQR� DFLGV� LW� LV� XVHIXO� WR� UHPHPEHU� SDUWLFXODU� SURSHUWLHV� RU� WKH� SUHVHQFH� RI�IXQFWLRQDO�JURXSV��5H[�HW�DO���������
������� ,VRPHULVP
%HFDXVH�RI�DOSKD�FDUERQ�RI�DPLQR�DFLGV�LV�DQ�DV\PPHWULF�FDUERQ��HDFK�DPLQR�DFLG�PROHFXOHV�FDQ� H[LVW� LQ� WZR�PLUURU� LPDJH� IRUPV�� NQRZQ� DV� /� DQG�'�HQDQWLRPHUV�� FKLUDOV� RU� UDFHPDWV��)LJXUH��������7KH�DPLQR�DFLGV�SUHVHQW�LQ�OLYLQJ�V\VWHP�DUH�DOPRVW�H[FOXVLYHO\�/�LVRPHUV���7KH�H[FHSWLRQV�DUH�D�IHZ�'�DPLQR�DFLGV�SUHVHQW�LQ�WKH�DQWLELRWLFV�SURGXFHG�E\�IXQJLH�

)LJXUH���� 7KH�VWHUHRLVRPHUV�RI�/�DQG�'�DODQLQH�
7KH�DPLQR�DFLGV�ZKLFK RFFXU�LQ�SURWHLQV�DUH�LQ�WKH�/�IRUP��DQG�WKH�ILQDO�IRUP�RI�DPLQR�DFLGV�XWLOL]HG� LQ� WKH� OLYLQJ� ERG\� LV� DOVR� RI� WKH� /�FRQILJXUDWLRQ�� � $OWKRXJK� LW� LV� ZHOO� NQRZQ� WKDW�FHUWDLQ� '�DPLQR� DFLGV� DUH� QXWULWLRQDOO\� DYDLODEOH�� WKH\� DUH� XWLOL]HG� RQO\� DIWHU� EHLQJ�WUDQVIRUPHG� WR� WKH� /�IRUP�� � 7KHUHIRUH�� D� PL[WXUH� RI� /�DPLQR� DFLGV� LV� FRQVLGHUHG� WR� KDYH�JUHDWHU�DYDLODELOLW\�WKDQ�D�PL[WXUH�RI�'/�DPLQR�DFLGV
,Q�IDFW��+RZH�HW�DO���������GHPRQVWUDWHG�WKDW�D�GHFUHDVH�LQ�WKH�XVH�RI�UDFHPLF�DPLQR�DFLGV�DQG�DQ� LQFUHDVH� LQ� WKH�XVH�RI WKH�FRUUHVSRQGLQJ�/�DQWLSRGHV� LPSURYHG�ERWK� WKH� WROHUDQFH� WR�DQG�HIIHFWLYHQHVV�RI�DPLQR�DFLG�LQIXVLRQ���%DVHG�RQ�WKHVH�IDFWV��DQG�DOVR�DV�D�UHVXOW�RI�WKH�UHFHQW�SURJUHVV� LQ�DPLQR�DFLG�SURGXFWLRQ��PL[WXUHV�FRQWDLQLQJ�RQO\�/�IRUP�DPLQR�DFLGV�KDYH�FRPH�LQWR�ZLGHU�XVH�IRU�SDUHQWDO�LQIXVLRQ�



���3URWHLQV��$PLQR�$FLGV�DQG�(Q]\PHV��
����� 7KH�SURGXFWLRQ�RI�DPLQR�DFLGV,QGXVWULDOL]DWLRQ� RI� DPLQR� DFLG� SURGXFWLRQ� ZDV� LQLWLDWHG� LQ� ������ 7KH� ILUVW� VWHS� ZDV� WKH�SURGXFWLRQ�DQG�XVH�RI�PRQRVRGLXP�/�JOXWDPDWH�DV�D�WDVW\�VXEVWDQFH���,W�KDV�EHHQ�SURGXFHG�E\�H[WUDFWLRQ�IURP�SURWHLQ�K\GURO\]DWHV��.DQHNR�HW�DO����������EXW�WKLV�PHWKRG�KDV�WKH�GUDZEDFN�RI�\LHOGLQJ�D� ODUJH�YROXPH�RI�E\�SURGXFWV�� � ,Q� WKH�WHFKQRORJLFDO�UHYROXWLRQ��QHZ�PHWKRGV�RI�SURGXFWLRQ�ZHUH�VRXJKW�DQG�LQ������D�IHUPHQWDWLRQ�PHWKRG�ZDV�LQWURGXFHG���7KH�IHUPHQWDWLRQ�PHWKRGV� IRU� WKH� SURGXFWLRQ� RI�PRVW� DPLQR� DFLGV� DUH� QRZ� DYDLODEOH� �<RVKLGD� HW� DO��� ��������0HWKRGV� RI� V\QWKHVLV� IRU� JOXWDPLF� DFLG� DQG�PHWKLRQLQH�ZHUH� LQGXVWULDOL]HG� LQ� ������ � (YHQ�WKRXJK�WKH�FKHPLFDO�V\QWKHVLV�RI�JOXWDPLF�DFLG�UHTXLUHV�DQ�RSWLFDO�UHVROXWLRQ�VWHS�WR�REWDLQ�WKH�/�LVRPHU�� WKLV�PHWKRG� UHPDLQV� FRPSHWLWLYH�ZLWK� WKH� IHUPHQWDWLRQ�SURFHVVHV�� � ,Q� WKH� FDVH�RI�PHWKLRQLQH��/�PHWKLRQLQH�DQG�'�PHWKLRQLQH�DUH�RI�HTXDO�QXWULWLYH�YDOXH��-DFNVRQ�DQG�5RVH��������� �7KHUHIRUH�� WKH�FRPSOLFDWHG�SURFHVV�RI� UHVROXWLRQ�RI� WKH� WZR�LVRPHUV�FDQ�EH�RPLWWHG��DQG�'/�PHWKLRQLQH� LV� VXSSOLHG� GLUHFWO\� IRU� SUDFWLFDO� XVH�� �'/�0HWKLRQLQH� LV� XWLOL]HG� LQ� WKH�ERG\�HTXDOO\�WR�/�PHWKLRQLQH��VLQFH�'�PHWKLRQLQH�LV�GHDPLQDWHG�WR�WKH�FRUUHVSRQGLQJ�.�NHWR�DFLG�� ZKLFK� SURGXFHV� /�PHWKLRQLQH� E\� WUDQVDPLQDWLRQ� �6WU\HU�� ������� � 7KXV�� WKH� V\QWKHWLF�PHWKRG� RI� PHWKLRQLQH� LV� SDUWLFXODUO\� DGYDQWDJHRXV� LQ� WKLV� FDVH�� � $OWKRXJK� PHWKRGV� RIFKHPLFDO� V\QWKHVLV� KDYH� EHHQ� VWXGLHG� LQWHQVLYHO\�� WKH� IHUPHQWDWLRQ� PHWKRG� UHPDLQV� WKH�FKHDSHVW�� � 0RVW� DPLQR� DFLGV� DUH� QRZ� SURGXFHG� E\� FKHPLFDO� V\QWKHVLV�� IHUPHQWDWLRQ�� DQG�H[WUDFWLRQ��<RVKLGD�HW�DO���������
$OWHUQDWLYHO\�� ELRV\QWKHWLF� SURGXFWLRQ�� HQDQWLRSXUH� /� DQG�'�DPLQR� DFLGV�ZHUH� V\QWKHVL]HG�E\� HQ]\PDWLF� V\QWKHVLV�� � (Q]\PDWLF� K\GURO\VLV� SURGXFHG� DPLQR� DFLGV� DV� GHILQHG� LQ� WKH�SKDUPDFHXWLFDO�TXDOLW\� WKHVH�UHTXLUH� WKH�RSWLFDO�SXULW\�RI�/�DPLQR�DFLGV�DQG�DYRLG�LQRUJDQLF�FRPSRXQGV�FRQWDPLQDWH�WKH�DPLQR�DFLGV�SUHSDUDWLRQ�GXULQJ�WKH�SURFHVV��1DWLRQDO�IRUPXODU\��������7KH�SKDUPDFRSRHLD�RI�-DSDQ��������
����� 7KH�DSSOLFDWLRQ�RI�DPLQR�DFLGV$PLQR� DFLGV� DUH� FRQVWLWXHQWV� RI� SURWHLQV�� DQG� HVVHQWLDO� QXWULHQWV� IRU� OLYLQJ� RUJDQLVPV���'HPDQG� IRU� DPLQR� DFLGV� LV� WKHUHIRUH� EDVHG� RQ� VXFK� DUHDV� DV�PHGLFLQHV�� IRRG� DGGLWLYHV� DQG�DGGLWLYHV�IRU�DQLPDO�IHHG���7KH�SRWHQWLDO�GHPDQG�IRU�DPLQR�DFLGV�DV�IRRG�DQG�IHHG�DGGLWLYHV�LV�HQRUPRXV� RQ� UHODWLRQ� WR� WKHLU� QXWULWLRQDO� YDOXH� DQG� WDVWH�� � ,Q�PHGLFDO� ILHOGV� LV� H[SHFWHG� WR�EURDGHQ� IXUWKHU� DV� WKH� VSHFLILF� SK\VLRORJLFDO� IXQFWLRQV� RI� LQGLYLGXDO� DPLQR� DFLGV� EHFRPH�FOHDUHU�EDVHG�RQ�QHZ�UHVHDUFK�LQWR�SURWHLQ�DQG�DPLQR�DFLG�PHWDEROLVP�LQ�YDULRXV�GLVHDVHV�
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$SSOLFDWLRQ� RI� WKH� FKDUDFWHULVWLFV� RI� DPLQR� DFLGV� E\� FRPELQLQJ� WKHP� LQWR� FRVPHWLF�SUHSDUDWLRQV�KDV�EHHQ�ZLGHO\�DWWHPSWHG�LQ�UHFHQW�\HDUV���+RZHYHU��WKH�DPLQR�DFLGV�DQG�WKHLU�GHULYDWLYHV�H[DPLQHG�LQ�XVH�RI�FRVPHWLFV�LV�OLPLWHG��DQG�WKHLU�DSSOLFDWLRQ�LQ�WKLV�ILHOG�VHHPV�YHU\�SURPLVLQJ���7KH�FRVPHWLF�PDUNHWV�ZLWK�DPLQR�DFLGV�EDVHG�SURGXFWV�WKDW�LQJUHGLHQWV�KDYH�EHHQ�IDYRUDEO\�HYDOXDWHG�DV�PLOG�WR� WKH�VNLQ��H[WUHPHO\�VDIH�DQG�KLJKO\�ELRGHJUDGDEOH��WKXV��WKHVH� GDWD� GHILQHG� WKH� LPSRUWDQFH� DQG� GHYHORSPHQW� RI� WKH� SURGXFWLRQ� RI� DPLQR� DFLGV� WR�HFRQRP\�DQG�HFRORJ\���7KH�JURZWK�GHPDQG�ZLOO�WKHUHIRUH�GHSHQG�RQ�SURJUHVV�LQ�SURGXFWLRQ�WHFKQRORJ\�WR�UHGXFH�FRVWV��DQG�DOVR�RQ�WKH�SRVVLEOH�DSSOLFDWLRQ�RI�DPLQR�DFLGV���7KH�DUHDV�RI�DSSOLFDWLRQ�RI�DPLQR�DFLGV�DUH�WKH�IROORZLQJ�
, 3KDUPD�KHDOWK�IRRG�FRVPHWLF��H�J��7U\SWRSKDQH��/HXFLQH��,VROHXFLQH��9DOLQH������,, $QLPDO�IHHG��H�J��0HWKLRQLQH��/\VLQH��7KUHRQLQH������,,, )RRG��H�J��*OXWDPLF�DFLG��3KHQ\ODODQLQH������
��� 3URWHDVHV
����� &ODVVLILFDWLRQ�RI�SURWHDVHV7KH� ,QWHUQDWLRQDO� 8QLRQ� RI� 3XUH� DQG� $SSOLHG� &KHPLVWU\� �,83$&�� IRUPHG� WKH� (Q]\PH�&RPPLVVLRQ� �(&�� WR� GHYHORS� D� V\VWHPDWLF� QXPHULFDO� QRPHQFODWXUH� IRU� HQ]\PHV�� � 7KH� (&�FODVVLILFDWLRQV�DUH�EDVHG�RQ�WKH�UHDFWLRQV�WKDW�HQ]\PHV�FDWDO\]H���6L[�JHQHUDO�FDWHJRULHV��KDYH�EHHQ� GHILQHG�� DV� VXPPDUL]HG� LQ� 7DEOH� ����� � :LWKLQ� HDFK� RI� WKHVH� EURDG� FDWHJRULHV�� WKH�HQ]\PHV� DUH� IXUWKHU� GLIIHUHQWLDWHG� E\� D� VHFRQG� QXPEHU� WKDW� PRUH� VSHFLILFDOO\� GHILQHV� WKH�VXEVWUDWHV�RQ�ZKLFK�WKH\�DFW�
7DEOH���� 7KH�,83$&�(&�FODVVLILFDWLRQ�RI�HQ]\PHV�LQWR�VL[�JHQHUDO�FDWHJRULHV�DFFRUGLQJ�WR�WKH�UHDFWLRQ�WKH\�FDWDO\]H
)LUVW�(&�QXPEHU (Q]\PH�FODVV 5HDFWLRQ

� 2[LGRUHGXFWDVHV 2[LGDWLRQ�UHGXFWLRQ� 7UDQVIHUDVHV &KHPLFDO�JURXS�WUDQVIHUV� +\GURODVHV +\GURO\WLF�ERQG�FOHDYDJHV� /D\VHV 7KH�FOHDYLQJ�RI�ERQGV�E\�UHDFWLRQV�RWKHU�WKDQ�K\GURO\VLV�� ,VRPHUDVHV &KDQJHV�LQ�DUUDQJHPHQWV�RI�DWRPV�LQ�PROHFXOHV� /LJDVHV 7KH�IRUPDWLRQ�RI�ERQGV�DQG�UHTXLUH�$73
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(DFK� HQ]\PH� KDV� EHHQ� JLYHQ� D� IRXU�GLJLW� QXPEHU� E\� WKH� (Q]\PH� &RPPLVVLRQ� RI� WKH�,QWHUQDWLRQDO�8QLRQ�RI�%LRFKHPLVWU\���7KH�ILUVW�WKUHH�GLJLWV�UHODWH�WR�WKH�UHDFWLRQ�FDWDO\]HG�E\�WKH� HQ]\PH�DQG� WKH� ILQDO� RQH� LV� UHTXLUHG� LI� VHYHUDO� HQ]\PH�ZLWK�GLIIHUHQW�SURWHLQ� VWUXFWXUHV�FDWDO\]H�WKH�VDPH�UHDFWLRQ�
1DPH�RI�HQ]\PH��(&�:�;�<�=�(& � (Q]\PH�&RPPLVVLRQ�QXPEHU�V\VWHP: � LQGLFDWHV�WKH�UHDFWLRQ�FDWDO\]HG������; � LQGLFDWHV�WKH�JHQHUDO�VXEVWUDWH�RU�JURXS�LQYROYHG< � LQGLFDWHV�WKH�VSHFLILF�VXEVWUDWH�RU�FRHQ]\PH= � WKH�VHULDO�QXPEHU�RI�WKH�HQ]\PH
7DEOH���� 7\SHV�RI�SHSWLGDVHV�GHILQHG�LQ�WKH�(Q]\PH�1RPHQFODWXUH�OLVW�RI�WKH�,QWHUQDWLRQDO�8QLRQ�RI�%LRFKHPLVWU\�DQG�0ROHFXODU�%LRORJ\��������
(&�QXPEHU 3HSWLGDVH�W\SH $FWLRQ([RSHSWLGDVHV�������� $PLQRSHSWLGDVH 1�WHUPLQDO�UHVLGXH�UHOHDVHG�������� 'LSHSWLGDVH $FWV�RQO\�RQ�GLSHSWLGHV�������� 'LSHSWLG\O�SHSWLGDVH 1�WHUPLQDO GLSHSWLGH�UHOHDVHG7ULSHSWLG\O�SHSWLGDVH 1�WHUPLQDO�WULSHSWLGH�UHOHDVHG�������� 3HSWLG\O�GLSHSWLGDVH &�WHUPLQDO�GLSHSWLGH�UHOHDVHG�������� &DUER[\SHSWLGDVH��VHULQH� &�WHUPLQDO�UHVLGXH�UHOHDVHG�������� &DUER[\SHSWLGDVH��PHWDOOR� &�WHUPLQDO�UHVLGXH�UHOHDVHG�������� &DUER[\SHSWLGDVH��F\VWHLQH� &�WHUPLQDO�UHVLGXH�UHOHDVHG�������� 2PHJD�SHSWLGDVH 5HOHDVHV�PRGLILHG�UHVLGXHV�IURP�1� RU�&�WHUPLQL(QGRSHSWLGDVHV�������� 6HULQH�HQGRSHSWLGDVH�������� &\VWHLQH�HQGRSHSWLGDVH�������� $VSDUWLF�HQGRSHSWLGDVH�������� 0HWDOOR�HQGRSHSWLGDVH�������� (QGRSHSWLGDVH�RI�XQNQRZQ�FDWDO\WLF�PHFKDQLVP
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3URWHDVHV� DUH� FODVVLILHG� DFFRUGLQJ� WR� WKHLU� VRXUFH� �DQLPDO�� SODQW�� PLFURELDO��� WKHLU� FDWDO\WLF�DFWLRQ��HQGRSHSWLGDVH�RU�H[RSHSWLGDVH���DQG�WKH�QDWXUH�RI�WKH FDWDO\WLF�VLWH���,Q�WKH�(&�V\VWHP�IRU�HQ]\PH�QRPHQFODWXUH��DOO�SURWHDVHV��RU�SHSWLGH�K\GURO\DVHV��DUH�LQ�VXEFODVV������ZKLFK�LV�IXUWKHU� GLYLGHG� LQWR� ����������� WKH� H[RSHSWLGDVHV�� DQG� ����������� WKH� HQGRSHSWLGDVHV� RU�SURWHLQDVHV���(QGRSHSWLGDVHV�DUH�WKH�SURWHDVHV�PRVW�FRPPRQO\�XVHG�LQ�IRRG�SURFHVVLQJ��EXW�LQ�VRPH�FDVHV�WKHLU�DFWLRQ�LV�VXSSOHPHQWHG�ZLWK�H[RSHSWLGDVHV�
(QGRSHSWLGDVHV� FOHDYH� WKH� SRO\SHSWLGH� FKDLQ� DW� SDUWLFXODUO\� VXVFHSWLEOH� SHSWLGH� ERQGV�GLVWULEXWHG�DORQJ�WKH�FKDLQ��ZKHUHDV�H[RSHSWLGDVHV�K\GURO\]H�RQH�DPLQR�DFLG��RU�GLSHSWLGH��LQ�WKH� FDVH�RI��������DQG�����DW� D� WLPH� IURP�HLWKHU� WKH�1� WHUPLQXV� �DPLQRSHSWLGDVHV��RU� WKH�&�WHUPLQXV��FDUER[\SHSWLGDVHV���)LJXUH�������7KHVH�W\SHV�RI�HQGR�DQG�H[RSHSWLGDVHV�LOOXVWUDWHG�LQ�7DEOH���� �6WHUFKL�DQG�6W|FNHU��������

6KRZV�K\GURSKRELF�DPLQR�DFLG
(QGR�SURWHDVH

3URWHLQ 3HSWLGHV

3HSWLGHV

([R�SHSWLGDVH

3HSWLGHV�DQG�IUHH�DPLQR�DFLGV
)LJXUH���� 0RGH�RI�DFWLRQ�RI�WKH�GLIIHUHQW�W\SH�RI�SURWHDVHV�K\GURO\]LQJ�GLIIHUHQW�ERQGV�LQ�D�SURWHLQ�
����� (QGRSHSWLGDVHV
7KH�IRXU�PDMRU�FODVVHV�RI�HQGRSHSWLGDVHV�DUH�VHULQH�SURWHDVHV��(&����������F\VWHLQH�SURWHDVHV��(&����������DVSDUWLF�SURWHDVHV��(&���������DQG�PHWDOOR�SURWHDVHV��(&���������
7KH� VHULQH� SURWHDVHV� KDYH� PD[LPXP� DFWLYLW\� DW� DONDOLQH� S+�� WKH� FORVHO\� UHODWHG� F\VWHLQH�SURWHDVHV�XVXDOO\�VKRZ PD[LPXP�DFWLYLW\�DW�PRUH�QHXWUDO�S+�YDOXHV���7KH�DVSDUWLF�SURWHDVHV�JHQHUDOO\�KDYH�PD[LPXP�FDWDO\WLF�DFWLYLW\�DW�DFLGLF�S+��%H\RQ�DQG�%RQG��������
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7KH�PHWDOOR�SURWHDVHV�FRQWDLQ�DQ�HVVHQWLDO�PHWDO�DWRP��XVXDOO\�=Q��DQG�KDYH�RSWLPXP�DFWLYLW\�QHDU� QHXWUDO� S+�� �&D�� VWDELOLVHV� WKHVH� HQ]\PH� DQG� VWURQJ� FKHODWLQJ� DJHQWV�� VXFK� DV�('7$��LQKLELW�WKHP���6XFK�HQ]\PHV�DUH�FRPPRQ�LQ�PLFURRUJDQLVP�
����� ([RSHSWLGDVHV7KH� DPLQRSHSWLGDVHV� �(&� �������� DUH� XELTXLWRXV�� EXW� OHVV� UHDGLO\� DYDLODEOH� DV� FRPPHUFLDO�SURGXFWV��VLQFH�PDQ\ RI�WKHP�DUH�LQWUDFHOOXODU�RU�PHPEUDQH�ERXQG���7KH�FRPPHUFLDO�HQ]\PH�SUHSDUDWLRQ�)ODYRXU]\PH���LVRODWHG�IURP�$VSHUJLOOXV�RU\]DH��FRQWDLQV�ERWK�HQGRSURWHDVH�SOXV�DPLQRSHSWLGDVH� DQG� FDUER[\SHSWLGDVH� DFWLYLWLHV�� � )ODYRXU]\PH� FDQ� EH� XVHG� IRU� H[WHQVLYH�K\GURO\VLV�RI�SURWHLQV�UHVXOWLQJ�LQ�WDVWH�GHYHORSPHQW��1RYR�1RUGLVN��
&DUER[\SHSWLGDVHV� DUH� VXEGLYLGHG� LQWR� VHULQH� FDUER[\SHSWLGDVHV� �(&� ��������� PHWDOOR�FDUER[\SHSWLGDVHV� �(&���������DQG�F\VWHLQH�FDUER[\SHSWLGDVHV� �(&���������DFFRUGLQJ� WR� WKH�QDWXUH� RI� WKH� FDWDO\WLF� VLWH�� �0DQ\� FRPPHUFLDO� SURWHDVHV�� LQ� SDUWLFXODU� IURP� IXQJL�� FRQWDLQ�DSSUHFLDEOH�DPRXQWV�RI�FDUER[\SHSWLGDVHV�DFWLYLW\�
(YROXWLRQDU\�FODVVLILFDWLRQ�RI�SHSWLGDVH�EDVHG�RQ�DPLQR�DFLG�VHTXHQFHV��IURP�%DUUHWW�HW�DO��������DQG�0(5236�� WKH�SHSWLGDVH�GDWDEDVHXUO�KWWS���ZZZ�EL�EEVUF�DF�XN�0HURSV�PHURSV�KWP�
����� 6DIHW\�DQG�UHJXODWRU\�DVSHFWV�RI�WKH�XVH�RI�HQ]\PHV(Q]\PHV�DUH�XVHG�LQ�GLIIHUHQW�ZD\V�LQ�WKH�SURFHVVLQJ�RI�IRRG��DQG�WKHLU�OHJDO�VWDWXV�GHSHQGV�RQ� WKH� DSSOLFDWLRQ�� � ,Q� WKH� IRUPHU� FDVH�� WKH� HQ]\PH�PLJKW�EH�FRQVLGHUHG�DV�DQ�DGGLWLYH�DQG�VXEMHFWHG�WR�WKH�VWDWXWRU\�DGGLWLYH�VDIHW\�WHVWLQJ�SURJUDP�
3XULW\�DQG�IRRG�JUDGH�VSHFLILFDWLRQV�� 7KH�FRPPHUFLDO�HQ]\PH�SUHSDUDWLRQ�VKRXOG�FRQIRUP�DW� D� PLQLPXP WR� WKH� )RRG� &KHPLFDOV� &RGH[ VSHFLILFDWLRQV� IRU� HQ]\PH� SUHSDUDWLRQV���,PSXULWLHV�VSHFLILF�WR�WKH�VRXUFH�RI�WKH�HQ]\PH�RU�WR�WKH�PDQXIDFWXULQJ�SURFHVV�VKRXOG�DOVR�EH�LGHQWLILHG� DQG�PHDVXUHG�� �$� OLPLW� XSRQ� VXFK� LPSXULWLHV� EH� UHTXLUHG�� LW�ZLOO� EH� LQFRUSRUDWHGLQWR�WKH�IRRG�JUDGH�VSHFLILFDWLRQV�� �7KH�VRXUFH�RI�HQ]\PH�KDV�JLYHQ�VRPH�FDXVH�IRU�FRQFHUQ�DV� WR[LQV� PD\� EH� LQFRUSRUDWHG� LQWR� WKH� FUXGH� HQ]\PH� SUHSDUDWLRQV�� � 7KH� PLQLPXP� WHVWLQJ�UHTXLUHPHQW�KDYH�EHHQ�GHILQHG�WRJHWKHU�ZLWK�JXLGHOLQHV�IRU�JRRG�PDQXIDFWXULQJ SUDFWLFH�
,QWHQGHG�XVH�DQG�XVH�OHYHOV�� (Q]\PHV�DUH�IRRG�DGGLWLYHV�LQ�ZKLFK�DQ�HQ]\PH�SUHSDUDWLRQ�LV�LQWHQGHG� WR� EH� XVHG� VKRXOG� EH� VSHFLILHG�� � (Q]\PH� SUHSDUDWLRQV� DOZD\V� FRQWDLQ� RWKHU�

http://www.bi.bbsrc.ac.uk/Merops/merops.htm
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VXEVWDQFHV� �VDOWV�� SUHVHUYDWLYHV�� VWDELOL]HU�� FDUULHUV�� QRQHQ]\PLF� RUJDQLF� PDWHULDO�� HWF����)XUWKHU��VRPH�HQ]\PHV�DUH�DGGHG�WR�IRRG�DQG�UHPDLQ�WKHUH��DOWKRXJK�WKH\�PD\�EH�LQDFWLYDWHG�E\�KHDW�RU�RWKHU�WUHDWPHQW�LQ�WKH�ILQLVK�IRRG�SURGXFW���2Q�WKH�RWKHU�KDQG��VRPH�HQ]\PHV�RQO\�FRPH� LQ� FRQWDFW� ZLWK� WKH� IRRG� �LPPRELOL]HG� HQ]\PHV� EXW� GR� QRW� VWD\� WKHUH�� � )RU� WKHVH�UHDVRQV�� LW� LV� QRW� DQ� HDV\� PDWWHU� WR� HVWLPDWH� WRWDO� HQ]\PH� XVH� DQG� FRQVXPSWLRQ�� � 7KLV� LV�QHFHVVDU\�WR�DOORZ�FDOFXODWLRQ�RI�SUREDEOH�KXPDQ�FRQVXPSWLRQ�RI�WKH�HQ]\PH�SUHSDUDWLRQ���,I�WKH�HQ]\PH�SUHSDUDWLRQ� LV�GLUHFWO\�DGGHG WR�IRRG�� LWV�XVH� OHYHO��RU�UDQJH�RI� OHYHOV��VKRXOG�EH�SURYLGHG�IRU�HDFK�IRRG�JURXS�DQG�H[SUHVVHG�DV�PLOOLJUDPV�RI�WRWDO�RUJDQLF�VROLGV��726�� SHU�JUDP�RU�NLORJUDP�RI�IRRG�
6DIHW\�HYDOXDWLRQ�VKRXOG�IRFXV�RQ�SRVVLEOH�FRQWDPLQDQWV�ZKLFK�FRXOG�EH�SUHVHQW���$W SUHVHQW��WKHUH� LV� QR� HYLGHQFH� WR� OLQN� FRQVXPSWLRQ� RI� DGGHG� HQ]\PHV� LQ� IRRG� ZLWK� DQ\� GHOHWHULRXV�HIIHFWV�LQ�KXPDQV��3DUL]D�DQG�)RVWHU��������%HXWOHU��������)RRG�&KHPLFDOV�&RGH[��������

� 726����� ������ $�� :�± 'ZKHUH��$� ���DVK��:� ���ZDWHU��'� ���GLOXHQWV�RU�FDUULHUV�LI�HQ]\PH�LV�LPPRELOL]HG
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��� $QDO\WLFDO�QLWURJHQ�FRQWHQWV1LWURJHQ�LQ�SURWHLQ�RI�FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0��GRHV�QRW�RQO\�FRPH�IURP�DPLQR�DFLGV�LQ�SURWHLQ��EXW�DOVR�H[LWV�LQ�DGGLWLRQDO�IRUPV�WKDW�PD\�RU�PD\�QRW�EH�XVHG�DV�D� SDUW� RI� WKH� WRWDO� QLWURJHQ� HFRQRP\� RI� KXPDQV� DQG� DQLPDOV�� � ,Q� DGGLWLRQ�� SXULQHV��S\ULPLGLQHV�� IUHH� DPLQR� DFLGV�� YLWDPLQV�� FUHDWLQH�� FUHDWLPLQH� DQG� DPLQR� VXJDUV� FDQ� DOO�FRQWULEXWH� WR� WKH�WRWDO�QLWURJHQ�SUHVHQW�� �,W�LV�WKHUHIRUH�LGHDO�WR�XVH�DQDO\WLFDO�QLWURJHQ�ZKLFK�PHDVXUHV�WKH�WRWDO�QLWURJHQ�FRQWHQW�OHDG�WR�FDOFXODWH�WKHLU�DPRXQW�RI�FUXGH�SURWHLQ���2QH�VXFK�PHWKRG�ZKLFK�PRVW�FRPPRQO\�XVHG�LV�WKH�.MHOGDKO�PHWKRG�
,Q� SUDFWLFH�� PRVW� ELRORJLFDO� PHWKRGV� IRU� HYDOXDWLQJ� SURWHLQ� TXDOLW\� DUH�� LQ� IDFW�� HYDOXDWLQJ�QLWURJHQ�EXW�DUH�H[SUHVVHG�DV�FUXGH�SURWHLQ��1�u �������)$2�:+2����������7KH�FDOFXODWLRQ�RI�³FUXGH� SURWHLQ´� E\� PXOWLSO\LQJ� WRWDO� QLWURJHQ� E\� ����� �VHH� $QQH[� ����� FDQ� JLYH� D� VHULRXV�RYHUHVWLPDWLRQ� RI� SURWHLQ� FRQWHQW�� � 7KH� SURWHLQ� FRQWHQW� RI� IRRGVWXIIV� LV� FRQYHQWLRQDOO\�HVWLPDWHG� IURP� WKH� QLWURJHQ� FRQWHQW� GHWHUPLQHG� E\� WKH� .MHOGDKO� WHFKQLTXH�� � 1XPHURXV�PRGLILFDWLRQV�RI�WKH�RULJLQDO�SURFHGXUH�KDYH�EHHQ�SURSRVHG��0XQUR����������$�UHFRPPHQGHG�PHWKRG�EDVHG�RQ� WKH�SURFHGXUH�RI� WKH�$VVRFLDWLRQ�RI�2IILFLDO�$QDO\WLFDO�&KHPLVWV� �$2$&����������,Q�WKLV�PHWKRG��WKH�VWDQGDUG�FRQYHUVLRQ�IDFWRU��ZKLFK�VKRXOG�EH�XVHG�WR�FDOFXODWH�WKH�DPRXQW�RI�FUXGH�SURWHLQ�FRQWHQWV��LV��������+RZHYHU��WKH�DEVROXWH�VL]H�RI�WKH�IDFWRU�IRU�YDULRXV�SURWHLQV� KDV� EHHQ� PXFK� GHEDWHG�� EXW� LQ� SUDFWLFH� WKLV� SUREOHP� LV� UDUHO\� FULWLFDO� DQG� FDQ� EH�GLVUHJDUGHG��1DJRGDZLWKDQD�DQG�5HHG��������
)URP�D�QXWULWLRQDO�SHUVSHFWLYH��LW�LV�HYLGHQWO\�LPSRUWDQW�WR�NQRZ�WKH�DPRXQW�RI�FUXGH�SURWHLQ�LQ�UDZ�PDWHULDOV��EHFDXVH�WKLV�GDWD�LV�DOVR�D�QHFHVVDU\�LQIRUPDWLRQ�IRU�WKH�FDOFXODWLRQ�RI�WRWDO�K\GURO\VLV��KWRW����KWRW LV�WKH�QXPEHU�RI�SHSWLGH�ERQGV�SHU�JUDP�SURWHLQ�DQG�LW�KDV�XQLWV�RI�PPRO�DPLQR�DFLG�SHU�JUDP�FUXGH�SURWHLQ��1�u I1���7KH�QXPEHU�RI�SHSWLGH�ERQGV�LV�FDOFXODWHG�IURP�WKH� DPLQR� DFLG� FRPSRVLWLRQ� DV� WKH� VXP� RI� WKH� FRQFHQWUDWLRQV� RI� HDFK� DPLQR� DFLG�� � 7KHVH�DPLQR�DFLG�FRQFHQWUDWLRQV�DUH�REWDLQHG� LPPHGLDWHO\� IURP�WKH�DPLQR�DFLG�DQDO\VLV�� LQ�ZKLFK�WKH� FRQFHQWUDWLRQV�XVXDOO\� DUH�JLYHQ� DV�PJ�RU�J� DPLQR� DFLGV�SHU� OLWHU�� �7KXV�� KWRW LV�XVHG� WR�FDOFXODWH� WKH�GHJUHH�RI�K\GURO\VLV� �'+�� �VHH�$QQH[������� � ,W� LV�GHILQHG�DV� WKH�SHUFHQWDJH�RI�SHSWLGH�ERQGV�FOHDYHG�DQG�LV�D�NH\�SDUDPHWHU�ZKLFK�FKDUDFWHUL]HV�D�SURWHLQ�K\GURO\VDWH�

��'+�� �� ����ERQGVSHSWLGHRIQXPEHU�7RWDO FOHDYHGERQGVSHSWLGHRI1XPEHU� u
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,Q� WKLV�ZRUN�� WKH� FUXGH� SURWHLQV� RI� FRUQ�JOXWHQ�PHDO� �&*0��DQG� VR\EHDQ�PHDO� �6%0�� �VHH���������ZHUH�VXSSOLHG�E\�$PLQR�*PE+��%UDXQVFKZHLJ��)LJXUH��������:H�VHQG�WKHVH�YHJHWDEOH�SURWHLQV� WR�YDULRXV� ODERUDWRULHV� IRU�PHDVXULQJ�QLWURJHQ�FRQWHQW�E\� WKH�.MHOGDKO�PHWKRG� �VHH�$QQH[� ������ � 7KH� DYHUDJH� RQ� SUHFLVH� YDOXH� ZRXOG� EH� XVHG� RQ� WKH� K\GURO\VLV� H[SHULPHQW�IXUWKHU���$V�FUXGH�SURWHLQ�RI�&*0�DQG�6%0�ZHUH�����DQG������UHVSHFWLYHO\��7DEOH������

)LJXUH���� 9HJHWDEOH� SURWHLQV� DV� VXEVWUDWH�� OHIW VLGH LV� FRUQ�JOXWHQ�PHDO� �&*0��DQG� ULJKWVLGH LV�VR\EHDQ�PHDO��6%0���ZHUH�VXSSOLHG�E\�$PLQR�*PE+��%UDXQVFKZHLJ�
7DEOH���� 0LFUR�.MHOGDKO�1 PHWKRG�GRQH�E\�YDULRXV�ODERUDWRU\

.MHOGDKO�1��� 3URWHLQ�����>1�uu I1�@6RXUFH FRUQ�JOXWHQ�PHDO VR\EHDQ�PHDO FRUQ�JOXWHQ�PHDO VR\EHDQ�PHDO$PLQR�*PE+ ����� ���� ����� �����6,:$�/DE ���� ���� ����� �����*|WWLQJHQ�8QL ����� ���� ����� �����DYHUDJH�YDOXH ����� ���� ����� ������ I1  �������FRQYHUVLRQ�IDFWRUV�
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��� $PLQR�DFLG�DQDO\VLV$�OLTXLG�FKURPDWRJUDSKLF�DSSURDFK�WR�DXWRPDWLF�DPLQR�DFLGV�DQDO\VLV�GRPLQDWHG�E\�³0RRUH�DQG� 6WHLQ� WHFKQLTXH´� ZDV� DGDSWHG� WR� FRPSOH[�� FRVWO\� DQG� LQIOH[LEOH� LQVWUXPHQWDWLRQ��6SDFNPDQ�HW� DO���������� �6LQFH� WKHUH�DUH�D�QXPEHU�RI�PHWKRGRORJLHV�DYDLODEOH� IRU� WKH�KLJK�SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\� �+3/&�� DQDO\VLV� RI� DPLQR� DFLGV�� �7KH� EHVW�PHWKRG� IRU�WKH�VSHFLDO�DSSOLFDWLRQ�FDQ�EH�FKRVHQ���:KHQ�UDSLG��KLJK�VHQVLWLYLW\�DQDO\VLV�RI�RQO\�SULPDU\�DPLQR� DFLGV� LV� UHTXLUHG�� SUH�FROXPQ� GHULYDWL]DWLRQ�ZLWK� R�SKWKDODOGHK\GH� �23$�� VKRXOG� EH�FRQVLGHUHG� �3IHLIHU� HW� DO��� ������� � ,W� LV� D�PHWKRG� VWLOO� LQ� LWV� LQIDQF\�� EXW� LWV� DGYDQWDJHV� DUH�DSSHDOLQJ���)RU�DPLQR�DFLG�VFUHHQLQJ�RU�DQDO\VLV�RI�VHOHFWHG�DPLQR�DFLGV�LQ�D�PL[WXUH��LW�FDQ�SURYH�WR�EH�DQ�LGHDO�PHWKRG�
,Q�WKLV�ZRUN��DPLQR�DFLGV�DQDO\VLV�ZDV�GRQH�PDLQO\�XVLQJ�UHYHUVH�SKDVH�+3/&�FROXPQV�DQG�SUH�FROXPQ� GHULYDWL]DWLRQ� ZLWK� 23$� UHDJHQW�� � %XIIHUHG� PRELOH� SKDVHV� ZHUH� XVHG�� � 7KH�SURSRUWLRQV� RI� SRODU� VROYHQWV� �H�J�� PHWKDQRO�� WHWUDK\GURIXUDQ�� GHSHQG� RQ� WKH� W\SH� RI� WKH�GHULYDWLYH�HPSOR\HG���+HUHLQ��GHULYDWL]DWLRQ�ZLWK�23$�ZDV�XVHG�EHFDXVH�LW�LV�VLPSOH�DQG�WKH�SRRU� UHSURGXFLELOLW\� GXH� WR� WKH� LQVWDELOLW\� RI� WKH� UHDFWLRQ� SURGXFW� FDQ� EH� LPSURYHG� E\�DXWRPDWLRQ�RI�WKH�SURFHGXUH�DQG�VXEVWLWXWLRQ�RI�HWKDQHWKLRO�ZLWK�WKH���PHUFDSWRHWKDQRO�LQ�WKH�GHULYDWL]LQJ� UHDJHQW�� �*UDGLHQW� HOXWLRQ ZDV� UHTXLUHG� IRU� WKH� UHVROXWLRQ� RI� FRPSOH[�PL[WXUHV�DQG�WKH�RYHUDOO�DQDO\VLV�WLPHV�ZDV����PLQ��)LJXUH������
����� $PLQR�DFLG�DQDO\VLV�XVLQJ�UHYHUVHG �SKDVH�+3/&7KH� DQDO\VLV� DQG� SXULILFDWLRQ� RI� ELRORJLFDO� PROHFXOHV� XVLQJ� UHYHUHG�SKDVH� �K\GURSKRELF��+3/&� LV� D�ZLGHO\� HPSOR\HG� WHFKQLTXH�� � ,W� LV� XVHIXO� IRU� WKH� VHSDUDWLRQ� RI� D�ZLGH� YDULHW\�RI�ZDWHU�DQG�DOFRKRO�VROXEOH�FRPSRXQGV��3IHLIHU�HW�DO�����������7KH�XVH�RI�53�+3/&�ZDV�DSSOLHG�WR�DPLQR�DFLG�DQDO\VLV�
7KH�PRVW�FRPPRQO\�HPSOR\HG�WHFKQLTXH�IRU�53�+3/&�DQDO\VLV�RI�DPLQR�DFLGV�LV�SUH�FROXPQ�GHULYDWL]DWLRQ�� �:LWK� WKLV�PHWKRG�� WKH�v�DPLQR� JURXS� RI� HDFK� DPLQR� DFLG� LV� UHDFWHG�ZLWK� D�K\GURSKRELF�GHULYDWL]LQJ�DJHQW� WR�\LHOG�D�UHDGLO\�FKURPDWRJUDSKLF�SURGXFW�� �:LWK�WKH�SURSHU�GHULYDWL]LQJ�DJHQWV��HDFK�DPLQR�DFLG�ZLOO�IRUP�D�VLQJOH�DQG�XQLTXH�SURGXFW�� �7KH�PHWKRG�RI�GHWHFWLRQ�ZLOO�EH�GHWHUPLQHG�E\�WKH�SURSHUWLHV�RI�WKH�UHDJHQW��ZLWK�VHQVLWLYLW\�DQG�VSHFLILFLW\�EHLQJ� WZR� SULPDU\� GHWHFWLRQ� FULWHULD� �.ODSSHU�� ������� � ,GHDOO\�� SUH�FROXPQ� GHULYDWLYHV� IRU�DPLQR� DFLG� DQDO\VLV�ZLOO� HLWKHU� IOXRUHVFHQFH� RU� DEVRUE� OLJKW� LQ� WKH� UHJLRQ� DERYH� ���� QP� WR�SUHYHQW� GHWHFWLRQ� RI� VDPSOH�� � 6HQVLWLYLW\� OHYHOV� VKRXOG� EH� LQ� WKH� ORZ�SLFRPROH� UDQJH�� �7KH�+3/&�LQVWUXPHQW�RI�DPLQR�DFLGV�DQDO\VLV�ZDV�XVHG�LQ�WKLV�H[SHULPHQW��LV�VKRZQ�LQ�)LJXUH�����
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����� $XWRPDWHG�SUH�FROXPQ�GHULYDWL]DWLRQ�ZLWK�23$2UWKR�SKWKDODOGHK\GH��23$��ZDV�UHTXLUHG�IRU�D�SUH�FROXPQ�GHULYDWL]DWLRQ�DJHQW�IRU�SULPDU\�DPLQR�DFLGV��+LOO��HW�DO�����������(DFK�SULPDU\�DPLQR�DFLG�IRUPV�D�VLQJOH��XQLTXH��VXEVWLWXWHG�LVRLQGROH SURGXFW�WKDW�FDQ�EH�GHWHFWHG�ZLWK�IOXRUHVFHQFH�DW�VXE�SLFRPROH�OHYHOV���7KH�UHODWLYH�LQVWDELOLW\� RI� WKH� GHULYDWLYHV� PDNHV� WKH� 23$� UHDFWLRQ� D� SHUIHFW� WHVW� IRU� WKH� WHFKQLTXH� RI�DXWRPDWHG�SUH�FROXPQ�GHULYDWL]DWLRQ�
)RU� WKHVH�PHDVXUHPHQWV�� D� VDPSOH� YLDO� FRQWDLQLQJ� WKH�23$� VROXWLRQ� ���PJ�23$�PO� ERUDWH�EXIIHU�� ZDV� SODFHG� LQ� SRVLWLRQ� �� RI� WKH� DXWRPDWLF� VDPSOH� SURFHVVRU�� � 7KH� VDPSOHV� DQG�VWDQGDUGV�ZHUH�SODFHG�LQ� WKH�UHPDLQLQJ�SRVLWLRQV�� �8SRQ�LQLWLDWLRQ�RI�DQ�DQDO\VLV�UXQ����O�RI�WKH�23$�VROXWLRQ�ZDV�ZLWKGUDZQ�IROORZHG�E\����O�RI�VDPSOH��RU�VWDQGDUG����$IWHU�PL[LQJ��WKH�DPLQR�DFLGV�ZHUH�DOORZHG�WR�UHDFW�ZLWK�WKH�23$�IRU�����PLQ���,PPHGLDWHO\�IROORZLQJ�UHDFWLRQ��WKH� GHULYDWL]HG� SURGXFWV� ZHUH� DSSOLHG� WR� DQG� VHSDUDWHG� RQ� D� 5HVROYH70 �� �P� &�� FROXPQ��$QQH[������� �$�VFKHPDWLF�IRU�WKLV�SURFHVV�LV�VKRZQ�LQ�)LJXUH������ �,W�LV�SRVVLEOH�WR�SHUIRUP�DXWRPDWHG� DQDO\VLV� RI� HYHQ� XQVWDEOH� DPLQR� DFLG� GHULYDWLYHV� ZLWK� JRRG� DFFXUDF\� DQG�UHSURGXFLELOLW\���7KH��HIIHFW�RI�VLJQDO�RQ�W\SLFDO�SHDNV�RI�DPLQR�DFLGV�DQDO\VLV�RI�FRUQ�JOXWHQ�PHDO�K\GURO\VDWH�XVLQJ�WKLV�SURFHVV�LV�VKRZQ�LQ� )LJXUH������IRU�H[DPSOH���7KH�DGYDQWDJHV�RI�SUH�FROXPQ�GHULYDWL]DWLRQ�ZLWK�23$�EHFRPH�LPPHGLDWHO\�DSSDUHQW���5HDFWLRQ�RI�WKH�SULPDU\�DPLQR�DFLGV��LQFOXGLQJ�JOXWDPLQH�DQG�DVSDUDJLQH��ZDV�H[FHOOHQW���%\�RYHUFRPLQJ�WKH�SUREOHP�RI� GHULYDWLYH� LQVWDELOLW\�� URXWLQH� DXWRPDWHG� DQDO\VLV� XVLQJ� SUH�FROXPQ� GHULYDWL]DWLRQ� ZLWK�23$�LV�QRZ�IHDVLEOH�

)LJXUH���� ,QVWUXPHQW� RI� DPLQR� DFLG� DQDO\VLV�� +/3&�� 5)� ��$;/� IOXRUHVFHQFH� GHWHFWRU��6KLPDG]X��5HVROYH70 ���P�&�� ����u ����PP��5HYHUVHG�SKDVH�:DWHUV�
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)LJXUH���� $XWRPDWLF� SUH�FROXPQ� GHULYDWL]DWLRQ� SURFHGXUH�� � 7KH� VDPSOH� SURFHVVRU� LV�SURJUDPPHG� YLD� WKH� V\VWHP� FRQWUROOHU� WR� PHWHU� GHULYDWL]DWLRQ� UHDJHQW� DQG� VDPSOH� LQWR� WKH�VDPSOH� ORRS�� � 7KHVH� VROXWLRQV� DUH� DXWRPDWLFDOO\�PL[HG� DQG� WKH� UHDFWLRQ� LV� SUHFLVHO\� WLPHG���7KH�GHULYDWL]HG�VDPSOH�FRPSRQHQWV�DUH�WKHQ�DXWRPDWLFDOO\�LQMHFWHG�DQG�HQULFKHG�DW�WKH�KHDG�RI� WKH� FROXPQ�� � &RPSRQHQWV� DUH� VHSDUDWHG� E\� KLJK� UHVROXWLRQ� JUDGLHQW� HOXWLRQ� DQG� IORZ�SURJUDPPHG�FKURPDWRJUDSK\�
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)LJXUH���� 5DSLG�� KLJK� VHQVLWLYLW\� DQDO\VLV� RI� SULPDU\� DPLQR� DFLGV� RI� FRUQ� JOXWHQ� PHDO�K\GURO\VDWH� XVLQJ� DXWRPDWHG� SUH�FROXPQ� GHULYDWL]DWLRQ� ZLWK� 23$�� � 6ROYHQW� $�� ����� 0�1D�+32���S+����&+�2+���7+)����������VROYHQW�%��&+�2+���+�2�����������PO�PLQ��6DPSOH����� SPRO� HDFK� DPLQR� DFLG�� �'HWHFWLRQ��:DWHUV�PRGHO� 5)� ��$;/� IOXRUHVFHQFH� GHWHFWRU�� H[������QP��HP������QP��JDLQ���[��&ROXPQ��5HVROYH�����&�� FROXPQ�����FP�u ��PP��
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��� $OWHUQDWLYH�PHWKRG�IRU�GHWHUPLQLQJ�GHJUHH�RI�K\GURO\VLV
����� ,QWURGXFWLRQ
+3/&� �KLJK� SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\�� XVLQJ� UHYHUVHG� SKDVH� V\VWHP� KDV� EHFRPH�SRSXODU� IRU� WKH� VHSDUDWLRQ�RI� DPLQR� DFLGV�� �7KH� H[FHOOHQW� VHSDUDWLRQ�SHUIRUPDQFH��KRZHYHU��PDNHV� LW� XVHIXO� IRU� DPLQR� DFLGV� DQDO\VLV� RI� HQ]\PDWLF� SURWHLQ� K\GURO\VDWH�� �7KH� VXFFHVV� RI�DXWRPDWHG� DPLQR� DFLG� DQDO\VLV�� RQ� FRPSOLFDWHG� DQG� YHU\� H[SHQVLYH� LQVWUXPHQWV�� LV� RIWHQ�GHWHUPLQHG� E\� WKH� SHUIRUPDQFH� RI� DQ� +3/&� FROXPQ�� �0RUHRYHU�� WKH� SHULRG� RI� DQDO\VLV� LV�WLPH�FRQVXPLQJ�DERXW����PLQ�RI�WKH�LQMHFWLRQ��DV�LW�FDQ�QRW�PRQLWRULQJ�GXULQJ�K\GURO\VLV�
,Q� SURWHLQ� K\GURO\VLV�� WKH� NH\� SDUDPHWHU� IRU� PRQLWRULQJ� WKH� UHDFWLRQ� LV� WKH� GHJUHH� RI�K\GURO\VLV� �'+��VHH�$QQH[������ �7KH�'+�GHWHUPLQDWLRQ� VKRXOG�EH�EDVHG�RQ�D�VHOHFWLYH�DQG�DSSURSULDWHO\� VHQVLWLYH� DQG� UDSLG� DQDO\WLFDO� PHWKRG�� � 7KH� H[WHQW� RI� SURWHRO\VLV� FDQ� EH�GHWHUPLQHG� E\� D� VXLWDEOH� HQG� JURXS� DVVD\�� DQG� KHUH� WKH� DQDO\VLV� RI� IUHH� DPLQR� JURXSV� E\�WULQLWUREHQ]HQHVXOSKRQLF�DFLG��71%6��KDV�EHFRPH�WKH�PRVW�ZLGHO\�DSSOLHG���$�YHUVLRQ�RI�WKH�71%6� PHWKRG� ZKLFK� LV� SDUWLFXODUO\� VXLWDEOH� IRU� DQDO\]LQJ� K\GURO\VDWHV� WRJHWKHU� ZLWK�LQVROXEOH�SURWHLQ�KDV�EHHQ�GHYHORSHG�E\�$GOHU�1LVVHQ��������� �+RZHYHU�� WKLV�PHWKRG�LV�QRW�FRPSOHWHO\� VHOHFWLYH� IRU� SULPDU\� DPLQR� DFLG� JURXSV� EHFDXVH� RI� FRORU� GHYHORSPHQW� GXH� WR�K\GUR[\�LRQV� SUHVHQW� LQ� WKH� PHGLXP� �$GOHU�1LVVHQ�� ������� � 7KH PHWKRG� GRHV� KDYH� LWV�GUDZEDFNV���$V�LW�LV�QRW�SRVVLEOH�WR�REWDLQ�UHVXOWV�TXLFNO\�HQRXJK�GXULQJ�K\GURO\VLV�WR�IROORZ�WKH�SURFHVV�FORVHO\�� � ,Q�DGGLWLRQ�� WKH�71%6�UHDJHQW�LV�XQVWDEOH��WR[LF��DQG�KDV�WR�EH�KDQGOHG�FDUHIXOO\� GXH� WR� WKH� ULVN� RI� H[SORVLRQ�� � )XUWKHUPRUH�� 71%6� FDQQRW� EH� DSSOLHG� LI�PHUFDSWRHWKDQRO�KDV�EHHQ�XVHG�WR�GLVUXSW�GLVXOSKLGH�ERQGV�LQ� WKH�SURWHLQ�PROHFXOH��EHFDXVH�WKH�UHDFWLRQ�SURGXFWV�DOVR�DEVRUE�DW�WKH�PHDVXUHG�ZDYHOHQJWK�RI�����QP��.RWDNL�HW�DO���������
$OWHUQDWLYHO\��R�SKWKDOGLDOGHK\GH��23$���&KXUFK�HW�DO����������ZKLFK�LV�PRUH�VHOHFWLYH�IRU�D�DPLQR�JURXSV�WKDQ�71%6�� �7KLV�UHDJHQW�PD\�EH�XVHG�WR�UHDFW�RQO\�ZLWK�DPLQR�JURXSV�RU�LWV�GHULYDWLYHV�� � 7KH� QLWURJHQ� DWRP� LV� WKH� HVVHQWLDO� IDFWRU� IRU� FRORU� GHYHORSPHQW� LQ� WKLV� FRORU�UHDFWLRQ�� � +RZHYHU�� WR� SURYLGH� D� VXLWDEOH� PHWKRG�� D� UHDFWLRQ� ZDV� VHOHFWHG� EHWZHHQ� DPLQR�JURXSV� DQG� R�SKWKDOGLDOGHK\GH� �23$�� LQ� SUHVHQFH� RI� E�PHUFDSWRHWKDQRO� IRUPLQJ� D� FRORUHG�FRPSRXQG�GHWHFWDEOH�DW�����QP�LQ�D�VSHFWURSKRWRPHWHU�
,Q�WKLV�ZRUN��WKH�23$�DQG�71%6�PHWKRG�ZHUH�FRPSDUHG�WR�HVWDEOLVK�ZDV�DFFXUDWH�PHWKRG�WR�GHWHUPLQH� WKH� GHJUHH� RI� K\GURO\VLV�� �:LWK� WKH�23$�PHWKRG�� GLWKLRWKUHLWRO� �'77��ZDV� XVHG�LQVWHDG� RI� E�PHUFDSWRHWKDQRO� �VHH� $QQH[� ������ EHFDXVH� WKLV� UHDJHQW� ZDV� HQYLURQPHQWDOO\�PRUH� DFFHSWDEOH�� � 0RUHRYHU�� LW� ZDV� VWDEOH� DQG� OHVV� WR[LF� WKDQ� WKH� 71%6� UHDJHQW�� � 7KH�FRUUHODWLRQ� RI� WKH�23$�PHWKRG�ZLWK� WKH�ZLGHO\� DFFHSWHG� 71%6�PHWKRG� �$QQH[� �����ZHUH�



���$QDO\VHV��
LQYHVWLJDWHG��HVSHFLDOO\� LQ�UHODWLRQ�WR�SURWHLQ�K\GURO\VHV�ZLWK�GHJUHH�RI�K\GURO\VLV�DQG�XVLQJ�&*0�DQG�6%0�DV�VXEVWUDWHV�
����� &RUUHODWLRQ�DQDO\VLV�EHWZHHQ�71%6�DQG�23$�PHWKRG
&*0� DQG� 6%0� ZHUH� VXVSHQGHG� LQ� GHLRQL]HG� ZDWHU� ZLWK� D� SURWHLQ� FRQFHQWUDWLRQ� RI� ���SURWHLQ��Z�Z����7KH�S+�ZDV�DGMXVWHG�WR�����ZLWK���1�1D2+�EHIRUH�DGGLQJ�WKH�HQ]\PH�DQG�QRS+�DGMXVWPHQW�GXULQJ�K\GURO\VLV�� �$OFDODVH�����/� DQG�)ODYRXU]\PH������/� W\SH�)*��1RYR�1RUGLVN�$�6��%DJVYDHUG��'HQPDUN��ZHUH�DGGHG� LQ� WKH�VXVSHQVLRQ��GRVDJHV�RI����DQG������UHVSHFWLYHO\��EDVHG�RQ�ZHLJKW�SURWHLQ�SHUFHQW���'XULQJ�K\GURO\VLV�S+�GURSV�W\SLFDOO\�WR�DERXW�S+�����)ROORZLQJ�HQ]\PH�DGGLWLRQ��VDPSOHV�ZHUH�WDNHQ�DIWHU��������������������������������DQG����K��KHDWHG�DW����&�IRU������PLQ�WR�LQDFWLYDWH�WKH�HQ]\PHV�DQG�IUR]HQ�IRU�ODWHU�DQDO\VLV�
7KH�GHJUHH�RI�K\GURO\VLV��'+��RI�&*0�DQG�6%0�E\�23$�DQG�71%6�PHWKRGV�DUH�LOOXVWUDWHG�LQ�)LJXUH������)LJXUH�����DQG�7DEOH�����ZLWK�+3/&�DQDO\VLV�DV�WKHLU�UHIHUHQFH���7KH�DYHUDJH�DQG� VWDQGDUG� GHYLDWLRQ� �6'�� RI� ERWK� PHWKRGV� ZHUH� GHWHUPLQHG� E\� ��� UHSOLFDWHV� IRU� HDFK�VDPSOH���7KH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH�����DQG�7DEOH���� IRU�&*0�DQG�6%0�UHVSHFWLYHO\�7KHVH�GDWD� LOOXVWUDWH� WKDW� WKH�23$�PHWKRG�ZDV�PRUH�UHDFWLYH�WRZDUG�WKH�D�DPLQR�JURXSV�RI�6%0�WKDQ�&*0���%HFDXVH�RI�WKH�GLIIHUHQFH�LQ�WKH�DYDLODELOLW\�RI�WKH�D�DPLQR�JURXSV�LQ�&*0�DQG� 6%0�� WKH� FRQWHQW� RI� O\VLQH� RI� 6%0� LV� KLJKHU� WKDQ� &*0� �$GOHU�1LVVHQ�� ������� � 7KH�DYDLODELOLW\� RI� WKH� D�DPLQR� JURXSV� FDQ� EH� UHGXFHG� VLJQLILFDQWO\� E\� 0DLOODUG� UHDFWLRQV��UHDFWLRQ� EHWZHHQ� VLPSOH� VXJDUV� DQG� DPLQR� DFLGV� DQG� VLPSOH� SHSWLGHV� DW� URRP� WHPSHUDWXUH�WKDW� FDXVH� EURZQLQJ�� LQ� WKH� SURWHLQV� �0RQQHU� HW� DO��� ������� � 7KXV�� WKHUH� ZHUH� RSWLRQV� RI�UHDFWLRQ�ZLWK�WKH�D�DPLQR�JURXSV��O\VLQH��DQG�WKH�DPLQR�JURXSV�DW�WKH�SRVLWLRQ�RI�WKH�SURWHLQ�PROHFXOH� OHG� WR� EDFNJURXQG� FRORU� IURP� WKH� VDPSOHV� ZKLFK� PLJKW� LQWHUIHUH� ZLWK� WKH� FRORU�IRUPHG�E\�WKH�UHDJHQW�
7KXV��WKH�23$�DQG�71%6�PHWKRGV�VKRXOG�EH�XVHG�ZLWK�FDXWLRQ�DW�YHU\�ORZ�'+��1LHOVRQ�HW�DO���������� �$W�YHU\�KLJK�'+�RI�&*0�LQ� )LJXUH���� WKDW� WKH�RYHUDOO� UHDFWLRQ�FXUYHV�RI�ERWK�PHWKRGV� VHHP�GLIIHUHQW� IURP� WKH� UHIHUHQFH�+3/&�DQDO\VLV�� �+RZHYHU�� )LJXUH� ��� LOOXVWUDWHV�WKH� LQLWLDO� YHORFLW\� RI� '+� RI� 6%0� DW� YHU\� ORZ� '+�� WKH� FXUYHV� RI� ERWK� PHWKRGV� ZHUH� QRW�GLIIHUHQW�IURP�WKH�UHIHUHQFH��EXW�WKH�'+V�GHWHUPLQHG�E\�ERWK�PHWKRGV�ZHUH�GLIIHUHQW�IURP�WKH�UHIHUHQFH�
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�� 6� ����SURWHLQ��Z�Z���7����&��LQLWLDO�S+����(�6� �������Z�Z��>���$OFDODVH�������)ODYRXU]\PH@ 23$

71%6+3/&

'+��

7LPH�>K@
)LJXUH���� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI� FRUQ� JOXWHQ�PHDO� �&*0�� DW� ���SURWHLQ� �Z�Z��ZLWK� ��� $OFDODVH� DQG� ����� )ODYRXU]\PH�� ���&� DQG� LQLWLDO� S+� ����� � &RPSDULVRQ� RI�GHWHUPLQLQJ� GHJUHH� RI� K\GURO\VLV� EHWZHHQ� 71%6� DQG�23$�PHWKRG�ZLWK�+3/&� DQDO\VLV� RI�WKHLU UHIHUHQFH�
7DEOH���� 7KH� GLIIHUHQW�PHDVXUHPHQWV� XVLQJ�71%6��23$�DQG�+3/&�PHWKRGV�RI�'+��RI�FRUQ�JOXWHQ�PHDO��&*0��K\GURO\VDWH�

'+��RI�+3/& '+��RI�71%6 '+��RI�23$7LPH�RI�K\GURO\VLV�>K@ [ 6' [ 6' [ 6'� ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� �����[  PHDQ�YDOXH�RI����UHSOLFDWH�YDOXHV6'  VWDQGDUG�GHYLDWLRQ
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�� 6� ����SURWHLQ��Z�Z���7����&��LQLWLDO�S+����(�6� �������Z�Z��>���$OFDODVH��������)ODYRXU]\PH@

+3/&71%623$
'+��

7LPH�>K@
)LJXUH���� 3URJUHVV�FXUYH�RI�K\GURO\VLV�RI�VR\EHDQ�PHDO��6%0��DW����SURWHLQ��Z�Z��ZLWK����$ODFODVH�SOXV������)ODYRXU]\PH�����&�DQG� LQLWLDO�S+������ �&RPSDULVRQ�RI�GHWHUPLQLQJ�GHJUHH�RI�K\GURO\VLV�EHWZHHQ�71%6�DQG�23$�PHWKRG�ZLWK�+3/&�DQDO\VLV�RI�WKHLU UHIHUHQFH�
7DEOH���� ,OOXVWUDWHV� WKH� GLIIHUHQW� PHDVXUHPHQWV� H�J�� 71%6�� 23$� DQG� +3/&� PHWKRGV� RI�'+��RI�VR\EHDQ�PHDO��6%0��K\GURO\VDWH�

'+��RI�+3/& '+��RI�71%6 '+��RI�23$7LPH�RI�K\GURO\VLV�>K@ [ 6' [ 6' [ 6'� ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������ ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ����� �����[  �PHDQ�YDOXH�RI����UHSOLFDWH�YDOXHV6'  �VWDQGDUG�GHYLDWLRQ



���$QDO\VHV ��
7KH�UHODWLYH�VWDQGDUG�GHYLDWLRQ��56'��RI��'+�LV�GHILQHG�DV�6'�GLYLGHG�E\� [ DQG�PXOWLSOLHG�E\������ � ,Q�)LJXUH���� ERWK�RI� UDZ�PDWHULDOV�DUH�VKRZQ� WR�FRPSDUH� WKH�DFFXUDF\�RI� WKH� WZR�PHWKRGV�� �6%0�DQDO\VLV�E\�71%6�PHWKRG�JDYH�D� ORZHU�56'�WKDQ�23$�PHWKRG��ZLWK�56'OHVV�WKDQ������DQG������IRU�71%6�DQG�23$�PHWKRG��UHVSHFWLYHO\���:KLOH�IRU�&*0��WKH�56'�RI�ERWK�PHWKRGV�DUH�QRW�GLIIHUHQW��DV�DURXQG������
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&RUQ�JOXWHQ�PHDO
71%623$��56

'
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6R\EHDQ�PHDO
71%623$��56

'
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)LJXUH���� 5HODWLYH� VWDQGDUG� GHYLDWLRQ� �56'�� EHWZHHQ� 23$� DQG� 71%6� PHWKRG� WR�GHWHUPLQLQJ�GHJUHH�RI�K\GURO\VLV��'+��IRU�FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0��K\GURO\VDWHV�
)LJXUH� ���� LOOXVWUDWHV� FRUUHODWLRQ� DQDO\VLV� RI�71%6�DQG�23$�PHWKRGV�� WKDW� GHSHQGV�RQ� UDZ�PDWHULDO�� �7KH�FRUUHODWLRQ�EHWZHHQ�23$�DQG�71%6�PHWKRGV� IRU�6%0��U  �������ZDV�EHWWHU�WKDQ�&*0��U� �������� �7KH�GLIIHUHQFH� LQ�FRUUHODWLRQ�ZDV�GXH� WR� WKH�GLIIHUHQFH�RI� WKH�DPLQR�DFLG�FRPSRVLWLRQV�RI�WKH�SURWHLQ�UDZ�PDWHULDOV���7KLV�UHDVRQ�ZDV�VXSSRUWHG�LQ�7DEOH������WKDW�WKH� DEVRUSWLRQ� DW� ���� QP� RI� FRORUHG� FRPSRXQGV� IURP� UHDFWLRQ� ZLWK� JO\FLQH�� F\VWHLQH� DQG�O\VLQH�ZDV�UHODWLYHO\�ORZHU�� �7KH�GLIIHUHQW�FRQWHQW�RI�WKHVH���DPLQR�DFLGV�LQ�6%0�DQG�&*0�ZHUH�UHIOHFWHG�LQ�WKH�FRQWHQW�RI�IUHH DPLQR�DFLGV�LQ�WKH�K\GURO\VDWHV���,Q�DGGLWLRQ��JO\FLQH�DQG�F\VWHLQH�DUH�ERXQGHG�LQ�SHSWLGHV�WR�D�ODUJHU�H[WHQW�WKDQ�WKH�RWKHU�DPLQR�DFLGV�ZKHQ�SURWHLQV�DUH�K\GURO\]HG�DW�KLJK�'+��1LHOVRQ�HW�DO���������� �7KXV�� WKH�FRQWHQW�RI� O\VLQH�ZDV�H[SHFWHG�PDLQO\�H[SODLQLQJ�



���$QDO\VHV��
7DEOH���� $EVRUSWLRQ� DW� ���� QP� RI� 23$� PHWKRG� UHDFWHG� ZLWK� DPLQR� DFLGV� DQG� SHSWLGHV��1LHOVRQ�HW�DO���������

$PLQR�$FLG 2'��PPRO������PO PHDQ��*O\FLQH ����
 ��$ODQLQH ���� ���/HXFLQH ���� ���3KHQ\ODODQLQH ���� ���6HULQH ���� ���&\VWHLQH ����
 ��0HWKLRQLQH ���� ���7U\SWRSKDQ ���� ��7\URVLQH ���� ���$VSDUWLF�DFLG ���� ���$VSDUDJLQH ���� ���*OXWDPLQH ���� ���/\VLQH ����
 ��$UJLQLQH ���� ���+LVWLGLQH ���� ��1�*O\F\O�JO\FLQH ���� ��1�*O\F\O�JO\F\O�JO\FLQH ���� ��1�/HXF\O�PHWKLRQLQH ���� ���1�/\VLQH�SKHQ\ODODQLQH ���� ���1�*O\F\O�OHXF\O�W\URVLQH ���� ��0HDQ�YDOXH ����6' ���
 1RW�LQFOXGHG�LQ�WKH�FDOFXODWLRQ�RI�PHDQ�YDOXH
7DEOH���� '+�GHWHUPLQDWLRQV�RI�VR\EHDQ�PHDO�K\GURO\VDWH�DQG�FRUQ�JOXWHQ�PHDO�K\GURO\VDWH�PHDVXUHG�E\�23$�DQG�71%6�PHWKRG�

&RUQ�JOXWHQ�PHDO��&*0� 6R\EHDQ�PHDO��6%0�7LPH�RI�K\GURO\VLV��>K@ 71%6�'+��� 23$�'+��� 71%6�'+��� 23$�'+���� ����� ����� ����� ������ ����� ����� ����� ������ ����� ����� ����� ������ ����� ����� ����� ������� ����� ����� ����� ������� ����� ����� ����� ������� ����� ����� ����� ������� ����� ����� ����� ������� ����� ����� ����� ������� ����� ����� ����� �����U  � ����� �����



���$QDO\VHV ��
1RWH��WKH�FRUUHODWLRQ�FRHIILFLHQW�U��LW�FDQ�DVVXPH�YDOXHV�EHWZHHQ����DQG�±����,I�U  ���RU�U  �����D�IXQFWLRQDO�UHODWLRQVKLS�H[LVWV�EHWZHHQ�[�DQG�\���,I�U  ����QR�UHODWLRQVKLS�H[LVWV�EHWZHHQ�[�DQG�\��VHH�$QQH[������
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&RUQ�JOXWHQ�PHDOU  �����
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71%6

23$ � � �� �� �� ��
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6R\EHDQ�PHDOU  �����

'+�

'+�

71%6
23$

)LJXUH���� &RUUHODWLRQ�DQDO\VLV�EHWZHHQ�23$�DQG�71%6�PHWKRGV�WR�GHWHUPLQLQJ�GHJUHH�RI�K\GURO\VLV��'+��IRU�FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0��K\GURO\VDWHV�
7KH�W\SH�RI�UDZ�PDWHULDOV�XVHG�GHWHUPLQHV�WKH�GHJUHH�RI�K\GURO\VLV���23$�PHWKRG�KDV�VHYHUDO�DGYDQWDJH� RYHU� 71%6� PHWKRG�� � )RU� H[DPSOH�� WKH� UHDJHQW� RI� 23$� IRUPV� D� VWDEOH� FRORUHG�FRPSRXQG�ZLWK�DPLQR�JURXSV�DQG�ZDV�OHVV�WR[LF�WKDQ�71%6�UHDJHQW���7KH�71%6�UHDJHQ W�ZDV�UDWKHU�XQVWDEOH�DQG�WKH�VROXWLRQV�QHHG�WR�EH�NHSW�LQ�WKH�GDUN�WR�GHYHORS�D� FRORU�DQG�ZDV�WLPH�FRQVXPLQJ���7KH�DQDO\VLV�GHVFULEHG�LQ�WKLV�ZRUN�ZDV�EDVHG�RQ�WKH�VROXWLRQ�71%6�UHDJHQW�
$QRWKHU�GLIIHUHQFH�EHWZHHQ� WKH� WZR�PHWKRGV�ZHUH� WKH� UHVSRQVH� WLPH� WKDW� WKH� WLPH�RI�23$�UHDFWLRQ�ZDV���PLQ�EHIRUH�PHDVXULQJ�DEVRUEDQFH��ZKHUHDV�WKH�71%6�UHDFWLRQ�QHHGHG�DQ�KRXU���7KLV�PHDQV�WKH�23$�PHWKRG�FDQ�EH�XVHG�WR�PRQLWRU�'+�FRQWLQXRXVO\�GXULQJ�K\GURO\VLV�



���$QDO\VHV��
��� 6XPPDU\
1LWURJHQ�DQDO\VLV�ZDV�SHUIRUPHG�WKH�.MHGDKO�PHWKRG���7KH�FUXGH�SURWHLQ��1�u I1��FRQWHQW�IRU�&*0�DQG�6%0�ZHUH�����DQG������UHVSHFWLYHO\���7KH�DPRXQW�RI�FUXGH�SURWHLQ�ZDV�XVHG�WR�FDOFXODWH�WKH�WRWDO�K\GURO\VLV��KWRW��RI�WKH�GHJUHH�RI�K\GURO\VLV��'+��+3/&�UHYHUHG�SKDVH�ZDV�XVHG�IRU�DPLQR�DFLG�DQDO\VLV���5DSLG�DQG�KLJK�VHQVLWLYLW\�DQDO\VLV�RI�RQO\�SULPDU\�DPLQR�DFLGV�ZDV�UHTXLUHG���7KH�UHODWLYH�LQVWDELOLW\�RI�WKH�GHULYDWLYHV�PDGH�WKH�R�SKWKDODOGHK\GH� �23$�� UHDFWLRQ� D� SHUIHFW� WHVW� IRU� WKH� WHFKQLTXH� RI� DXWRPDWHG� SUH�FROXPQ�GHULYDWL]DWLRQ�
7KH�GLIIHUHQW�UDZ�PDWHULDOV�KDYH�GLIIHUHQW�DPLQR�DFLG�FRPSRVLWLRQV���7KH�GHJUHH�RI�K\GURO\VLV�ZDV�DOVR�DQDO\]HG�E\�WKH�23$�DQG�71%6�PHWKRG���7KHVH�YDOXHV�ZHUH�WKHQ�FRPSDUHG�XVLQJ�FRUUHODWLRQ� DQDO\VLV�� � 7KH� UHDFWLRQ� WLPH� IRU� WKH� 23$�PHWKRG� LV� ��PLQ��ZKHUHDV� WKH� 71%6�UHDFWLRQ� QHHGV� DQ�KRXU�� �7KXV�� WKH�23$�PHWKRG� FDQ�EH�XVHG� WR�GLUHFWO\�PRQLWRU�GXULQJ� WKH�K\GURO\VLV�UHDFWLRQ�



���,QLWLDO�6FUHHQLQJ�RI�&RPPHUFLDO�3URWHDVHV ��
� ,QLWLDO�6FUHHQLQJ�RI�&RPPHUFLDO�3URWHDVHV
:KHQ� FRQVLGHULQJ� WKH� XVH� RI� HQ]\PHV� LQ� K\GURO\VLV� SURFHVVLQJ� WZR� NH\� TXHVWLRQV� DULVH�� µ+RZ�SXUH� DQ� HQ]\PH� SUHSDUDWLRQ� LV� QHHGHG"¶� DQG� µ+RZ�PXFK� HQ]\PH�PXVW� EH� DGGHG"¶�� �$GHTXDWH�µSXULW\¶� DQG� ORZ� FRVW� FDQ� RIWHQ� EH� DFKLHYHG� E\� FDUHIXO� VHOHFWLRQ� RI� WKH� VRXUFH� RUJDQLVP� IRU�HQ]\PH�SUHSDUDWLRQ���7KXV��IXQJDO�DQG�EDFWHULDO�VRXUFHV�DUH�RIWHQ�XVHG��VLQFH�WKHVH�HQ]\PHV�DUH�FKHDS�WR�SURGXFH�DQG�RIWHQ�FRQWDLQ�UHODWLYH�IHZ�FRQWDPLQDWLQJ�DFWLYLWLHV���,Q�PDQ\�FDVHV��WKH�XVH�RI�UHODWLYHO\�FUXGH�H[WUDFWV�LV�DGHTXDWH�DQG�PD\�EH�EHQHILFLDO��7XFNHU�DQG�:RRGV��������
7R�TXDQWLI\�RU�DVVD\�WKH�HQ]\PH�DFWLYLW\��LW�LV�LPSRUWDQW�WR�PRQLWRU�WKH�DPRXQW�RI�HQ]\PH�DGGHG�GXULQJ�D�SURFHVV�� �6LQFH�HQ]\PHV�DUH�DVVD\HG�XQGHU�RSWLPDO�FRQGLWLRQV��WKH�DFWLYLW\�TXRWHG�PD\�QRW�UHSUHVHQW�WKH�WUXH�DFWLYLW\�RI�HQ]\PH�LQ�DFWXDO�XVH���,Q�DOPRVW�DOO�FDVHV�WKH�UDWLR�RI�HQ]\PH�WR�VXEVWUDWH�LV�HQRUPRXVO\�JUHDWHU�LQ WKHVH�DVVD\V�WKDQ�ZRXOG�EH�DGRSWHG�LQ�LQGXVWULDO�DSSOLFDWLRQV�RI�WKH�HQ]\PHV�DQG�EHFDXVH�RI�WKLV��QDUURZHU�RSWLPD�DUH�SUHVHQWHG�LQ�WKH�SORWV�WKDQ�ZRXOG�RFFXU�LQ�SUDFWLFDO�DSSOLFDWLRQV�
+RZHYHU��WKH�HIIHFW�RI�S+��WHPSHUDWXUH�DQG�VXEVWUDWH�SURGXFW�FRQFHQWUDWLRQV�RQ�HQ]\PH�DFWLYLW\�ZHUH�GHWHUPLQHG���7KLV�FDQ�VRPHWLPHV�EH�D�UHVSRQVH�WR�WHFKQLFDO�LPSURYHPHQWV�RU�WR�HFRQRPLF�FRQVLGHUDWLRQV�LQIOXHQFLQJ�WKH�FKRLFH�RI�VXEVWUDWH�FRPSRQHQWV���7KH�VFUHHQLQJ�HQ]\PH�DFWLYLWLHV�E\� HQGR� DQG� H[R�SHSWLGDVH� DVVD\V� DQG� FKDUDFWHULVWLFV� RI� WKHVH� HQ]\PHV� E\� K\GURO\]LQJ� FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0��ZHUH�SHUIRUPHG���,QIRUPDWLRQ�LV�JLYHQ�FRQFHUQLQJ�WKHLU� DFWLRQ�� UHDFWLRQ�RSWLPD�� VHQVLWLYLW\� WR� LQKLELWRUV�DQG�DFWLYDWRUV�� DQG��ZKHUH�DYDLODEOH�� WKHLU�VWDELOLW\�LQ�SUDFWLFDO�UHDFWLRQ�FRQGLWLRQV�
��� 3URWHDVH�DVVD\V,Q�WKLV�VHFWLRQ��HQ]\PH�DFWLYLW\�RI�YDULRXV�FRPPHUFLDO�HQ]\PHV�ZHUH�GHWHUPLQHG�XVLQJ�SURWHDVH�DVVD\�WHFKQLTXHV�GLVWLQJXLVK�EHWZHHQ�HQGRSHSWLGDVHV�DQG�H[RSHSWLGDVHV�
,Q�JHQHUDO��HQ]\PH�8QLWV��8��RU�,QWHUQDWLRQDO�8QLW��,8��LV�GHILQHG�DV�WKH�DPRXQW�RI�HQ]\PH�WKDW�WUDQVIRUPV� ���PROH� RI� VXEVWUDWH� LQ� ��PLQXWH� XQGHU� D� VSHFLILHG� VHW� RI� FRQGLWLRQV�� �7KH� VSHFLILF�DFWLYLW\�RI�DQ�HQ]\PH�ZDV�WKH�QXPEHU�RI�HQ]\PH�DFWLYLW\�XQLWV�GLYLGHG�E\�WKH�DPRXQW�RI�SURWHLQ��XVXDOO\� H[SUHVVHG� LQ� PLOOLJUDPV�� � 7KH� PHDVXUHPHQW� RI� VSHFLILF� DFWLYLW\� ZDV� GHWHUPLQHG� E\�%UDGIRUG�DVVD\�VHH�$QQH[�������7KH�VSHFLILF�DFWLYLW\�RI�YDULRXV�FRPPHUFLDO�HQ]\PHV�DUH�VKRZQ�LQ�7DEOH���� �HQGRSHSWLGDVHV��DQG�7DEOH���� �H[RSHSWLGDVHV��
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����� 7KH�GHWHUPLQDWLRQ�RI�HQGRSHSWLGDVH�DFWLYLW\(QGRSHSWLGDVH�DVVD\V� �$QQH[������FDQ�EH�XVHG� WR�GHWHFW�HLWKHU�DV�PDQ\�HQ]\PHV�DV�SRVVLEOH� LQ�FUXGH� H[WUDFWV� RU� WR� WHVW� IRU� WKH� SUHVHQFH� RI� D� SDUWLFXODU� HQ]\PH�RI�ZHOO�NQRZQ� VSHFLILFLW\�� � ,Q�JHQHUDO�� WKH� DFWLYLW\� RI� HQGRSHSWLGDVHV� ZHUH� DVVD\HG� XVLQJ� QDWXUDO� VXEVWUDWHV�� LQYROYLQJ� WKH�LQFXEDWLRQ�RI�D�SURWHLQ�XQGHU�D�GHILQHG�VHW�RI�FRQGLWLRQV��%H\QRQ�DQG�%RQG��������
7DEOH���� 3URWHRO\WLF�DFWLYLW\�RI�HQGRSHSWLGDVH

(Q]\PH 7\SH�RI�SURWHDVH (Q]\PH�DFWLYLW\�>8FDV�PO@ 6SHFLILF�DFWLYLW\�>8FDV�PJ�SURWHLQ@ 8QLW�SULFH�>¼�NJ@7HFKQLFDO�JUDGH$OFDODVH�����/�'; 6HULQH�SURWHDVH ��� ���� �����6DYLQDVH�����/�(; 6HULQH�SURWHDVH ��� ���� �����(VSHUDVH�����/ 6HULQH�SURWHDVH ��� ���� �����)RRG�JUDGH$OFDODVH�����/ 6HULQH�SURWHDVH ��� ���� �����1RYR�3UR�' 6HULQH�SURWHDVH ��� ����� �����1RYR]\PH�)0����/ 6HULQH�SURWHDVH ��� ���� �����1HXWUDVH����/ 6HULQH�SURWHDVH ��� ���� �����$0,������ 0HWDOOR�SURWHDVH �� ���� �����$0,������ &\VWHLQH�SURWHDVH ��� ���� �����$0,������ 6HULQH�SURWHDVH ��� ���� �����&RURODVH�6�� 6HULQH�SURWHDVH ��� ���� �����&RURODVH�31�/ 6HULQH�SURWHDVH ��� ���� �����)ODYRXU]\PH����/ $PLQRSHSWLGDVH �� ���� �����([WUHPR]\PH� 6HULQH�SURWHDVH � ���� ��([WUHPR]\PH� 6HULQH�SURWHDVH � ���� ����8QLW�SULFH�IRU�ODUJH�YROXPHV� 7KH�UHFRPELQDQW�FDUER[\�WHUPLQDO�VHULQH�SURWHDVH�IURP�7KHUPRWRJD�PDULWLPD� 7KH�LVRODWHG�VHULQH�SURWHDVH�IURP�7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS�QRY�
'HILQLWLRQ�RI�XQLWV 2QH�FDVHLQ�8QLW��8FDV��LV�WKH�DPRXQW�RI�HQ]\PH�ZKLFK�GLJHVWV�FDVHLQ�XQGHU�WKH�DERYH�PHQWLRQHG�FRQGLWLRQV��%HUJPH\HU��������
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$QQH[� ���� SURYLGHV� SURFHGXUDO� GHWDLOV� IRU� HQGRSHSWLGDVH� DVVD\V�� LQ� ZKLFK� FDVHLQ� ZDV� XVHG� DV�VXEVWUDWH���7KLV�PHWKRG�SURYLGHG�D�VLPSOH�DQG�LQH[SHQVLYH�DVVD\�VXLWDEOH�IRU�H[SHULPHQWV���7KXV��FUXGH�HQ]\PHV�ZHUH�VFUHHQHG�XVLQJ�FDVHLQ�IRU�WHVWLQJ�JHQHUDO�SURWHRO\WLF�DFWLYLW\�
7KH�PRVW� FRPPRQO\�XVHG� WHFKQLTXH�ZDV� WR�SUHFLSLWDWH� WKH� UHPDLQLQJ� LQWDFW� VXEVWUDWH�DQG� ODUJH�IUDJPHQWV ZLWK�WULFKORURDFHWLF�DFLG��7&$��DQG�UHPRYHG�WKHP�E\�FHQWULIXJDWLRQ���7KH�VXSHUQDWDQW�ZHUH� GHWHFWHG� GLUHFWO\� DW� ���� QP� �$QQH[� ������ � 7KH� UHVXOWV� RI� HQ]\PH� DFWLYLW\� RI� YDULRXV�FRPPHUFLDO� HQ]\PHV�DUH�VKRZQ� LQ� 7DEOH������ �$OFDODVH��1RYR�3UR�'�DQG�1RYR]\PH�VKRXOG�EH�FRQVLGHUHG� LQ� WKH� SURFHVV� RI� HQ]\PDWLF� K\GURO\VLV� EHFDXVH� WKH\� KDYH� WKH� KLJKHVW� DFWLYLW\� DQG�VDIHW\� IRU� FRQVXPSWLRQ�� � 7KH� DFWLYLW\� RI� WKHVH� HQ]\PHV� ZHUH� ����� ���� DQG� ���� 8 FDV�PO� RI�$OFDODVH��1RYR�3UR�'�DQG�1RYR]\PH��UHVSHFWLYHO\�
����� 7KH�GHWHUPLQDWLRQ�RI�H[RSHSWLGDVH�DFWLYLW\
1DWXUDO� VXEVWUDWHV� DUH� UDUHO\� HPSOR\HG� LQ� WKH� URXWLQH� DVVD\� RI� H[RSHSWLGDVHV�� EHFDXVH� RI� WKH�GLYHUVLW\� RI� V\QWKHWLF� VXEVWUDWHV� DQG� WKH� HDVH� ZLWK� ZKLFK� DQ� HOHJDQW� DVVD\�� ZKLFK� XVHV� WKHVH�VXEVWUDWHV��FDQ�EH�GHYHORSHG��%H\QRQ�DQG�%RQG����������7KH�VLPSOHVW�VXEVWUDWHV�DUH�VLQJOH�DPLQR�DFLGV� FRXSOHG� WKURXJK� WKHLU� D�&22+� JURXS� WR� FKURPRJHQLF� DPLQHV�� VXFK� DV� ��QLWURDQLOLGH���%DVHG�RQ�WKH�EORFNLQJ�JURXSV�HPSOR\HG��VXEVWUDWHV�FDQ�EH�FODVVLILHG�LQWR�WKUHH�FDWHJRULHV��QDPHO\�HQGRSHSWLGDVH�� DPLQRSHSWLGDVH� DQG� FDUER[\SHSWLGDVH� VXEVWUDWHV�� � (QGRSHSWLGDVH� VXEVWUDWH� ZLOO�KDYH�QR�IUHH�DPLQR� RU�FDUER[\�WHUPLQL��ZKLOH�DPLQRSHSWLGDVH�VXEVWUDWHV�ZLOO�KDYH�D�IUHH�DPLQR�WHUPLQXV�� DQG� FDUER[\SHSWLGDVH� VXEVWUDWH� ZLOO� KDYH� D� IUHH� FDUER[\�WHUPLQXV�� � &ODVVLILFDWLRQ� RI�SHSWLGDVHV�DV�HQGRSHSWLGDVHV�RU�H[RSHSWLGDVHV�LQ�&KDSWHU�����LV�EDVHG�RQ�WKH�UHVXOWV�RI�VHOHFWLRQ�ZKLFK�GHWHUPLQH�WKH�FODVV�RI�VXEVWUDWH�WKDW�LV�K\GURO\]HG�E\�D�JLYHQ�HQ]\PH�
,Q� WKLV� ZRUN�� OHXFLQH� DPLQRSHSWLGDVH� (&� ������� /$38� �OHXFLQH� DU\ODPLGDVH��� K\GURO\]HG� /�OHXFLQH�S�QLWURDQLOLGH�WR�IURP�S�QLWURDQLOLQH��)LJXUH������ZKLFK�ZDV�PHDVXUHG�XVLQJ�D�SKRWRPHWHU�DW�����QP��1RYR�(%�60���������������$�UHSUHVHQWDWLYH�SURWRFRO�ZDV�JLYHQ�LQ�$QQH[�������0DQ\�QLWURDQLOLGH�VXEVWUDWHV�ZLOO�EH�K\GURO\]HG�VSRQWDQHRXVO\�LQ�EDVLF�VROXWLRQV��WKXV��SUHSDUDWLRQ�RI�D�VWRFN�VROXWLRQ�LQ�ZDWHU�RU�LQ�DQ�RUJDQLF�VROYHQW�XVXDOO\�IDFLOLWDWHV�WKH�ORQJ�WHUP�VWRUDJH�RI�WKHVH�VXEVWUDWHV�� � $OWHUQDWLYHO\�� IUHVK� VXEVWUDWH� FDQ� EH� SUHSDUHG� GDLO\�� � ([RSHSWLGDVHV� DFWLYLWLHV� DUH�VKRZQ�LQ�7DEOH�������)ODYRXU]\PH�H[KLELWHG�WKH�KLJKHVW�DFWLYLW\�RI������/$38�J�
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/�OHXFLQH�S�QLWURDQLOLGH���������������������������������E�QLWURDQLOLQH���������/�OHXFLQH<HOORZ������QP
)LJXUH���� .LQHWLF�PHDVXUHPHQW�RI�OHXFLQH�DPLQRSHSWLGDVH�XQLW��/$38��
7DEOH���� 3URWHRO\WLF�DFWLYLW\�RI�H[RSHSWLGDVHV

(Q]\PHV 7\SH�RI�SURWHDVH (Q]\PH�DFWLYLW\>/$38�J@@ 6SHFLILF�DFWLYLW\�>8FDV�PJ�SURWHLQ@ 3ULFH�>¼�NJ)ODYRXU]\PH�����/ $PLQRSHSWLGDVH ���� ���� �����.RML]\PH�����0* $PLQRSHSWLGDVH ��� ���� �����&RURODVH�/$3 $PLQRSHSWLGDVH ��� ���� �����
� 8QLW�SULFH�IRU�ODUJH�YROXPH
'HILQLWLRQ�RI�XQLWV 2QH� OHXFLQH�DPLQRSHSWLGDVH�XQLW� �/$38�� LV� WKH�DPRXQW�RI� HQ]\PH�ZKLFK�K\GURO\]HV����PRO�VXEVWUDWH�SHU�PLQXWH�XQGHU�WKH�JLYHQ�VWDQGDUG�FRQGLWLRQV�
��� &KDUDFWHUL]DWLRQ�RI�FRPPHUFLDO�SURWHDVHV
7KH�HIILFLHQF\�RI� WKH�UHDFWLRQ�ZDV�PHDVXUHG�LQ� WHUPV�RI�WKH�HQ]\PH�DFWLYLW\�ZKLFK�LV�UHODWHG�WR�WKH�DPRXQW�RI�HQ]\PH���1RUPDOO\��WKH�GHILQHG�FRQGLWLRQV�UHIHU�WR����&�ZKLFK�LV�GLIILFXOW�EHFDXVH�WKH�RSWLPXP�WHPSHUDWXUH�RI�FRPPHUFLDO�HQ]\PHV��W\SLFDOO\�DURXQG����WR�����&��LV�IDU�UHPRYHG�IURP�WKH�DVVD\�WHPSHUDWXUH�RI����&�DQG�WKH�RSWLPXP�PD\�EH�WHPSHUDWXUH�GHSHQGHQW�
2WKHUZLVH�� SURWHRO\WLF� DFWLYLW\� LQ� SURWHLQ� K\GURO\VLV� FDQQRW� EH� GHWHUPLQHG� E\� WKH� XVXDO� DVVD\V�EHFDXVH� RI� LQWHUIHUHQFH�ZLWK� WKH� VXEVWUDWH�� �$V� WKH� DFWLYLW\�RI� HQ]\PHV�ZHUH�PHDVXUHG�E\� HQG�SURGXFWV�RI�WKH�K\GURO\VLV�RI�&*0�DQG�6%0��WKDW�ZDV�PPRO�DPLQR�DFLGV�SHU�J�SURWHLQ� 7KHVH�GDWD�ZHUH�FDOFXODWHG�DIWHU�DPLQR�DQDO\VLV�E\�+3/&�PHWKRG�
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����� (IIHFW�RI�S+�DQG�WHPSHUDWXUH�RQ�HQ]\PDWLF�K\GURO\VLV�RI�FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0�
7KH� PDLQ� SK\VLFDO� IDFWRUV� DIIHFWLQJ� DFWLYLW\� DQG� VWDELOLW\� RSWLPD� DUH� S+� DQG� WHPSHUDWXUH ��DOWKRXJK�RWKHUV�FDQ�KDYH�DQ�HIIHFW�RQ� LQGXVWULDO�HQ]\PH�UHDFWLRQV�� �7KH�FKDUDFWHULVWLFV�RI� WKHVH�HQ]\PH� SUHVHQW� WKH� PD[LPXP� SRWHQWLDO� RI� DQ� HQ]\PH�� � +HQFH�� LW� LV� D� XVHIXO� JXLGH� WR� LWV�DSSOLFDWLRQ�DQG�HIIHFWLYHQHVV�LQ�DQ\�JLYHQ�UHDFWLRQ�
,W� LV� QHFHVVDU\� WR� RSWLPL]H� WKH� WHPSHUDWXUH� IRU� WKH� K\GURO\VLV� UHDFWLRQ�� � 7KLV� RSWLPXP� ZLOO�UHSUHVHQW� D� FRPSURPLVH� EHWZHHQ� LQFUHDVHG� UHDFWLRQ� UDWH� DQG� PLQLPDO� HQ]\PH� LQDFWLYDWLRQ��+DUGZLFN�� ������� � 7KH� EHOO� VKDSH� FXUYH� UHVXOWHG� IURP� LQFUHDVLQJ� UDWH� RI� UHDFWLRQ� DW� ORZHU�WHPSHUDWXUHV�DQG�GHFOLQH�HQ]\PH�DFWLYLW\�GXH�WR�GHQDWXUDWLRQ�DW�KLJKHU�WHPSHUDWXUHV�
7KH�HIIHFW�RI�S+�RQ�HQ]\PH�FDWDO\VLV�ZDV�FDXVHG�E\�WKH�LRQL]DWLRQ�RI�VXEVWUDWH�RU�HQ]\PH��ZKLFK�FDQ� DIIHFW� VXEVWUDWH� ELQGLQJ� RU� WUDQVIRUPDWLRQ� WR� SURGXFW� GLUHFWO\� RU� DIIHFW� HQ]\PH� VWDELOLW\��+RUWRQ����������+RZHYHU��LW�LV�DOVR�FOHDU�WKDW�WKH�LRQL]DWLRQ�RI�DPLQR�DFLG�UHVLGXHV�RFFXU�RXWVLGH�RI�WKH�DFWLYH�VLWH�LWVHOI�FDQ�DOVR�KDYH�DQ�HIIHFW�RQ�WKH�HQ]\PH�DFWLYLW\���,Q�PRVW�FDVHV��HQ]\PHV�DUH�DFWLYH�RQO\�RYHU�D�YHU\�QDUURZ�UDQJH�RI�S+�YDOXHV��)XOOEURRN��������
7KH�WHPSHUDWXUH�WROHUDQFH�ZLOO�EH�WKH�JUHDWHVW�DW�WKH�RSWLPXP�S+�IRU�PDQ\�HQ]\PHV���+RZHYHU��WKH�HIIHFW�RI�S+�DQG� WHPSHUDWXUH�PXVW�EH�FRQVLGHUHG�GXULQJ�K\GURO\VLV�� �(Q]\PHV�RIWHQ�H[KLELW�RSWLPXP�UHTXLUHPHQWV�ZLWK�UHVSHFW�WR�LRQLF�VWUHQJWK�RI�WKH�UHDFWLRQ�PL[WXUH���$V�XQOLNH�WKH�FDVH�ZLWK� S+�� WKHUH�ZDV� QHDUO\� D� YHU\� EURDG� UDQJH� RI� LRQLF� VWUHQJWK� RYHU�ZKLFK� WKH� HQ]\PH� UHWDLQV�DSSUHFLDEOH�DFWLYLW\���7KXV�FRQVLGHUDWLRQ�RI�LRQLF�VWUHQJWK�ZDV�UDUHO\�D�NH\�UHTXLUHPHQW�
*HQHUDOO\��LW�ZDV�DGYLVHG�WR�VHOHFW�WKH�S+�RSWLPXP�RI�WHVWLQJ�HQ]\PH�IRU�HDFK�VXEVWUDWH�LQ�RUGHU�WR� DFKLHYH� PD[LPXP� VHQVLWLYLW\�� � ,Q� WKLV� ZRUN�� WKH� FRPPHUFLDO� SURWHDVHV� RI� ����� (�6� �Z�Z��K\GURO\]HG� FRUQ�JOXWHQ�PHDO� �&*0��DQG� VR\EHDQ�PHDO� �6%0��RI����SURWHLQ� �Z�Z�� LQ� LRQL]HG�ZDWHU� DW� GLIIHUHQW� S+�DQG� WHPSHUDWXUHV�� �7KH�RSWLPXP�S+�DQG� WHPSHUDWXUH� DUH� OLVWHG�RQ� 7DEOH������ � 7KH� NQRZQ� RSWLPXP� S+� DQG� WHPSHUDWXUH� RI� WKHVH� FRPPHUFLDOO\� DYDLODEOH� HQ]\PHV� DUH�OLVWHG�LQ�$QQH[��������7KH�S+�DQG�WHPSHUDWXUH�RSWLPXP�RI�&*0�DQG�6%0�ZHUH�PRVWO\�WKH�VDPH�DV�WKH�UHIHUHQFH��H[FHSW�WKH�RSWLPDO�S+�YDOXH�RI�1RYR�3UR�'�ZDV�DURXQG�����RI�&*0�DQG�����RI�6%0��ZKLOH�WKH�UHSRUW�RI�UHIHUHQFH�LV�DURXQG�S+�����
%DVHG�RQ�WKH�FRVW�DQDO\VLV�RI�XQLW�SULFH�SHU� WRQ�RI�VXEVWUDWH�DQG�SHU�NJ�RI�HQ]\PH�FRQYHUWHG�WR�SURGXFWV�� WKDW� $OFDODVH�� 1RYR� 3UR�'� DQG� 1RYR]\PH� ZHUH� FRQVLGHUHG� IRU� HQGRSHSWLGDVHV� DQG�)ODYRXU]\PH�� .RML]\PH� DQG� &RURODVH� /$3� ZHUH� FRQVLGHUHG� IRU� H[RSHSWLGDVHV�� � 7KH�HQGRSHSWLGDVH�ZLOO�EH�FRPELQHG�ZLWK�H[RSHSWLGDVH�LQ�WKH�RYHUDOO�K\GURO\VLV�UHDFWLRQ�
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7DEOH���� 7KH�RSWLPL]DWLRQ�RI�S+�DQG� WHPSHUDWXUH�RI�FRPPHUFLDO�HQ]\PHV�K\GURO\]LQJ�&*0�DQG�6%0�DV�VXEVWUDWH�

&RUQ�JOXWHQ�PHDO 6R\EHDQ�PHDO 5HIHUHQFH�(Q]\PH S+�RSW� 7HPS��RSW� S+�RSW� 7HPS��RSW� S+�RSW� 7HPS��RSW�$OFDODVH�����/�'; ������� ������& ������� ������& ������� ������&6DYLQDVH�����/�(; �������� ������& ������� ������& ������ ���&(VSHUDVH�����/ �������� ������& ������ ������& �������� ������&$OFDODVH�����/ ������� ������& ������� ������& ������� ������&1RYR�3UR�' ������� ������& ������� ������& FD���� ������&1RYR]\PH)0����/ �������� ������& ������ ������& �������� ������&1HXWUDVH����/ ������� ������& ������� ������& ������� ������&$0,������ ������� ���& ������� ������& ������� ���&$0,������ ������� ������& ������� ������& ������� ������&$0,������ ������� ������& ������� ������& ������� ������&&RURODVH�6�� ������� ������& ������� ������& ������� ������&&RURODVH�31�/ ������� ������& ������� ������& ������� ������&)ODYRXU]\PH����/ ������� ������& ������� ������& ������� ������&.RML]\PH�����0* ������� a���& ������� ������& ������� ���&&RURODVH�/$3 ������� ������& ������� ������& ������� ������&([WUHPR]\PH� ��� ���& ��� ���& ��� ���&([WUHPR]\PH� ���� ������& ������ ���& ��� ���&
� 5HIHUHQFHV�IURP�SURGXFW�VKHHW�RI�WKH�FRPSDQLHV� )URP�7KHUPRWRJD�PDULWLPD �UHFRPELQDQW�FDUER[\�WHUPLQDO�SURWHDVH�� )URP�7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS�QRY�
��� &RVW&RVW�DQG�VXLWDELOLW\�UHVWULFW�WKH�EX\HU�LQ�DQ\�DWWHPSW� WR�FRPSDUH�HQ]\PHV�E\�D�VLPSOH�LQVSHFWLRQ�RI�WKH�VXSSOLHUV¶�HQ]\PH�GDWD�VKHHWV�DQG�VSHFLILFDWLRQV���0DQ\�HQ]\PHV�RI�DOPRVW�LGHQWLFDO�SULFH�PD\�EH�GHVFULEHG�ZLWK�ZLGHO\�GLIIHULQJ�QXPHULFDO�XQLW�DFWLYLWLHV��DOVR�FRQIXVHV�WKH�SXUFKDVHU���,W�LV�QRW� VDIH� WR�FRPSDUH� VLPLODU�HQ]\PHV�RQ� WKHLU� VXSSOLHU� VWDWHG�DFWLYLWLHV�� � ,W� LV�DOVR�QRW�VDIH� WR�FRPSDUH� HQ]\PHV� ZLWK� DSSDUHQWO\� VLPLODU� DFWLYLWLHV� SURGXFWV� RQ� WKH� EDVLV� RI� WKHLU� SULFHV�� � $Q�LQWHUQDOO\�FRPSDUDEOH�DVVD\��SUHIHUDEO\�EDVHG�RQ�WKH�SURFHVV�VXEVWUDWH�DQG�FRQGL WLRQV��ZLOO�JLYH�D�



���,QLWLDO�6FUHHQLQJ�RI�&RPPHUFLDO�3URWHDVHV ��
PRUH�UHOLDEOH�FRPSDULVRQ���7KHUHIRUH��ZKHQ�VHOHFWLQJ�DQ�HQ]\PH��LW�LV�KHOSIXO�WR�KDYH�DW�OHDVW�RQH�DQDO\WLFDO�PHWKRG�HVWDEOLVKHG�DQG�UXQQLQJ�LQ�WKH�XVHU�ODERUDWRU\�
7KH�FRQWULEXWLRQ�RI� WKH�HQ]\PH�FDWDO\VW� WR�DQ�LQGXVWULDO�SURFHVV�LV�JHQHUDOO\�DQ�H[WUHPHO\�VPDOO�SRUWLRQ�RI� WKH� WRWDO� LQSXW�FRVWV� �*RGIUH\�DQG�:HVW��������� �+RZHYHU�� LW� LV� LPSRUWDQW� WKDW�SXULW\�DQG�DFWLYLWLHV�ZHUH�FRQVLVWHQW�ZLWK�WKH�FRVW��DQG�WKDW�DQ\�VLGH�DFWLYLWLHV�KDYH�EHHQ�LGHQWLILHG�WKDW�PLJKW�LQIOXHQFH�WKH�SURFHVVLQJ�DQG�SURGXFW�XQGHU�FRQVLGHUDWLRQ�
��� 6XPPDU\
7KH� HIIHFWV� RI� S+� DQG� WHPSHUDWXUH� RQ� HQ]\PH� DFWLRQ� GHSHQGV� RQ� WKH� W\SH� RI� VXEVWUDWH�� � 7KH�RSWLPL]DWLRQ�RI�S+�DQG�WHPSHUDWXUH�IURP�RSWLPDO�K\GURO\VLV�LV�QHFHVVDU\���2Q�WKH�RWKHU�KDQG��WKH�HQ]\PH� DFWLYLW\� VKRXOG� EH� GHWHUPLQHG� XVLQJ� WKH� UHDOLVWLF� VXEVWUDWH� VXFK� DV� &*0� RU� 6%0�� � ,Q�FRQFOXVLRQ�� LQWHOOLJHQW� VFUHHQLQJ� RI� SURWHDVHV� GR� QRW� IROORZ� D� VLPSOH� SURFHGXUH�� EXW� UHTXLUHV� D�WHFKQLFDO�DQG�HFRQRPLFDO�HYDOXDWLRQ�
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� +\GURO\VHV
3ULG�K\GURO\VGRZQ�LV�GLVWLQJXLVKHG�IURP�K\GURO\VLV�DQG�GHQDWXUDWLRQ���:DWHU��LQ�WKH�SUHVHQFH�RI�DFLG�RU�DQ�HQ]\PH��FDQ EH�XVHG�WR�EUHDN�D�SHSWLGH�ERQG��IRUPLQJ�PROHFXOHV�RI�FDUER[\OLF�DFLG�DQG�DPLQH��)LJXUH��������7KH�K\GURO\VLV�SURFHVV�QRUPDOO\�UHTXLUHV�KLJK�WHPSHUDWXUHV�DQG�LV�FDWDO\]HG�E\�HLWKHU�VWURQJ�DFLG�RU�VWURQJ�EDVH�RU�DQ�HQ]\PH�
'HQDWXUDWLRQ� LQYROYHV�XQIROGLQJ� WKH�SURWHLQ
V�VHFRQGDU\�� WHUWLDU\�RU�TXDWHUQDU\�VWUXFWXUH��VHH�&KDSWHU� ������ � 'HQDWXUDWLRQ� RI� SURWHLQ� GRHV� QRW� DIIHFW� WKH� SULPDU\� VWUXFWXUH�� � ,W� GRHV� QRW�LQYROYH�K\GURO\VLV�RI�SHSWLGH�ERQGV���6RPH�UHDJHQWV�RU�IDFWRUV�FDQ�FDXVH�SURWHLQ�GHQDWXUDWLRQ��WKHVH�DUH�KHDW��DFLGV�RU�EDVHV��RUJDQLF�FRPSRXQGV��KHDY\�PHWDO�LRQV��DQG�DJLWDWLRQ�� :KHQ�D�SURWHLQ� LV� GHQDWXUHG� LW� ORRVHV� LWV� ELRORJLFDO� DFWLYLW\�� �)RU�H[DPSOH�� D�GHQDWXUHG�HQ]\PH�ZLOO�QRW�ORQJHU�FDWDO\]H�LWV�UHDFWLRQ��%DUUHW��������
,Q� WKLV�ZRUN��DOO� UHDFWLRQ�FRQGLWLRQV�ZKLFK�DIIHFW�HQ]\PH�DFWLRQ�ZHUH�KHOG�FRQVWDQW���1DNDL����������7KXV��WKH�SURFHVV�RI�K\GURO\VLV�IRU�SURGXFLQJ�DPLQR�DFLGV�IURP�UDZ�PDWHULDOV�VXFK�DV�FRUQ� JOXWHQ�PHDO� �&*0��DQG� VR\EHDQ�PHDO� �6%0��ZHUH�GHWHUPLQHG� DW� WKH� VDPH�FRQGLWLRQ���7KH�HQ]\PH�DQG�VXEVWUDWH�FRQFHQWUDWLRQV�ZHUH�WHVWHG�WR�ILQG�D�FULWLFDO�YDOXH�LQ�WKH�K\GURO\VLV�SURFHVV�� � $OVR�� UHDFWLRQ� FRQGLWLRQV� VXFK� DV� S+� DQG� WHPSHUDWXUH� ZHUH� FRQVLGHUHG� LQ� WKH�K\GURO\VLV�UHDFWLRQ�E\�XVLQJ�D�FRPELQDWLRQ�RI�ERWK�HQ]\PHV���(Q]\PHV�ZHUH�GHQDWXUHG�XVLQJ�KLJK� WHPSHUDWXUH� DIWHU� K\GURO\VLV� SURFHVV� WR� LQDFWLYDWH� WKH� HQ]\PHV�� � ,Q� DGGLWLRQ�� KHDW�WUHDWPHQW�RI�WKH�SURWHLQ�SULRU�WR�K\GURO\VLV�ZLOO�GHQDWXUH�WKH�SURWHLQ�VWUXFWXUH�WR�PDNH�LW�PRUH�DFFHVVLEOH�WR�WKH�HQ]\PH�DWWDFN�
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��� $FLG�K\GURO\VLV+\GURO\VLV�ZLLV� LV�PRVW� JHQHUDOO\� XVHG� IRU� DQDO\VLV� RI� WRWDO� DPLQR� DFLGV�EHFDXVH� LW� OHDGV� WR�FRPSOHWH�K\GURO\VLV�ZLWK�WKH�OHDVW�GHVWUXFWLRQ���6XOSKXULF�DFLG�LV�XVHG�LQ�VRPH�RI�WKH�HDUOLHU�LQYHVWLJDWLRQV�RQ�SURWHLQ� VWUXFWXUH� �9LFNHU\��������� �$W�SUHVHQW�� WKH�K\GURO\WLF� UHDJHQW�PRVW�JHQHUDOO\�HPSOR\HG�LV���1�+&O�
%HIRUH�DQ\�SURWHLQ�RU�SRO\SHSWLGH�FDQ EH�VXEMHFWHG�WR�DPLQR�DFLG�DQDO\VLV��WKH�VDPSOH�PXVW�EH�K\GURO\]HG� WR� FOHDYH� WKH� SHSWLGH� ERQGV� EHWZHHQ� WKH� DPLQR� DFLGV�� � $FLG� K\GURO\VLV� XVLQJ�K\GURFKORULF� DFLG� LV� WKH� PRVW� FRPPRQ� K\GURO\VLV� PHWKRG� LQ� XVH� DV� DERYH� PHQWLRQHG��KRZHYHU�� WKH� VHYHUDO� FRQGLWLRQV� RI� WKLV�PHWKRG� FDQ� SDUWLDOO\� RU� WRWDOO\� GHVWUR\� VRPH� DPLQR�DFLGV�� �:KHUHDV��VRPH�DPLQR�DFLGV�ZHUH�GLIILFXOW�WR�FOHDYH�WKDW�UHTXLUHG�GLIIHUHQW�FRQGLWLRQV�WR�DFKLHYH�FRPSOHWH�K\GURO\VLV�
����� +\GURO\VLV�ZLWK�+&O
������� 5HIOX[�PHWKRG
$PLQR�DFLGV�F0�DQG�6%0���J��ZHUH�SODFHG�LQWR�����PO�URXQG�ERWWRP�IODVN��WKHQ�����PO���1�+&O�ZDV�DGGHG��DQG�SODFHG�IODVN�LQ�UHIOX[�VHWXS���7KH�K\GURO\VLV�IODVN�ZDV�LPPHUVHG�LQ�DQ�RLO�EDWK�XQWLO�WKH�OLTXLG�OHYHO�ZDV�MXVW�DERYH�WKH�RLO�OHYHO���7KH�EDWK�WHPSHUDWXUH�ZDV�VHW�DW�����r��&� WR� SURGXFH� YLJRURXV� ERLOLQJ�� � 1LWURJHQ�ZDV� EXEEOHG� WKURXJK� WKH� OLTXLG� XQWLO� YLJRURXV�ERLOLQJ�ZDV� REWDLQHG�� WKHQ� QLWURJHQ� VXSSO\�ZDV� SODFHG� LQ� WRS� RI� FRQGHQVHU� DQG� VPDOO� IORZ�WKURXJKRXW�UHIOX[�WLPH�ZDV�FRQWLQXHG��)LJXUH������
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)LJXUH���� +\GURO\VLV�ZLWK�+&O�E\�UHIOX[�PHWKRG
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6DPSOHV� ZHUH� K\GURO\]HG� IRU� ��� K� WR� DFKLHYH� FRPSOHWH� K\GURO\VLV�� � 7KH� K\GURO\VDWH� ZDV�ILOWHUHG��QHXWUDOL]HG�ZLWK�����1�1D2+�DQG�WKHQ�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU���$IWHU�ZKLFK�WKH�K\GURO\VDWH� ZDV� HYDSRUDWHG� RQ� D� URWDU\� HYDSRUDWRU� DW� ���&�� � 7KH� VDPSOH�ZDV� GLOXWHG�ZLWK�PHWKDQRO�������DQG�IUR]HQ�SULRU�WR�DPLQR�DFLGV�DQDO\VLV�E\�+3/&��VHH������
������� $PLQR�DFLGV�FRPSRVLWLRQ
$FHWKRG��DV�PHQWLRQHG�LQ�FKDSWHU����LV�WKH�UHFRPPHQGHG�DQDO\VLV�RI�IUHH�DPLQR�DFLGV���)LJXUH���� VKRZV� WKDW� WKH�GLIIHUHQW� QDWLYH�SURWHLQV�REWDLQHG�GLIIHUHQW� DPLQR� DFLGV�� �7KH� DPRXQW�RI�WKHVH� DPLQR� DFLGV� SURGXFHG� E\� DFLG� K\GURO\VLV� RI�&*0�DQG�6%0�� �7KH� TXDQWLW\� RI� DPLQR�DFLGV� FRPSRVLWLRQ� RI� &*0� DQG� 6%0� DUH� VKRZQ� LQ� 7DEOH� ����� � &*0� DQG� 6%0� ZHUH�K\GURO\]HG����DQG�����'+��UHVSHFWLYHO\���7KHVH�GDWD�ZHUH�FRPSDUHG�WR�WZR�UHIHUHQFHV�IURP�DQRWKHU� ODERUDWRULHV� IRU� HDFK� UDZ�PDWHULDOV�� � 7KH� UHIHUHQFHV� RI� &*0� DQG� 6%0�ZHUH� DOVR�GHWHUPLQHG�E\�FUXGH�SURWHLQ�E\�WKH�.MHOGDKO�PHWKRG���7KH�TXDQWLW\�RI�FUXGH�SURWHLQ�FRQWHQWV�REWDLQHG�XVLQJ�WKH�UHIHUHQFH�PHWKRGV�DUH�DOPRVW�WKH�VDPH�

$VS *OX $VQ 6HU *OQ +LV *O\ 7KU $UJ $OD 7\U 0HW 9DO 7US 3KH /OH /HX /\V������
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$PLQ
R�DFLG

V�>PP
ROHV�J

�SURWH
LQ@ &RUQ�JOXWHQ�PHDO6R\EHDQ�PHDO

)LJXUH���� &RUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0��REWDLQHG�GLIIHUHQW�DPRXQW�RI�IUHH�DPLQR�DFLGV�XVLQJ�K\GURO\VLV�ZLWK��1�+&O�DW�����&�IRU����K�
7DEOH� ��� FRPSDUHV� WKH� DPLQR� DFLGV� \LHOG� RI� WKH� UHIHUHQFH� PHWKRGV� DQG� RXU� H[SHULPHQWV���+LJKHU� \LHOG� �DURXQG� ���� '+� RI� ERWK� UDZ� PDWHULDOV�� ZDV� REWDLQHG� XVLQJ� WKH� UHIHUHQFH�PHWKRGV�� � 7KLV� FDQ� EH� DWWULEXWHG� PDLQO\� WR� VRPH� IDFWRUV�� VRXUFHV�� SXULW\�� IXQFWLRQDO�
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LQJUHGLHQWV�� WHFKQLTXHV� XVHG�� GXUDWLRQ� RI� K\GURO\VLV� WR� UHOHDVH� WKH� DPLQR� DFLGV�� � 7KH�K\GURO\VLV� WLPH� GHSHQGV� RQ� WKH� QDWXUH� RI� WKH� OLQNDJH� LQ� HDFK� SDUWLFXODU� SURWHLQ� �1HXPDQ��������� � +HQFH�� WKH� K\GURO\VLV� WLPH� VKRXOG� EH� RSWLPL]HG� LQ� HDFK� UDZ�PDWHULDOV�� �*HQHUDOO\��PD[LPXP�\LHOGV�FDQ�EH�REWDLQHG�DIWHU�UHIOX[LQJ�SXUH�SURWHLQV��1ROWPDQQ��������DQG�FHUHDOV��7NDFKXN��������ZLWK��1�+&O�IRU����K�
7DEOH���� $PLQR�DFLG�FRPSRVLWLRQ�RI�FRUQ�JOXWHQ�PHDO�DQG�VR\EHDQ�PHDO�E\�DFLG�K\GURO\VLV�ZLWK���1�+&O�DW�����&�IRU����K�

&RUQ�JOXWHQ�PHDO 6R\EHDQ�PHDO5HIHUHQFHV 5HIHUHQFHV$PLQR�DFLGV>NJ�W@ ([SHULPHQW� , ,, ([SHULPHQW� ,,, ,9����$VS ����� ����� ����� ����� ����� ���������*OX ������ ����� ������ ����� ����� ���������$VQ �� �� �� �� �� ������6HU ����� ����� ����� ����� ���� ���������*OQ �� �� �� �� �� ������+LV ���� ����� ����� ���� ����� ���������*O\ ����� ����� ����� ����� ���� ���������7KU ����� ����� ����� ����� ����� ���������$UJ ����� ����� ����� ����� ����� ����������$OD ����� ����� ����� ����� ����� ����������7\U ����� ����� ����� ����� ����� ����������0HW ����� ����� ����� ���� ���� ���������9DO ����� ����� ����� ����� ����� ����������7US �� ���� ���� �� �� �������3KH ����� ����� ����� ����� ����� ����������,OH ����� ����� ����� ����� ����� ����������/HX ����� ����� ������ ����� ����� ����������/\V ����� ���� ���� ����� ����� �����7RWDO ������ ������ ������ ������ ������ ������'+� �� �� �� �� �� ��
� 5DZ�PDWHULDOV�ZHUH�VXSSOLHG�E\�$PLQR�*PE+��%UDXQVFKZHLJ�6RXUFHV�RI�GDWD�, &3&�,QWHUQDWLRQDO�,QF���1HZ�-HUVH\�������,, 3URGXFW�GDWD�RI�WKH�:LOOLDPV�&RPSDQLHV��,QF���,OOLQRLV��������,,, 7KH�$VVRFLDWLRQ�RI�$PHULFDQ�)HHG�&RQWURO�2IILFLDO�,QFRUSRUDWHG���$$)&2�������,9 -RXUQDO�RI�WKH�$2$&��9RO������1R���������



���+\GURO\VHV��
$PLQR�DFLGV�ZHUH�UHOHDVHG�DQG�GHVWUR\HG�DW�GLIIHUHQW�K\GURO\VLV�UDWHV�GHSHQGLQJ�RQ�WKH�DPLQR�DFLG�FRPSRVLWLRQ�DQG�FKDUDFWHULVWLFV�RI� WKH�VDPSOH�� �$VVHVVPHQW�RI�DPLQR�DFLG�FRPSRVLWLRQ�GHULYHG� IURP�DFLG�K\GURO\VLV�DW�GLIIHUHQW� WLPH�GXUDWLRQ��XVXDOO\���������DQG����KRXUV�� LV� WKH�PRVW�DFFXUDWH�YDOXH���7KUHH�K\GURO\VLV�WLPHV�ZHUH�WHVWHG�WR�DOORZ�VHOHFWLRQ�RI�VSHFLILF�WLPHV�IRU�FHUWDLQ�DPLQR�DFLGV�DV�ZHOO�DV�H[WUDSRODWLRQ�WR�]HUR�WLPH�IRU�WKH�PRVW�ODELOH�DPLQR�DFLGV�,Q�PRVW� FDVHV�� D� VLQJOH����KRXU� DFLG�K\GURO\VLV� FDQ�JLYH� DGHTXDWH� LQIRUPDWLRQ� IRU�SXUSRVHV��0LFKDHO� HW� DO��� ������� � ,Q� JHQHUDO�� LQGXVWULDO� SURGXFWLRQ� RI� DPLQR� DFLGV� E\� DFLG� K\GURO\VLV�VKRXOG�XVH�FLWULF�DFLG� LQ� UHJXODWLRQ��DFFRUGLQJ� WR�VDIHW\� UXOHV� IRU�KXPDQ�� �7KH�HIIHFW�RI�DFLG�K\GURO\VLV�RQ�YDULRXV�DPLQR�DFLGV�ZDV�REVHUYHG�LQ�7DEOH�����
7DEOH���� (IIHFWV�RI�DFLG�K\GURO\VLV�RQ�YDULRXV�DPLQR�DFLGV�

$PLQR�DFLGV (IIHFWV9DOLQH��LVROHXFLQH %RQGV�DUH�QRW�HDVLO\�EURNHQ7KUHRQLQH��VHULQH 6ORZO\�GHVWUR\HG��6HULQH�LV�D�FRPPRQ�FRQWDPLQDQW0HWKLRQLQH 3DUWLDOO\�R[LGL]HG�GXULQJ�DFLG�K\GURO\VLV$VSDUDJLQH��JOXWDPLQH &RQYHUWHG�WR�DVSDUWLF�DFLG�DQG�JOXWDPLF�DFLG�7U\SWRSKDQ &RPSOHWHO\�GHVWUR\HG&\VWLQH 'HVWUR\HG
([WHQVLYH� ORVVHV� RI� JOXWDPLQH�� DVSDUDJLQH� DQG� WU\SWRSKDQ� RFFXUHG RQ� DFLG� K\GURO\VLV���*OXWDPLQH� LV� FRQYHUWHG� WR� JOXWDPLF� DFLG� DQG� DVSDUDJLQH� WR� DVSDUWLF� DFLG� �5HHV�� ��������7U\SWRSKDQ� LQ� FUXGH� SURWHLQV� LV� GHVWUR\HG� E\� DFLG� DOWKRXJK� FRQVLGHUDEOH� DPRXQWV� FDQ� EH�GHWHUPLQHG� LI� R[\JHQ� LV� ULJLGO\� H[FOXGHG� �1ROWPDQQ�� ������ DQG� E\� K\GURO\VLV� ZLWK�K\GURFKORULF� DFLG� LQ� TXDUW]� YHVVHOV� LQ� WKH� DEVHQFH� RI� KHDY\� PHWDOV� �0RQQLHU�� ��������7U\SWRSKDQ� LV� QRW� GHVWUR\HG� H[WHQVLYHO\�ZKHQ� KHDWHG� DW� ���� WR� ����&� LQ� �� WR� ��1�+&O� RU�+�62� LQ�YDFXR EXW�GHJUDGDWLRQ�RFFXUV� LQ�WKH�SUHVHQFH�RI�R[\JHQ��F\VWLQH��VHULQH�DQG�KHDY\�PHWDOV��&DQILHOG��������� �2WKHU�DPLQR�DFLGV�DUH�GHVWUR\HG�WR�D�OHVVHU�H[WHQW�DV�GHPRQVWUDWHG�E\�GHFUHDVLQJ�\LHOGV�ZLWK�LQFUHDVLQJ�K\GURO\VLV�WLPH���7KUHRQLQH�DQG�VHULQH�DUH�SURJUHVVLYHO\�GHVWUR\HG� �5HHV�� ������� � 7KHUH� LV� QR� JHQHUDO� DJUHHPHQW� RQ� WKH� UDWH� RI� GHVWUXFWLRQ� �5HHV��������� � ([WHQVLYH� GHVWUXFWLRQ� RI� F\VWLQH� DQG� F\VWHLQH� RFFXUV� LQ� DFLG� K\GURO\VLV� HVSHFLDOO\�ZKHQ� FDUERK\GUDWH� LV� SUHVHQW� �7NDFKXN�� ������� � 8QGHU� WKHVH� FRQGLWLRQV�� F\VWLQH� LV� RIWHQ�GHWHUPLQHG�DV�F\VWHLF�DFLG�LQ DFLG�LQ�WKH�R[LGL]HG�SURWHLQ��0RRUH��������
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����� 6XPPDU\7KH�FRQGLWLRQ�RI� DFLG�K\GURO\VLV�ZDV� WKH�RQO\� VWDQGDUG�K\GURO\VLV�FRQGLWLRQV� LQ�DPLQR�DFLG�DQDO\VLV���6HYHUDO�DPLQR�DFLGV�FDQ�EH�ORVW�VHYHUHO\�GXULQJ�FRQYHQWLRQDO�DFLG�K\GURO\VLV���&*0�DQG�6%0�REWDLQHG�UHFRYHU\����DQG�����WKH�\LHOG�RI�DPLQR�DFLGV�ZLWK��1�+&O�DW�����&�IRU����K���7KH�GLIIHUHQW�UDZ�PDWHULDOV�KDYH�GLIIHUHQW�DPLQR�DFLGV�FRPSRVLWLRQ�
7KH�PRVW�FRPPRQ�FRQGLWLRQ�LQYROYH�WUHDWPHQW�ZLWK��1�+&O�DW�����&�IRU����WR����KRXUV���7KH�RSWLPXP�WLPH�RI�K\GURO\VLV�ZDV�GHWHUPLQHG�IRU�HDFK�SURWHLQ�DV�WKH�SHSWLGH�ERQGV�K\GURO\VH�DW�GLIIHUHQW�UDWHV���&HUWDLQ�DPLQR�DFLGV�FDQ�EH�WRWDOO\�GHVWUR\HG�E\�K\GURO\VLV�LI�QRW�SURWHFWHG���7U\SWRSKDQ�DQG�W\URVLQH�FDQ�EH�SURWHFWHG�IURP�FKORULQH�E\�XVH�RI�WKLRO�UHDJHQWV�RU�SKHQRO V�DV�VFDYHQJHUV��&\VWHLQH�EHFRPHV�R[LGLVHG�RQ�K\GURO\VLV�� WKXV�� LW� LV� QHFHVVDU\� WR�SUH�R[LGLVH� WR�F\VWHLF�DFLG�EHIRUH�K\GURO\VLV�
(Q]\PH�KDYH�EHHQ�XVHG�WR�DYRLG�K\GURO\WLF�ORVVHV�RI�DPLQR�DFLGV�LQ�VWXGLHV�RQ�SXUH�SURWHLQ��+LOO�� ������� �+RZHYHU�� WKH\� FDQQRW UHSODFH� DFLGV� VLQFH� WKRVH� DPLQR� DFLGV� WKDW� DUH� UHOHDVHG�IURP� SHSWLGH� OLQNDJH� ZLWKRXW� GHVWUXFWLRQ� FDQ� EH� PRUH� DFFXUDWHO\� GHWHUPLQHG� XVLQJ� DFLG�K\GURO\VLV�� � ,Q� DGGLWLRQ�� WKHLU� DSSOLFDWLRQ� WR� FUXGH� SURWHLQV� LV� OLPLWHG� �'DYLHV� DQG�7KRPDV��������
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��� (Q]\PDWLF�K\GURO\VLV�XVLQJ�FRPPHUFLDOO\�DYDLODEOH�HQ]\PH:LWK� ERWK� VXSSO\� DQG� ORQJ�WHUP� XVH� LQ�PLQG�� WKH� HQ]\PH� RI� FKRLFH� VKRXOG� EH� VXSSOLHG� LQ�FRQVLVWHQW�TXDOLW\�DQG�DFWLYLW\���7KH�LQYHVWPHQW�LQ�WKH�SODQW�DQG�SURFHVV�GHPDQG�UHOLDEOH�DQG�VWHDG\� SHUIRUPDQFH IURP� WKH� FDWDO\VWV� �1LHOVHQ�� ������� � ,Q� PDQ\� VLWXDWLRQV� WKH� FKRLFH� RI�HQ]\PH�ZLOO�DOVR�EH� OLQNHG� WR� WKH�VDIHW\�UHFRUG�RI� LQGXVWULDO�XVH�DQG�UHJXODWRU\�DSSURYDO��LQ�XVH�DQG�LQ�WKH�SURGXFWV�WR�EH�PDGH��LQ�WKH�FRXQWULHV�ZKHUH�WKH�SURGXFW�LV�PDGH�DQG�ZKHUH�LW LV�WR�EH�VROG�
,Q�DSSOLHG�HQ]\PRORJ\��KRZHYHU��QRW�WRR�FRQFHUQHG�ZLWK�WKH�PHFKDQLVP�RI�WKH�HIIHFWV��RQO\�ZLWK� WKH� FRPELQHG� REVHUYHG� HIIHFWV�� H[SUHVVHG� LQ� D� TXDQWLWDWLYH� DQG� SUDFWLFDOO\�PHDQLQJIXO�ZD\���'DWD�DUH�XVXDOO\�H[SUHVVHG�JUDSKLFDOO\�LQ�WKH�IRUP�RI PD[LPXP�UHDFWLRQ�UDWH�RU�UHVLGXDO�HQ]\PH�DFWLYLW\�DV�D�IXQFWLRQ�RI�WKH�YDULDEOH��LQ�RUGHU�WR�LQWHUSUHW�WKH�RSWLPD�YDOXHV�HDVLO\�
7KH� VFUHHQLQJ� RI� HQ]\PH� DFWLYLW\� ZDV� GLVFXVVHG� SUHYLRXVO\� LQ� &KDSWHU� ��� � 7KH� LQWHUHVWLQJ�HQ]\PHV� ZHUH� $OFDODVH� ���/�� 1RYR� 3UR�'� DQG� 1RYR]\PH� RI� HQGRSHSWLGDVHV� JURXS� DQG�)ODYRXU]\PH�� .RML]\PH� DQG� &RURODVH� /$3� RI� H[RSHSWLGDVHV� JURXS�� � 7KH� GLIIHUHQW� HQ]\PH�FRQFHQWUDWLRQV�RI� WKHVH�HQ]\PHV�ZHUH�YDULHG� LQ� WKH�SURFHVV�� � ,Q�RUGHU� WR�XQGHUVWDQG�KRZ�DQ�HQ]\PH�ZDV�OLNHO\�WR�UHDFW�GXULQJ�SURFHVVLQJ��UHTXLUH�DQ�XQGHUVWDQGLQJ�RI�HQ]\PHV�NLQHWLFV�LQ�WKH� GLIIHUHQW� VXEVWUDWHV� VXFK� DV� &*0� DQG� 6%0� WKDW�ZHUH� GHWHUPLQHG�� � 9DULRXV� HQGR� DQG�H[RSHSWLGDVH�ZHUH�WHVWHG�LQ�YDULDEOH�FRPELQDWLRQ�RI�HQ]\PH�
����� 3URWHLQ�K\GURO\VLV�UHODWLYH�WR�HQ]\PH�NLQHWLFV.LQHWLFV� SURYLGH� D� V\VWHPDWLF� DSSURDFK� IRU� WKH� DQDO\VLV� DQG� TXDQWLILFDWLRQ� RI� WKH� HIIHFW� RI�WKHVH�SDUDPHWHUV�RQ�HQ]\PH�DFWLYLW\���+RZHYHU��LQ�PDQ\�FDVHV�WKH�PDWKHPDWLFDO�PRGHOV�PXVW�DVVXPH� LGHDO� FRQGLWLRQV� RI� WKH� HQ]\PH� UHDFWLRQ� �&RQVWDQWLQLGHV�� ������� � 2IWHQ� WKHVH�FRQGLWLRQV�DUH�UHODWHG�WR� WKRVH�HQFRXQWHUHG�LQ�SUDFWLFH��DQG�LQ�PRVW�FDVHV�WKH�NLQHWLF�PRGHOV�DUH�D�JRRG�LQGLFDWLRQ�RI�HQ]\PH�DFWLRQ�LQ�VLWX��7XUNHU�DQG�:RRGV��������
.LQHWLF�FRQVLGHUDWLRQV�XVXDOO\�DUH�DSSOLHG�LQ�WZR�FDVHV��HLWKHU�IRU�D�TXDOLWDWLYH�GHVFULSWLRQ�RI�WKH� FXUYH� VKDSHV� DQG� WKH� FRPSRVLWLRQ� RI� WKH� UHVXOWLQJ� DPLQR� DFLGV� RU� IRU� D� TXDQWLWDWLYH�DVVHVVPHQW�RI�WKH�HIIHFW�RI�FKDQJLQJ�WKH�K\GURO\VLV�FRQGLWLRQV�VXFK�DV�WHPSHUDWXUH�RU�HQ]\PH�FRQFHQWUDWLRQ���7KH�TXDQWLWDWLYH�UHODWLRQVKLS�EHWZHHQ��WKH�GHJUHH�RI�K\GURO\VLV��'+�DQG�WLPH��ZKLFK�WKH�K\GURO\VLV�FXUYHV�UHSUHVHQW�LQ�JUDSKLFDO�IRUP�FDQQRW�EH�SUHGLFWHG�WKHRUHWLFDOO\�EXW�PXVW�EH�GHWHUPLQHG�E\�H[SHULPHQW��$GOHU�1LVVHQ��������� �7KH�VKDSH�RI�UHDFWLRQ�FXUYH�RIWHQ�IROORZHG�WKH�LQWHJUDWHG�0LFKDHOLV�0HQWHQ HTXDWLRQ�
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7KH� NLQHWLF� EDVLV� IRU� WKLV� HIIHFW� LV� WKDW� WKH� SHSWLGHV� UHVXOWLQJ� IURP� WKH� LQLWLDO� DWWDFN� RI� WKH�SURWHDVHV� RQ� WKH� SURWHLQ� PROHFXOHV� DOVR� DFW� DV� VXEVWUDWH� IRU� IXUWKHU� GHJUDGDWLRQ� WR� VPDOOHU�SHSWLGHV�DQG�DPLQR�DFLGV���7KLV�SURFHVV�UHVXOWV�LQ�VXEVWUDWH�FRPSHWLWLRQ�EHWZHHQ�WKH�RULJLQDO�SURWHLQ��6��DQG�WKH�SHSWLGHV��3��DV�VKRZQ�LQ�WKH�VLPSOLILHG�VFKHPH�EHORZ�

536 �� �o��o� XX
7KLV� VLWXDWLRQ�ZLOO� UHVXOW� LQ� D� UDSLG� EXLOG�XS� RI� 3�� WKH� LQWHUPHGLDU\� SURGXFW�� � 7KH� VXEVWUDWHVDWXUDWLRQ�ZLWK�UHVSHFW�WR�3�GHYHORSV���7KLV�PRGHO�FRPSOLHV�TXDOLWDWLYHO\�ZLWK�HQGRSURWHDVH �SURWHLQ� V\VWHPV� LQYHVWLJDWHG� WR� GDWH� �1DJRGDZLWKDQD� DQG� 5HHG�� ������� � )RU� H[DPSOH�� WKH�PRGHO�H[SODLQV�ZK\�XQFRQYHUWHG�SURWHLQ�LV�VWLOO�JHQHUDOO\�REVHUYHG��HYHQ�DIWHU�TXLWH�H[WHQVLYH�K\GURO\VLV�
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7UXH�ILUVW�RUGHU

]HUR�RUGHU�DW�Y  �YPD[
Y

>6@
)LJXUH���� Y YHUVXV�>6@�SORW�RYHU�D�ZLGH�UDQJH�RI�>6@�
7KUHH� GLVWULFW� UHJLRQV�ZKHUH� WKH� YHORFLW\� UHVSRQGV� LQ� D� FKDUDFWHULVWLF�ZD\� WR� LQFUHDVLQJ� >6 @��)LJXUH��������$W�YHU\�ORZ�VXEVWUDWH�FRQFHQWUDWLRQV��H�J��>6@������.P���WKH�Y YHUVXV�>6@�FXUYH�LV�HVVHQWLDOO\�OLQHDU��WKDW�LV�WKH�YHORFLW\��IRU�DOO�SUDFWLFDO�SXUSRVHV��LV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�VXEVWUDWH�FRQFHQWUDWLRQ���7KLV�LV�WKH�UHJLRQ�RI� ILUVW�RUGHU�NLQHWLFV���$W�YHU\�KLJK�VXEVWUDWH�FRQFHQWUDWLRQV� �H�J�� >6@!���� .P��� WKH� YHORFLW\� LV� HVVHQWLDOO\� LQGHSHQGHQW� RI� WKH� VXEVWUDWH�FRQFHQWUDWLRQ�� � 7KLV� LV� WKH� UHJLRQ� RI� ]HUR�RUGHU� NLQHWLFV�� � $W� LQWHUPHGLDWH� VXEVWUDWH�FRQFHQWUDWLRQV�� WKH� UHODWLRQVKLS�EHWZHHQ� Y�DQG� >6@� IROORZV�QHLWKHU� ILUVW�RUGHU�QRU�]HUR�RUGHU�NLQHWLFV���7KH�FKDUDFWHULVWLFV�RI�WKH�ILUVW�RUGHU�DQG�]HUR�RUGHU�UHJLRQV�DUH�GHVFULEHG�EHORZ�
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������� =HUR� DQG�ILUVW�RUGHU�NLQHWLFV&RUQ�JOXWHQ�PFKDQLVP�PRGHO�WKDW�OHDGV�WR�WKH�0LFKDHOLV�0HQWHQ�HTXDWLRQ�RI�HQ]\PH�NLQHWLFV�

� NNN (���3(6(���6� �
��5HDFWLRQ�DW�KLJK�VXEVWUDWH�FRQFHQWUDWLRQ�

7KH� PD[LPXP� UHDFWLRQ� YHORFLW\�� ZKLFK� LV� DWWDLQHG� RQO\� DW� KLJK� VXEVWUDWH� FRQFHQWUDWLRQ���8VXDOO\�LQ�DQ�HQ]\PH�UHDFWLRQ��>6@�!�(7���VR�WKDW�>(6@�LV�IRUPHG�FRPSOHWHO\��ZKLFK�PHDQV�WKDW�>(@��LV�YLUWXDOO\�]HUR��VR�WKDW��(� �>(6@�
Y� { UDWH�LQLWLDO	VWDWH��VWHDG\>6@. @6>@(>N(6@>NGWG>3@

P
7��� �# ¹̧·©̈§

,Q�WKH�DERYH�HTXDWLRQ���>(@7 LV�WKH�WRWDO�HQ]\PH�FRQFHQWUDWLRQ�WKDW�LV�LQLWLDOO\�GHOLYHUHG�WR�WKH�V\VWHP���.P LV�WHUPHG�WKH�0LFKDHOLV�FRQVWDQW�DQG�LV�GHILQHG�DV
.P { 0LFKDHOLV�FRQVWDQW���{ �

��� N NN �
$V�WKH�>6@��EHFRPHV�YHU\�ODUJH��WKH�YHORFLW\�RI�WKH�UHDFWLRQ�ZLOO�QRW�LQFUHDVH�LQGHILQLWHO\��EXW��IRU� D� IL[HG� DPRXQW� RI� >(@7 ZLOO� UHDFK� D� OLPLWLQJ� YDOXH� WHUPHG�9PD[ �� WKH�PD[LPDO�YHORFLW\���7KDW�DW�ODUJH�>6@��IRU�>6@�!!�.P��9PD[ LV�UHDFKHG�DW�VDWXUDWLRQ�

Y�  ���9PD[  ���N�>(@7  ��FRQVWDQW���o Y�  �� >6@. >6@9
P
PD[�

1RWH��ZKHQ�>6@�!!�.P��Y� DSSUR[LPDWHO\�HTXDOV�9PD[��ZH�KDYH�]HUR�RUGHU NLQHWLFV��WKH�UDWH�RI�UHDFWLRQ�GRHV�QRW�GHSHQG RQ�>6@��EXW�UDWKHU�RQ�WKH�UDWH�RI�³FDWDO\WLF�FRQYHUVLRQ´�DQG�UHOHDVH�RI�WKH�SURGXFW�E\�WKH�HQ]\PH�VXEVWUDWH�FRPSOH[��(6�o (���3��
5HDFWLRQ�DW�ORZ�VXEVWUDWH�FRQFHQWUDWLRQ�
$W�ORZ�VXEVWUDWH�FRQFHQWUDWLRQ�WKLV�FXUYH�LV�YLUWXDOO\�OLQHDU��VR�WKDW�WKH�LQLWLDO�UHDFWLRQ�YHORFLW\�LV�GLUHFWO\�SURSRUWLRQDO�WR�VXEVWUDWH�FRQFHQWUDWLRQ���7KLV�PHDQV�WKDW�WKH�UHDFWLRQ�LV�QRZ�RI�WKH�ILUVW�RUGHU� W\SH�� � ,W�VKRZV�WKDW�XQGHU�FRQWUROOHG�FRQGLWLRQV��HQ]\PHV�FDQ�EH�XVHG�WR�PHDVXUH�GLUHFWO\� WKH�FRQFHQWUDWLRQ�RI� WKHLU� VXEVWUDWHV�� � 7KLV�NLQHWLF� LV� LPSRUWDQW�ZKHQ�HYDOXDWLQJ� WKH�HIILFLHQFLHV�RI�HQ]\PHV�DFWLYLWLHV�
7KH�>6@�FRQFHQWUDWLRQ�DW�ZKLFK�WKH�LQLWLDO�UDWH�UHDFWLRQ�UHDFKHV�KDOI�������RI�WKH�PD[LPXP�LV�GHILQHG�DV�
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>6@���{ .P ZKHQ����Y�  ��� �9PD[

6LQFH�.P LV�GLUHFWO\�SURSRUWLRQDO�WR�N���WKLV�PHDQV�WKDW�DQ�HQ]\PH�ZLWK�D�VPDOO�.P YDOXH�ZLOO�DFKLHYH�PD[LPDO�FDWDO\WLF�DFWLYLW\�DW�ORZ�>6@���$GGLWLRQDO�LQWHUHVWLQJ�LQIRUPDWLRQ�LV�UHYHDOHG�LI�WKH�OLPLWLQJ�FDVH�RI�VPDOO�>6@��L�H��>6@��� .P���,I�WKH�VXEVWUDWH�FRQFHQWUDWLRQ�LV�VR�VPDOO�VXFK�WKDW� >6@� �� .P�� WKHQ�.P �� 6� LQ� WKH� GHQRPLQDWRU� RI� WKH�0LFKDHOLV�0HQWHQ� >00@� HTXDWLRQ�DSSUR[LPDWHO\� HTXDOV�.P�� � ,I� WKH� GHQRPLQDWRU� RI� WKH�00�HTXDWLRQ�PHUHO\�E\�.P�� WKH�00�HTXDWLRQ�EHFRPHV
Y� | >6@IRU��NLQHWLFVRUGHU��)LUVW>6@. @(>N. @6>9

P
7�

P
PD[ �¸̧¹·¨̈©§ 

5HIHU�WR�WKH�0LFKDHOLV�0HQWHQ�SORWV�RI�Y� YHUVXV�>6@�WKDW�UDWH�RI�UHDFWLRQ�LV�ILUVW�RUGHU��OLQHDU��DW�VPDOO�>6@�DQG�]HUR�RUGHU�DW�ODUJH�>6@��VWHDG\�VWDWH��
7KHVH� NLQHWLF� VWXGLHV� FRPH� IURP� YDULRXV� UHIHUHQFHV�� IRU� H[DPSOH�� $GOHU�1LVVHQ�� ������1DJRGDZLWKDQD�DQG�5HHG��������&RSHODQG��������7XUNHU�DQG�:RRGV��������DQG�6HJHO��,��+���������
������� 2QH�E\�RQH�YHUVXV�]LSSHU�UHDFWLRQ0DQ\�SURWHLQ�DUH�PRUH�HDVLO\�K\GURO\]HG� LI� WKH\�DUH�GHQDWXUHG�E\�H�J��KHDW� WUHDWPHQW�� �7KLV�HIIHFW�RI�GHQDWXUDWLRQ�ZDV�FRQVLGHUHG�LQ� WKH�KHDW� WUHDWPHQW SULRU� WR�K\GURO\VLV�SURFHVV�� �7KH�SHSWLGH� ERQGV� RI� VXEVWUDWH� DUH� DYDLODEOH� DWWDFNHG� E\� SURWHDVH��ZKLFK� H[SODLQV� WKH� LQFUHDVHG�UDWH�DW�ZKLFK�GHQDWXUHG�SURWHLQV�DUH�K\GURO\]HG�
7KH� UHODWLYHO\� KLJK� UHVLVWDQFH� WR� SURWHRO\VLV� RI� PDQ\� JOREXODU� SURWHLQV� OHG� WR� SURSRVH� D�VFKHPH� E\�ZKLFK� DQ� LQLWLDO� UHYHUVLEOH� GHQDWXUDWLRQ� VWHS� LV� HVVHQWLDO� IRU� K\GURO\VLV� WR� RFFXU��/LQGHUVWU�P�/DQJ��������

Y YYY�� �
� 'HQDWXUHG ,QWHUPLGLDWH (QG�SURGXFW1DWLYH HQ]\PHHQ]\PH

, ,,

7KH�UHDFWLRQ�UDWH�RI�GHQDWXUDWLRQ�LV� Y�  �Y�� ± Y��7KLV� W\SH� RI� UHDFWLRQ� LV� FDOO� RQH�E\�RQH� E\� /LQGHUVWU�P�/DQJ�� � LQGLFDWLQJ� WKDW� D� SDUWLFXODU�SURWHDVH�PROHFXOH�GHJUDGHG�RQH�VXEVWUDWH�PROHFXOH�DW�D�WLPH���,Q�WKH�RSSRVLWH�FDVH��ZKHUH� Y����Y��� WKH�QDWLYH�SURWHLQ�PROHFXOHV�DUH� UDSLGO\�FRQYHUWHG� WR� WKH� LQWHUPHGLDU\� IRUP�ZKLFK� LV�WKHQ�PRUH�VORZO\�GHJUDGHG�WR�HQG�SURGXFWV��µ]LSSHU� UHDFWLRQ¶����5HDO�SURWHRO\WLF�UHDFWLRQV�DUH�
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RI� FRXUVH� LQWHUPHGLDWHV� EHWZHHQ� WKHVH� WZR� W\SHV�� � 7KH� HIIHFW� RI� SUH�GHQDWXUDWLRQ� RQ� WKH�K\GURO\VLV�UHDFWLRQ�LV�DOVR�GHULYHG�IURP�WKH�DERYH�VFKHPH�
&RQYHQWLRQDO� UHDFWLRQ� NLQHWLFV� IRU� VHTXHQWLDO� UHDFWLRQV� SUHGLFWV� WKDW� WKH� UHDFWLRQ� PL[WXUH�FRQWDLQV�ERWK�XQFRQYHUWHG�VXEVWUDWH�DQG�HQG�SURGXFWV��EXW�QHJOLJLEOH�DPRXQWV�RI�LQWHUPHGLDWH�SURGXFWV���,W�VKRXOG�DOVR�EH�PHQWLRQHG�WKDW�WKH�FRPSRVLWLRQ�RI�WKH�VROXEOH�IUDFWLRQ�RI�WKH�RQH �E\�RQH� W\SH� GHSHQGV� RQ� WKH� SURSRUWLRQ� EHWZHHQ� QDWLYH� DQG� GHQDWXUHG� SURWHLQ� LQ� WKH� LQLWLDO�PDWHULDO�� � ,I� WKH� LQLWLDO� DWWDFN� LV� RI� D�PXFK� KLJKHU� UDWH� WKDQ� WKH� VXEVHTXHQW� GHJUDGDWLRQ� WR�SHSWLGHV�� LW� ZLOO� DSSHDU� DV� LI� DOO� WKH� QDWLYH� SURWHLQ� LV� GHQDWXUHG� DQG� XQIROGHG� LQ� WKH� YHU\�EHJLQQLQJ�RI�WKH�K\GURO\VLV
7KH� RQH�E\�RQH� YHUVXV� ]LSSHU� UHDFWLRQ�PRGHOV�ZHUH�RULJLQDOO\�GHULYHG� IRU� WKH�K\GURO\VLV� RI�QDWLYH�JOREXODU�SURWHLQV� �$GOHU�1LVVHQ�� ������� �7KHVH�SUHGLFWLRQV� DUH� VXPPDUL]HG� LQ� )LJXUH�������,I�WKH�K\GURO\VLV�ZHUH�QRW�RI�WKH�RQH�E\�RQH�W\SH��ODUJH�SHSWLGHV�ZRXOG�DOVR�EH�SUHVHQW��DQG�FRQVHTXHQWO\�WKH�\LHOGV�DQG�IOX[HV�REWDLQHG�ZRXOG�EH�ORZHU�
'HJUHH�RI�K\GURO\VLV��'+� /RZ�'+ +LJK�'+

6ROXEOHRQH�E\�RQH�W\SH ,QVROXEOH
6ROXEOH=LSSHU�W\SH�RUGHQDWXUHG�SURWHLQ ,QVROXEOH

)LJXUH���� &RPSRVLWLRQ� RI� SURWHLQ� K\GURO\VDWHV� DV� D� IXQFWLRQ� RI� WKH� W\SH� RI� LQLWLDO�GHJUDGDWLRQ�� �&LUFOHV�GHQRWH�QDWLYH�SURWHLQ�� ODUJH� UHFWDQJOHV�GHQRWH�GHQDWXUHG�SUR WHLQ�� VPDOO�UHFWDQJOHV� GHQRWH� SHSWLGHV� DQG� VPDOOHU� GHQRWH� DPLQR� DFLGV�� EODFN� WULDQJOHV� GHQRWH� WKH�K\GURO\VLV�UHVLGXH�ZKLFK�UHPDLQV�LQVROXEOH�HYHQ�DW�KLJK�'+�YDOXHV��$GOHU�1LVVHQ��������
������� 7LPH�FRXUVH�RI�WKH�K\GURO\VLV
$IWHU�PL[LQJ�DQ�HQ]\PH�ZLWK�LWV�VXEVWUDWH� LQ�VROXWLRQ�� WKH�DPRXQW�RI�SURGXFW�RYHU� WLPH�ZDV�PHDVXUHG���7KH�WLPH�FRXUVH�RI�SURGXFW�DSSHDUDQFH�DQG�VXEVWUDWH�GHSOHWLRQ�ZHUH�ZHOO�PRGHOHG�E\� D� OLQHDU� IXQFWLRQ� XS� WR� WKH� WLPH� �2¶0HDUD�� ������� � %\� YDU\LQJ� VROXWLRQ� FRQGLWLRQV�� LW� LV�SRVVLEOH� WR� DOWHU� WKH OHQJWK� RI� WLPH� RYHU� ZKLFK� DQ� HQ]\PH�FDWDO\]HG� UHDFWLRQ� ZLOO� GLVSOD\�
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OLQHDU�NLQHWLFV���,W�LV�DVVXPHG�WKDW�WKH�UHDFWLRQV�YHORFLW\�ZDV�PHDVXUHG�GXULQJ�WKLV�HDUO\�SKDVH�RI�WKH�UHDFWLRQ��ZKLFK�PHDQV�WKDW�IURP�KHUH�Y  �Y���WKH�LQLWLDO�YHORFLW\�7KURXJKRXW� WKH� SURJUHVV� FXUYH�� WKH� YHORFLW\� ZDV� FKDQJLQJ� DV� WKH� VXEVWUDWH� FRQFHQWUDWLRQ�DYDLODEOH� WR� WKH� HQ]\PH� FRQWLQXHV� WR� GLPLQLVK�� � 7KH� GDWD� SRLQWV� IURP� D� SORW� RI� \ YHUVXV� [��KHQFH�� WKH� LQVWDQWDQHRXV� YHORFLW\� �Y�  � G>3@�GW  � �G>6@�GW�� FRXOG� GHWHUPLQHG� RI� WKH� HQ]\PH�SURJUHVV�FXUYH� �&RUQLVK�%RZGHQ��������� �7KLV�SORW� FDQ�EH�DSSOLHG� WR� WKH�0LFKDHOLV�0HQWHQ�HTXDWLRQ�
������� 3UDFWLFDO�DSSOLHG�NLQHWLFV:KHQ�FRQVLGHULQJ�WKH�LQGXVWULDO�XVHV�RI�HQ]\PHV�RU�HYHQ�WKH�SXUFKDVH�RI�D�IHZ�PLOOLJUDPV�RI�D� SXULILHG� HQ]\PH� IRU� DFDGHPLF� UHVHDUFK� WKH� VDPH� W\SH� RI� TXHVWLRQV� DULVH�� � +RZ� PXFK�HQ]\PH�LV�QHHGHG"�+RZ�ORQJ�LV�WKH�UHDFWLRQ�WLPH"�:KDW�DUH�WKH�FRQFHQWUDWLRQV�RI�VXEVWUDWHV�UHTXLUHG"�:KDW� SK\VLFDO� FRQGLWLRQV� RI� WHPSHUDWXUH�� S+�� LRQLF� VWUHQJWK� VKRXOG� EH� XVHG� IRU�RSWLPDO� UHDFWLRQ"�+RZ�PXFK� LV� LW� JRLQJ� WR� FRVW"� (Q]\PH� NLQHWLF� FDQ� SURYLGH� VRPH� XVHIXO�DQVZHUV�WR�DOO�WKHVH�TXHVWLRQV�
(VVHQWLDOO\��ZKHQ� FRQVLGHULQJ� WKH� XVH� RI� HQ]\PHV� RQ� DQ� LQGXVWULDO� VFDOH�� LW� LV� DWWHPSWLQJ� WR�MXVWLI\� WKHLU� XWLOLW\� RU� YLDELOLW\� DJDLQVW� D� EDFNJURXQG� RI� KDUG� HFRQRPLF� UHDOLW\�� � 7KH� FRVW�HIIHFWLYHQHVV� RI� DQ� HQ]\PH�FDWDO\]HG� SURFHVV� LV� GHULYHG� GLUHFWO\� IURP� WKH� UHODWLRQVKLS�EHWZHHQ�WKH�DGGLWLRQDO�FRVW�RI�WKH�HQ]\PH�V\VWHP�LQYROYHG�DQG�HLWKHU�WKH�ILQDO�DGGHG�YDOXH�LQ�WKH�SURGXFW�REWDLQHG� �*RGIUH\�DQG�:HVW��������� �7KHVH� UHVXOW� WR�RYHUDOO�FKHDSHU�SURFHVVLQJ�DQG�KLJKHU�SURGXFW�\LHOG��
����� 7KH�RSHUDWLRQ�RI�HQ]\PDWLF�K\GURO\VLV
7KH�SURWHLQ�K\GURO\VLV�ZHUH� FDUULHG�RXW� XVLQJ� LQ�����/� UHDFWRU�DQG� UHSURGXFHG� LQ���/�EDWFK�UHDFWRU�� �7KHVH� VFDOHV�ZHUH�XVHG� IRU� WKH� ODERUDWRU\�H[SHULPHQWV�� � 7KH�SURFHVV�RI�K\GURO\VHV�ZHUH�FDUULHG�RXW�DV�EDWFK�UHDFWLRQV�
,Q� SULQFLSOH�� WKH� K\GURO\VLV� UHDFWLRQ� LQ� D� ZHOO�VWLUUHG� UHDFWRU� LV� VFDOH� LQGHSHQGHQW� �$GOHU�1LVVHQ�� ������� � 7KH� UHDFWLRQ� SURFHHGV� ZLWK� QHJOLJLEOH� FKDQJH� LQ� WKH� GHQVLW\�� � S+�ZDV� QRW�DGMXVWHG�GXULQJ�WKH�UHDFWLRQ���7KH�UHDFWLRQV�ZHUH�FDUULHG�RXW�LVR�WKHUPDOO\��DQG�UDSLG�KHDWLQJ�ZDV�QHHGHG�RQO\�RFFDVLRQDOO\� DW� WKH� HQG�RI� WKH� UHDFWLRQ� WR�KHDW� LQDFWLYDWH� WKH�HQ]\PH�� �)RU�WKLV�UHDVRQ��WKH�EDWFK�K\GURO\VLV�UHDFWLRQ�FDQ�HDVLO\�EH�VFDOHG�XS�WR�LQGXVWULDO� VL]H���7KH�PDMRU�



���+\GURO\VHV��
GLIIHUHQFHV� EHWZHHQ� ODERUDWRU\� DQG� SLORW� SODQW� RU� LQGXVWULDO� VFDOHV� OLH� LQ� WKH� VHSDUDWLRQ��UHFRYHU\�DQG�UHILQLQJ�RI�DPLQR�DFLGV��DIWHU�WKH�K\GURO\VLV�UHDFWLRQ�KDV�EHHQ�WHUPLQDWHG�
������� 3UHSDUDWLRQ�RI�WKH�UHDFWLRQ�PL[WXUH
)RU�WKH�XVHG�VSHFLILHG VXEVWUDWH�DQG�HQ]\PH��WKH�IROORZLQJ�WHVW�SDUDPHWHUV�PXVW�EH�GHILQHG�

x WKH�PDVV�RI�K\GURO\VLV�PL[WXUH��0��LQ�J�x VXEVWUDWH�FRQFHQWUDWLRQ��6�LQ����Z�Z��RI�SURWHLQ��1�u I1�x HQ]\PH�VXEVWUDWH� UDWLR�� (�6�� � 7KH� XVH� RI� ZHLJKW� SHUFHQW� RI� SURWHLQ� DV� VXEVWUDWH� LV�FRPPRQ�DQG�TXLWH�DFFHSWDEOH�LI�WKH�DFWLYLW\�RI�WKH�HQ]\PH�SUHSDUDWLRQ�LV�LQGLFDWHG�x S+x WHPSHUDWXUH��7�LQ��&
)URP�WKH�VSHFLILHG�YDOXH�RI�0�DQG�WKH�K\GURO\VLV�SDUDPHWHUV�� WKH�K\GURO\VLV�PL[WXUH�FDQ�EH�SUHSDUHG�� �7KH�VXEVWUDWH�FDQ�EH�ZHLJKHG�DQG�PL[HG�ZLWK�WKH�ZDWHU�GLUHFWO\�LQ�WKH�K\GURO\VLV�YHVVHO���,Q�ODERUDWRU\��WKH�DPRXQW�RI�HQ]\PH�XVHG�ZDV�VPDOO��DQG�LW�ZDV�WKHUHIRUH�QHFHVVDU\�WR�GLOXWH� WKH� HQ]\PH� SUHSDUDWLRQ� SULRU� WR� XVH�� LQ� RUGHU� WR� HQVXUH� WKDW� LW� FDQ� EH� WUDQVIHUUHG�TXDQWLWDWLYHO\�WR�WKH�K\GURO\VLV�PL[WXUH���2Q�SLORW�SODQW�DQG�LQGXVWULDO�VFDOH��GLOXWLRQ�ZDV�QRW�QHFHVVDU\�DQG�VKRXOG�EH�DYRLGHG��1RYR�1RUGLVN������E��
7KH�SURWHLQ�FRQWHQW�RI� WKH� UDZ�PDWHULDO�ZDV�FDOFXODWHG�XVLQJ� WKH� IRUPXOD�EHORZ��DOO�PDVVHV�DUH�HLWKHU�LQ�J�RU�NJ��

0 � WKH�PDVV�RI�K\GURO\VLV�PL[WXUH�03 � WKH�PDVV�RI�SURWHLQ�LQ�WKH�K\GURO\VLV�H[SHULPHQW�03� �0�u �6������0HQ] � WKH�PDVV�RI�WKH�HQ]\PH�VROXWLRQ�
$IWHU�KRPRJHQL]DWLRQ��0�� 0HQ]���J�ZDV�ZHLJKHG�DQG�SODFHG�LQWR�WKH�K\GURO\VLV�YHVVHO���7KH�WHPSHUDWXUH�ZDV� UDLVHG� WR� ��� �&�� DQG� S+� WR� ����ZDV� DGMXVWHG� LQ� WKH� K\GURO\VLV�PL[WXUH� E\�DGGLQJ� LQLWLDO� YROXPH�RI�EDVH� WR� UDLVH�S+� LQ� WKH� VXEVWUDWH� WR� WKH�S+�YDOXH�RI� WKH�K\GURO\VLV�UHDFWLRQ���7KH�VROXWLRQ�PL[WXUH�ZDV�DJLWDWHG�DW�����USP���:KHQ�WKH�K\GURO\VLV�PL[WXUH�ZDV�LQ�HTXLOLEULXP� DURXQG� ���PLQ� WKH� HQ]\PH� VROXWLRQ�ZDV� DGGHG� TXLFNO\�� �7KH� HQ]\PH� VROXWLRQ�ZDV�SUHSDUHG�IUHVKO\�E\�GLVVROYLQJ�0(��WKH�PDVV�RI�HQ]\PH��J�HQ]\PH�LQ�GHLRQL]HG�ZDWHU�WR�D� WRWDO�PDVV� RI�0HQ] J�� �$V� WKH� HQ]\PH�VXEVWUDWH� UDWLR� �(�6�� JLYH� DV� DFWLYLW\� XQLWV� SHU� J� RI�
VXEVWUDWH�DQG�ZHLJKW�SHUFHQW�WKDW�FDOFXODWHV� 0(� � 03���(�6� u
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������� 3URFHGXUH�RI�WKH�K\GURO\VLV,Q� HQ]\PDWLF� K\GURO\VLV�� HQGRSHSWLGDVHV� ZHUH� DOZD\V� XVHG�� EXW� RFFDVLRQDOO\� WKH�HQGRSHSWLGDVHV� ZHUH� FRPELQHG� ZLWK� H[RSHSWLGDVHV� LQ� RUGHU� WR� DFKLHYH� D� PRUH� WKRURXJK�GHJUDGDWLRQ�
(Q]\PHV 7KH�IROORZLQJ�IRRG�JUDGH�SURWHDVHV�ZHUH�DYDLODEOH�IRU�WKH�K\GURO\VLV�RI�YHJHWDEOH�SURWHLQV� (QGRSURWHDVHV� $OFDODVH�����/ �1RYR�1RUGLVN��'HQPDUN�1RYR�3UR�' �1RYR�1RUGLVN��'HQPDUN�1RYR]\PH�)0 �1RYR�1RUGLVN��'HQPDUN�([RSHSWLGDVH�HQGRSURWHDVH�FRPSOH[� )ODYRXU]\PH�����/ �1RYR�1RUGLVN��'HQPDUN�&RURODVH�/$3 �5|KP�(Q]\PH��'DPVWDGW�.RML]\PH����0* �1RYR�1RUGLVN��'HQPDUN�
+\GURO\VLV 7KH� LQLWLDO�S+�RI� WKH� VXEVWUDWH�PL[WXUH�ZDV�GLIIHUHQW�EHWZHHQ�FRUQ�JOXWHQ�PHDO�DQG�VR\EHDQ�PHDO���&*0�ZLOO�W\SLFDOO\�KDYH�D�VOLJKWO\�DFLG�S+�a��DQG�6%0�W\SLFDOO\�KDYH�D�S+� DURXQG� QHXWUDO� ZKHQ� VXVSHQGHG� LQ� ZDWHU�� � 7KXV�� ZLWK� 6%0� OHVV� VDOW� ZDV� DGGHG� WR� WKH�SURWHLQ� K\URO\VDWH� DQG� RQO\� WZR� S+� DGMXVWPHQW� ZDV� QHHGHG� LQVWHDG� RI� IRXU�� � 7KH� LQLWLDO�K\GURO\VLV�ZLWK�HQGRSURWHDVH�ZDV�XVHG�EHIRUH�K\GURO\VLV�ZLWK�H[RSHSWLGDVH�
�� )LUVW�K\GURO\VLV�ZLWK�HQGRSURWHDVH�VWDUWLQJ�DW�S+����

6XEVWUDWH�FRQF� � ��������Z�Z��SURWHLQ�LQ�DTXHRXV�VXVSHQVLRQ(Q]\PH�FRQF� � ����������RI�VXEVWUDWH�SURWHLQ7HPSHUDWXUH � ���&7LPH � ������PLQXWHV
7KH�S+�VKRXOG�EH�DOORZHG�WR�GURS�E\�LWVHOI�GXULQJ�K\GURO\VLV��W\SLFDOO\�WR�DURXQG���
�� 6HFRQG�K\GURO\VLV�ZLWK�H[RSHSWLGDVH�S+�ZLOO�W\SLFDOO\�GURS�IXUWKHU�WR�DURXQG�����

7HPSHUDWXUH � ���&(Q]\PH�FRQF� � ����������RI�VXEVWUDWH�SURWHLQ7LPH � �����KRXUV
,I�D�KLJKHU�GHJUHH�RI�K\GURO\VLV���'+��ZDV�GHVLUHG��WKH�S+�ZLOO�EH�ORZHUHG�WR�����DIWHU�D�IHZ�KRXUV�RI�K\GURO\VLV���7KH�VROXWLRQ�VKRXOG�EH�UHDGMXVWHG�S+�WR�DURXQG���IRU�D�IHZ�PLQXWH���7KH�ORQJ� UHDFWLRQ� WLPHV� UHTXLUHV� WKDW� WKH� UHDFWLRQ� PL[WXUH� LV� SUHVHUYHG� RU� VWDELOL]HG� WR� SUHYHQW�PLFURELDO�VSRLODJH�



���+\GURO\VHV��
7KH�UHDFWLRQ�PL[WXUH�VKRXOG�EH�VWLUUHG�DGHTXDWHO\�WR�IDFLOLWDWH�K\GURO\VLV���6XFWLRQ�RI�DLU�LQWR�WKH�UHDFWLRQ�PL[WXUH��ZKLFK�FRXOG�OHDG�WR�H[FHVVLYH�IRUPDWLRQ�RI�IRDP��VKRXOG�EH�DYRLGHG�
6DPSOLQJ 6DPSOHV�RI������PO�ZHUH�WDNHQ�HYHU\���K�RI�WKH����K�K\GURO\VLV���7KH�HQ]\PH�ZDV�LQDFWLYDWHG� E\� SODFLQJ� WKH� VDPSOH� LQ� D� ZDWHU� EDWK� DW� ���&� IRU� ��� PLQ�� � 7KH� VDPSOH� ZDV�FHQWULIXJHG��DQG�VXSHUQDWDQWV�ZHUH�GLOXWHG�����ZLWK�HWKDQRO�EHIRUH�VXSHUQDWDQW�ZDV�DQDO\]HG�IRU�DPLQR�DFLGV�E\�+3/&�PHWKRG�RU�IUR]HQ�IRU�ODWHU�K\GURO\VLV�
7KH�SURJUHVV�RI�K\GURO\VLV�FDQ�EH�IROORZHG�E\�YDULRXV�DQDO\WLFDO�PHWKRGV���$V�WKH�GHJUHH�RI�K\GURO\VLV��'+��ZDV�PHDVXUHG�PDLQO\�E\�+3/&�DQDO\VLV�RI�DPLQR�DFLGV���7KH�GHWHUPLQDWLRQ�RI� WKH� QXPEHU� RI� IUHH� DPLQR� JURXSV� VXFK� DV� 71%6� RU� 23$� PHWKRGV� FDQ� EH� DQDO\]HG�DOWHUQDWLYHO\�
,QDFWLYDWLRQ� RI� HQ]\PHV 7KH� HQ]\PHV� ZHUH� LQDFWLYDWHG� DW� ���&� IRU� ����� PLQXWHV� DIWHU�K\GURO\VLV� KDV� EHHQ� FRPSOHWHG�� � ,W� VKRXOG�EH�QRWHG� WKDW� SURWHLQ� VXEVWUDWH� ULFK� LQ� VWDUFK� DQG�RWKHU� FDUERK\GUDWHV� ZLOO� EH� EURNHQ� GRZQ� WR� UHGXFLQJ� VXJDUV� GXULQJ� K\GURO\VLV� ZLWK�)ODYRXU]\PH�� � &*0� ZLOO� RIWHQ� EH� EURZQHG� GXULQJ� SURORQJHG� KHDW� WUHDWPHQW� GXH� WR� WKH�IRUPDWLRQ�RI�0DLOODUG�SURGXFWV��1RYR�1RUGLVN��%���N�*%��
)XUWKHU� SURFHVVLQJ $IWHU� WKH� HQ]\PH� SURFHVV� DQG� DQ\� LQDFWLYDWLRQ� VWDJH� LV� QHHGHG�� � $�VHSDUDWLRQ�VWDJH�ZDV�QHHGHG�LQ�RUGHU�WR�UHPRYH�XQK\GURO\]HG�RU�XQGLVVROYHG�PDWHULDO�SULRU�WR�SXULILFDWLRQ�RI�DPLQR�DFLGV�LQWHQG�
&RPPHQWV 7KH�EDWFK�SURFHVV�ZDV�EHWWHU� WKDQ� WKH� FRQWLQXRXV�SURFHVV� LQ�SURWHLQ�K\GURO\VLV�EHFDXVH�

�� WKH� SUREOHP� RI� PDLQWDLQLQJ� K\JLHQLF� FRQGLWLRQV� LQ� WKH� &675� LV� VRPHWLPH�LQVXUPRXQWDEOH�LQ�SUDFWLFH�
�� WKH�EDWFK�UHDFWRU�LV�PXFK�HDVLHU�WR�FRQWURO�DQG�LWV�NLQHWLF�FDQ�HDVLO\�EH�LQYHVWLJDWHG�LQ�ODERUDWRU\�H[SHULPHQWV�
�� WKH�XVH�RI�D FUXGH�HQ]\PH�FRQWDLQLQJ�ERWK�HQ]\PHV�ZDV�PRUH�SUDFWLFDO�

,Q�VXPPDU\ $�ODERUDWRU\�K\GURO\VLV�H[SHULPHQW�LV�DGHTXDWHO\�VSHFLILHG�LI�WKH�IROORZLQJ�WHVW�SDUDPHWHUV�DUH�NQRZQ� i WKH�VXEVWUDWH�DQG�HQ]\PHi WKH�K\GURO\VLV�SDUDPHWHUV��6��(�6��S+�DQG�7�i WKH�PDVV�RI�K\GURO\VLV�PL[WXUH��0�i GHJUHH�RI�K\GURO\VLV��'+�i LQDFWLYDWLRQ�FRQGLWLRQV��S+��7�DQG�WLPH��W�



���+\GURO\VHV ��
����� (Q]\PDWLF�K\GURO\VLV�RI�FRUQ�JOXWHQ�PHDO��&*0��DQG�VR\EHDQ�PHDO��6%0�7KH� QXWULWLRQDO� YDOXH� RI� DPLQR� DFLGV� ZHUH� QRUPDOO\�PDLQWDLQHG� RU� LQFUHDVHG� E\� HQ]\PDWLF�K\GURO\VLV�� � 7KLV� ZDV� FDUULHG� RXW� XQGHU� PLOG� UHDFWLRQ� FRQGLWLRQV� WR� GHILQHG� SHSWLGHV� DQG�DPLQR�DFLGV�IUDFWLRQV�IRU�D�SKDUPDFHXWLFDO�RU�FRVPHWLF�XVDJH�
,Q� WKLV� ZRUN�� D� FRPELQDWLRQ� RI� HQ]\PHV� EHWZHHQ� HQGR�DQG� H[RSHSWLGDVH� ZDV� VWXGLHG���$OFDODVH� ���� /� �HQGRSHSWLGDVH�� ZDV� FRPELQHG� ZLWK� )ODYRXU]\PH� ����/� �H[RSHSWLGDVH����0RGH�RI�DFWLRQ��HQGRSHSWLGDVH�ZRUNV�E\�FOHDYLQJ�SHSWLGH�ERQG�LQ�WKH�LQWHULRU�RI�SRO\SHSWLGH�FKDLQV��ZKHUHDV�H[RSHSWLGDVH�FOHDYH�RII�DPLQR�DFLGV�IURP�WKH�HQG�RI�SRO\SHSWLGH�FKDLQV��VHH�&KDSWHU� �������� � 7KH� HQ]\PHV� ZHUH� GLOXWHG� E\� �� WR� ��� WR� UHGXFH� LWV� YLVFRVLW\� IRU� HDVH� RI�DGGLWLRQ�WR�WKH�UHDFWRU�
&RUQ� JOXWHQ� PHDO� �&*0�� DQG� VR\EHDQ� PHDO� �6%0�� ZHUH� VXSSOLHG� E\� $PLQR� *PE+��%UDXQVFKZHLJ���7KHVH�VXEVWUDWH�ZHUH�YDULHG�������E\�ZHLJKW�SURWHLQ�VOXUU\�DQG ZHUH�GLOXWHG�ZLWK�GHLRQL]HG�ZDWHU��$GOHU�1LVVHQ����������7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��$OFDODVH�DQG�)ODYRXU]\PH���ZDV���WR���DQG�HQ]\PH�FRQFHQWUDWLRQV�ZHUH�YDULHG�IURP������EDVHG�RQ�ZHLJKW�SHUFHQW� SURWHLQ� VXEVWUDWH�� � 7KH� GHJUHH� RI� K\GURO\VLV� �'+��� GHILQHG� DV� WKH� SHUFHQWDJH� RI�SHSWLGH�ERQGV�FOHDYHG��VHH�$QQH[������ZDV�FDOFXODWHG�DIWHU�+3/&�DQDO\VLV�RI�DPLQR�DFLGV�
������� 6XEVWUDWH�FRQFHQWUDWLRQ
6XEVWUDWH�FRQFHQWUDWLRQ�>6@�LV�JLYHQ�DV�ZHLJKW�SHUFHQW�SURWHLQ��1�u I1��RI�WKH�WRWDO�PDVV�RI�WKH�UHDFWLRQ�PL[WXUH�DW�WKH�EHJLQQLQJ�RI�WKH�UHDFWLRQ��VHH������������$�IL[HG�HQ]\PH�FRQFHQWUDWLRQV�ZDV�XVHG��DV�WKH�UHDFWLRQ�SURFHHGHG���7KH�DYDLODEOH�VXEVWUDWH�EHFRPHV�D�FRQWULEXWRU\�OLPLWLQJ�IDFWRU�LQ�WKH�UHDFWLRQ�UDWH���,W�ZDV�LPSRUWDQW�WR�ORRN�DW�WKH�HIIHFW�RI�VXEVWUDWH�FRQFHQWUDWLRQ�RQ�WKH�LQLWLDO�UDWH�RI�WKH�UHDFWLRQ���,Q�WKLV�FDVH��WKH�LQLWLDO�YHORFLW\�PHDVXUHPHQWV�DUH�YDOLG�RQO\�LQ�WKH�UDQJH�RI�VXEVWUDWH�GHSOHWLRQ�EHWZHHQ���DQG�����RI�WKH�WRWDO�LQLWLDO�VXEVWUDWH�FRQFHQWUDWLRQV��&RSHODQG��������
)LJXUH���� LOOXVWUDWHV� WKH�WLPH�FRXUVH�RI� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�FDWDO\]HG�UHDFWLRQ�REVHUYHG� DW� GLIIHUHQW� VWDUWLQJ� FRQFHQWUDWLRQV�RI� VXEVWUDWH�� WKH�YHORFLWLHV� IRU�HDFK�H[SHULPHQW�ZHUH�PHDVXUHG� DV� WKH� VORSHV� RI� WKH� SORWV� RI� DPLQR� DFLG� FRQFHQWUDWLRQV� >3@� YHUVXV� WLPH�� � ,Q�)LJXUH� ��� UHSORWV� RI� WKHVH�GDWD� DUH�JLYH� IRU� WKH� LQLWLDO� YHORFLW\� �Y�� DV� D� IXQFWLRQ�RI� >6@�� WKH�VWDUWLQJ� FRQFHQWUDWLRQ� RI� VXEVWUDWH�� � 7KXV�� WKH� YHORFLW\� ZDV� DSSDUHQWO\� VDWXUDWHG� DW� KLJK�VXEVWUDWH� FRQFHQWUDWLRQV� RI� &*0�� 6�  � ���� DW� WKH� YHORFLW\� DIWHU� �� K� K\GURO\VLV�ZDV� �������PPROHV�DPLQR�DFLG�SHU�PLQXWH��



���+\GURO\VHV��
%HORZ� ������ KRZHYHU�� WKH� VXEVWUDWH� FRQFHQWUDWLRQ� ZDV� SUHVXPDEO\� WRR� ORZ� WR� HQVXUH�VXEVWUDWH� VDWXUDWLRQ�� � 7KH� NLQHWLFV� ZHUH� GHWHUPLQHG� E\� VXEVWUDWH� VDWXUDWLRQ� WKURXJKRXW� WKH�UHDFWLRQ�� �7KLV� VXJJHVWV� WKDW� D� ]HUR�RUGHU�NLQHWLF� VFKHPH� VKRXOG�EH�DSSOLHG� UDWKHU� WKDQ� ILUVW�RUGHU�NLQHWLFV��VHH������������+RZHYHU��WKH�NLQHWLF�PRGHO�ZDV�DSSOLHG��ZKLFK�ZDV�QRW�VXSSOLHG�E\�PHDVXUHPHQWV�RI�.P DQG�WKHUHIRUH�UHPDLQV�VSHFXODWLYH��$GOHU�1LVVHQ������E��7KH�DPLQR�DFLG�FRQFHQWUDWLRQV�DQG�WKH�UDWH�RI�K\GURO\VLV�LQFUHDVHG�ZLWK�LQFUHDVLQJ�VXEVWUDWH�FRQFHQWUDWLRQV���7KLV�DULVH�GXH�WR�WKH�PHFKDQLVP�RI�HQ]\PH�DFWLRQ�LQ�ZKLFK�WKH�HQ]\PH�IRUPV�D�RQH�WR�RQH�VWRLFKLRPHWULF�FRPSOH[�ZLWK�LWV�VXEVWUDWH�>(6@�DQG�LW�ZDV�RQO\�WKLV�FRPSOH[�WKDW�FDQ�EUHDNGRZQ�WR�JLYH�WKH�SURGXFW�>3@��7XFNHU�DQG�:RRGV����������7KXV��LW�ZDV�H[SHFWHG�WKDW�IRU� VXFK� UHDFWLRQV� WKH� LQLWLDO� YHORFLW\�ZLOO� EH� GLUHFWO\� SURSRUWLRQDO� WR� >6@� RQO\� DW� WKH� ORZHU�UDQJH�RI�>6@�DQG�ZKHQ�>6@�LQFUHDVHV�WKH�LQLWLDO�YHORFLW\�DSSURDFKHV�D�PD[LPXP��9PD[����,W�ZDV�XVXDO� WR� GHWHUPLQH� LQLWLDO� YHORFLWLHV� LQ� NLQHWLF� VWXGLHV� VLQFH�� YHORFLW\�ZDV� QRW� DOZD\V� OLQHDU�ZLWK�WLPH��&RSHODQG��������
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)LJXUH���� 3URJUHVV�FXUYH�RI�K\GURO\VLV�IRU�FRUQ�JOXWHQ�PHDO��&*0��ZLWK�GLIIHUHQW�VWDUWLQJ�VXEVWUDWH� FRQFHQWUDWLRQV� E\� D� FRQVWDQW� HQ]\PH� FRQFHQWUDWLRQ� ZDV� WKH� FRPELQDWLRQ� RI� ERWK�HQ]\PHV�����$OFDODVH�DQG������)ODYRXU]\PH��
,Q� DGGLWLRQ��&*0�ZDV� D� ORZ� VROXEOH� VXEVWUDWH�� WKH� UHODWLRQ�EHWZHHQ� WKH� LQLWLDO� UHDFWLRQ� UDWH�DQG�WKH�VXEVWUDWH�FRQFHQWUDWLRQ�ZDV�OLQHDU�EHFDXVH�WKH�HQ]\PH�FRQFHQWUDWLRQ�ZDV�ORZ��(����6��� � 7KH� VXEVWUDWH� VXUIDFH� ZDV� FRYHUHG� SDUWO\� E\� DGVRUEHG� HQ]\PH� �0F/DUHQ� DQG� 3DFNHU��
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������� � ,Q� WKLV�FDVH�� WKH� UHDFWLRQ�UDWH�ZLOO� OHYHO�RII�DW�KLJK�VXEVWUDWH�FRQFHQWUDWLRQV�� �$V� WKH�VXEVWUDWH� FRQFHQWUDWLRQ� EHFRPHV� YHU\� KLJK�� WKH� YHORFLW\� RI� WKH� UHDFWLRQ� ZLOO� QRW� LQFUHDVH�LQGHILQLWHO\��EXW��IRU�D�IL[HG�DPRXQW�RI�HQ]\PH�ZLOO�UHDFK�D�OLPLWLQJ�WHUPHG�9PD[�
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)LJXUH���� 0LFKHDOLV�0HQWHQ� SORWV� IRU� FRUQ� JOXWHQ� PHDO� �&*0�� ZLWK� GLIIHUHQW� VWDUWLQJ�FRQFHQWUDWLRQV�RI�VXEVWUDWH��WKHVH�GDWD�ZHUH�FDOFXODWHG�IURP�)LJXUH������
,Q� SUDFWLFH�� WKH� UDQJH� RI� VXEVWUDWH� FRQFHQWUDWLRQV� ZDV� OLPLWHG� E\� YLVFRVLW\�� � +\GURO\VLV� RI�VR\EHDQ�PHDO��6%0��ZDV�FDUULHG�RXW�DW�6�t ����UDUHO\�JDYH�UHSURGXFLEOH�K\GURO\VLV�FXUYHV��)LJXUH������� �7KH�YHORFLW\�RI�K\GURO\VLV�RI�6%0��6� �����REWDLQHG��������PPROHV�DPLQR�DFLG�SHU�PLQXWH�DIWHU���K�K\GURO\VLV�� �$OWKRXJK��6%0�ZDV�PRUH�VROXEOH�DQG�ORZHU�YLVFRVLW\�WKDQ�&*0���7KH�UDWH�RI�K\GURO\VLV�IRU�&*0�ZDV�KLJKHU�WKDQ�6%0�DFFRUGLQJ�WR�EH�DERXW����IROGV�KLJKHU�DW�WKH�VXEVWUDWH�VDWXUDWLRQ�RI�HDFK�UDZ�PDWHULDO�
,Q� FDVH�� WKH� GLOXWLRQ� PL[WXUH� ZDV� DIIHFWHG� WKH� K\GURO\VLV� UDWH�� � 7KH� K\GURO\VLV� UDWH� ZDV�LQFUHDVHG�PRUH� DW� ORZHU� VXEVWUDWH� OHYHOV�� � 7KH� KLJKHVW� GHJUHH� RI� K\GURO\VLV� �'+�� REWDLQHG�����DW�6� �����Z�Z���DV�VKRZQ�LQ�)LJXUH�������:KHUHDV�DW�6� ������Z�Z��ZDV�REWDLQHG�RQO\����� '+�� � *HQHUDOO\�� WKH� UHDFWLRQ� ZLOO� JR� WR� WKH� OLPLW� RI� WKH� GHJUDGDWLYH� FDSDFLW\� RI� WKH�HQ]\PH� �*RGIUH\� DQG�:HVW�� ������� � 7KHUH�ZDV� DOVR� D� OLWWOH� HIIHFW� RI� SURGXFW� LQKLELWLRQ� RQ�UHDFWLRQ UDWH�� � +RZHYHU�� WKH� HFRQRPLF� SHQDOWLHV� RI� ODUJH� YROXPH� UHDFWLRQV� DQG� VXEVHTXHQW�FRQFHQWUDWLRQ�VKRXOG�EH�FRQVLGHUHG�FDUHIXOO\�ZKHQ�FKRRVLQJ�WKH�VXEVWUDWH�FRQFHQWUDWLRQ�
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)LJXUH���� 0LFKHDOLV�0HQWHQ� SORWV� IRU� VR\EHDQ� PHDO� �6%0�� ZLWK� GLIIHUHQW� VWDUWLQJ�FRQFHQWUDWLRQV�RI�VXEVWUDWH�
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)LJXUH���� 3URJUHVV�FXUYH�RI�K\GURO\VLV�IRU�FRUQ�JOXWHQ�PHDO��&*0��ZLWK�GLIIHUHQW�VWDUWLQJ�VXEVWUDWH� FRQFHQWUDWLRQV�� � (Q]\PH� FRQFHQWUDWLRQ� LV� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV� ����$OFDODVH�DQG������)ODYRXU]\PH���GDWD�DUH�UHODWHG�IURP�)LJXUH������
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������� (Q]\PH�FRQFHQWUDWLRQ7KH�HQ]\PH�VXEVWUDWH� UDWLR�� L�H�� WKH�FRQFHQWUDWLRQ�RI�HQ]\PH�UHODWLYH� WR� WKH�FRQFHQWUDWLRQ�RI�VXEVWUDWH��LV�XVXDOO\�PRUH�FKDUDFWHULVWLF�RI�WKH�UHDFWLRQ�YHORFLW\�WKDQ�WKH�HQ]\PH�FRQFHQWUDWLRQ�SHU� VH�� �7KLV� LV� EHFDXVH�SURWHLQ�K\GURO\VLV� SURFHVVHV� DUH�RIWHQ� FDUULHG�RXW� DW� UHODWLYHO\�KLJK�VXEVWUDWH� FRQFHQWUDWLRQV� ZKHUH� VXEVWUDWH� VDWXUDWLRQ� LV� SUHYDLOLQJ� �$GOHU�1LVVHQ�� ��������7KHUHE\�� WKH� FRQYHUVLRQ� UDWH� H[SUHVVHG� WKH� LQFUHDVH� DPLQR� DFLGV� SHU� XQLW� RI� WLPH��ZKLFK� LV�SURSRUWLRQDO� WR� WKH�PDVV� UDWLR�RI�HQ]\PH� WR� VXEVWUDWH�� � ,Q�DGGLWLRQ�� WKLV� UDWLR�DOVR� IRUPV� WKH�EDVLV�IRU�DVVHVVLQJ�WKH�FRQWULEXWLRQ�WR� WKH�YDULDEOH�FRVW�RI�XVLQJ�WKH�HQ]\PH���&RQVHTXHQWO\��WKH�HQ]\PH�VXEVWUDWH�UDWLR��DEEUHYLDWHG�(�6��ZDV�SUHIHUUHG�WR�H[SUHVV� WKH�DPRXQW�RI�HQ]\PH�XVHG�LQ�D�SURWHLQ�K\GURO\VLV�SURFHVV���(�6�FDQ�PRVW�VLPSO\�EH�JLYHQ�DV�ZHLJKW�SHUFHQW�
7KLV� H[SHULPHQW�� FRUQ� JOXWHQ� PHDO� �&*0�� ZDV� XVHG� DW� WKH� VWDQGDUG� YDOXH� RI� ��� SURWHLQ��Z�Z��� � &*0� ZDV� K\GURO\]HG� XVLQJ� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV�� $OFDODVH� WR�)ODYRXU]\PH� � ������ ZLWK� LQLWLDO� S+� �� DQG� ���&� �VHH� ���������� � $IWHU� ��� K� K\GURO\VLV�� WKH�IROORZLQJ� GHJUHH� RI� K\GURO\VLV� �'+�� YDOXHV� ZHUH� UHDFKHG� ����� ������� ������� ������ DQG�������UHVSHFWLYHO\�IRU�YDU\LQJ�HQ]\PH�FRQFHQWUDWLRQ�YDOXHV�RI��������������DQG�����EDVHG�RQ�ZHLJKW� RI� SURWHLQ� VXEVWUDWH�� ZKLOH� WKH� SURJUHVV� '+� ZDV� QHJOLJLEOH� LQFUHDVH� �)LJXUH� ��������)LJXUH����� VKRZV�WKH�UDWH�RI�UHDFWLRQ�DV�D�IXQFWLRQ�RI�(�6����7KH�UDWH�RI�K\GURO\VLV�LQFUHDVHG�OLQHDUO\� ZLWK� LQFUHDVLQJ� HQ]\PH� FRQFHQWUDWLRQV� EXW� ZDV� OLPLWHG� WR� ��� (�6�� � ,I� HQ]\PH�FRQFHQWUDWLRQ�ZDV�PRUH����(�6��WKH�SURJUHVV�FXUYH�RI�UHDFWLRQ�YHORFLW\�YHUVXV���(�6�ZLOO�EH�GRZQZDUG�WR�EH�FRQVWDQW�DV�HQ]\PH�LQFUHDVH���7KLV�ZDV�LQGHHG�WKH�FDVH�IRU�DQ\�YDOXH�RI�WLPH���7KLV�UHVXOW�VXJJHVWV� WKDW�HQ]\PH�VXEVWUDWH�UDWLR� LQ�D�SURFHVV�VKRXOG�EH�OLPLWHG�WR�ORZHU�WKDQ����� ����(�6�ZDV�WKH�ORZHVW�HQ]\PH�FRQFHQWUDWLRQ�WKDW�ZDV�UHFRPPHQGHG�LQ�WKH�K\GURO\VLV�SURFHVV�
,Q� JHQHUDO�� LW� VKRXOG� ZRUN� DW� HQ]\PH� FRQFHQWUDWLRQV� WKDW� DUH� YHU\� PXFK� ORZHU� WKDQ� WKH�VXEVWUDWH�FRQFHQWUDWLRQ�� �7KLV�ZDV� WUXH� IRU�PRVW�FDVHV�SURYLGHG� WKDW� >(@��>6@� �L�H�� VXEVWUDWH�OHYHOV�H[FHHG�HQ]\PH�OHYHOV��� WKHUH�DUH�RIWHQ�H[FHSWLRQV� WKDW�PXVW�EH�FRQVLGHUHG�� �$�SORW�RI�UHDFWLRQ� YHORFLW\� �Y�� DJDLQVW� HQ]\PH� FRQFHQWUDWLRQ� FDQ� JLYH� D� FXUYH� VKRZLQJ� SURJUHVVLYH�LQKLELWLRQ� �GRZQZDUG�� DV� HQ]\PH LQFUHDVHV�� �$�GRZQZDUG�FXUYH�DV�GHSLFWHG� LQ� )LJXUH�����ZDV� WKH� PRUH� FRPPRQ� RFFXUUHQFH�� VKRZLQJ� VDWXUDWLRQ� DW� KLJKHU� UDWHV�� � $OWHUQDWLYHO\��LQVXIILFLHQW� OHYHOV� RI� DQ� HVVHQWLDO� FR�IDFWRU� RU� D� GLVVRFLDEOH� LQKLELWRU� ZRXOG� JLYH� VLPLODUHIIHFWV�
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(�6��
)LJXUH����� 0LFKDHOLV�0HQWHQ� SORWV� IRU� FRUQ� JOXWHQ� PHDO� �&*0�� ZLWK� GLIIHUHQW� HQ]\PH�VXEVWUDWH�UDWLR�XVLQJ�WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��$OFDODVH�WR�)ODYRXU]\PH�������
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7KH�UHDVRQV�IRU�UHGXFHG�DFWLYLW\�ZLWK�WLPH�DUH�RIWHQ�FRPSOH[�EXW�D�PDMRU�FDXVH��SUHVXPLQJ�D�FORVHG�V\VWHP��ZDV�REYLRXVO\�GHSOHWLRQ�RI�VXEVWUDWH��+RUWRQ��������� �'XULQJ�WKH�HDUO\�VWDJHV�RI�WKH�UHDFWLRQ�ZKHQ�>6@�ZDV�FRQVWDQW��WKH�HQ]\PH�UHDFWLRQ�VKRXOG�EH�]HUR�RUGHU�ZLWK�UHVSHFW�WR�SURGXFW�>3@�IRUPDWLRQ��VHH����������� �2WKHU�UHDVRQV�IRU�WKH�UHGXFHG�HQ]\PH�UDWH�ZLWK�WLPH�ZHUH�LQKLELWLRQ�E\�HQG�SURGXFW�
7KHVH� GDWD� VKRZ� WKH� SURSRUWLRQDOLW\� EHWZHHQ� YHORFLW\� DQG� HQ]\PH� FRQFHQWUDWLRQV� LQ�DFFRUGDQFH�WR�WKH�0LFKHDOLV�0HQWHQ�HTXDWLRQ���,Q�FDVH�RI�WKH�VSHFLILFLW\�RI�SURWHDVHV�DFWLQJ�RQ�SURWHLQ�YDULHG�ZLWK�(�6�LQ�D�PDQQHU�WKDW�WKH�HQ]\PH�FDQ�K\GURO\]H�D�IHZ�SHSWLGH�ERQG�DW�ORZ�(�6�� � 7KLV� EHKDYLRU� ZDV� GHQRWHG� E\� WKH� K\SRWKHVLV� RI� QDUURZLQJ� VSHFLILFLW\�� � &RQYHUVHO\��ZKHQ� (�6� ZDV� LQFUHDVHG� WKH� UDWH� RI� VSOLWWLQJ� FHUWDLQ� SHSWLGH� ERQGV� DSSHDUHG� WR� LQFUHDVH�SURSRUWLRQDOO\�WR�(�6��$GOHU�1LVVHQ��������
/LNH�ZLWK�&*0��WKH�HIIHFW�RI�HQ]\PH�FRQFHQWUDWLRQ�RQ�UHDFWLRQ�UDWH�RI�VR\EHDQ�PHDO��6%0���UHVXOWHG� WR�D� UDWH�RI�K\GURO\VLV�ZKLFK�DOVR�ZDV�OLQHDUO\�DW�(�6�ORZHU�WKDQ����� �7KH�UHDFWLRQ�UDWH�GHFUHDVHG�GXULQJ�WKH�ODWHU�SHULRG�RI�WKH�K\GURO\VLV��)LJXUH���������+RZHYHU��WKH�YHORFLW\�RI�&*0�ZDV�KLJKHU� WKDQ�6%0�DURXQG��� IROGV�ZKHQ����(�6�ZDV�XVHG�DIWHU���K�K\GURO\VLV���7KH UHDVRQ�IRU�ORZHU�SURGXFWLYLW\�LQ�6%0�ZDV�WKH�LQDFWLYDWLRQ�RI�WKH�HQ]\PH��GXH�WR�DFWLYDWRU�FRQWHQW�RI�UDZ�PDWHULDOV�
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)LJXUH����� 0LFKDHOLV�0HQWHQ� SORWV� IRU� VR\EHDQ� PHDO� �6%0�� ZLWK� GLIIHUHQW� HQ]\PH�VXEVWUDWH�UDWLR�XVLQJ�WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��$OFDODVH�WR�)ODYRXU]\PH�������
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������� 7HPSHUDWXUH�HIIHFWV,Q�K\GURO\VLV�SURFHVVHV��WKH�RSWLPXP�WHPSHUDWXUH�IRU�D�UHDFWLRQ�RIWHQ�VKRXOG�EH�LGHQWLILHG�LQ�WKH� FRQWH[W� RI� WKH� H[WHQW� RI� VXEVWUDWH� WUDQVIRUPDWLRQ� WR� SURGXFW� �$GOHU�1LVVHQ�� ������� �7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�UHDFWLRQ�UDWH�DQG�RYHUDOO�SURGXFW�\LHOG�RI�DQ�HQ]\PH�UHDFWLRQ�FDQ�SRVVLEO\�EH�GXH�WR�VHYHUDO�IDFWRUV��VRPH�RI�ZKLFK�DUH�VXPPDUL]HG�LQ�7DEOH�������7KH�UHDFWLRQV�ZLOO� FHUWDLQO\�EH�PRGLILHG�E\� WKH� WHPSHUDWXUH�VWDELOLW\�RI� WKH�HQ]\PH��DQG� WKLV�PLJKW�EH� WKH�GRPLQDQW� LQIOXHQFH�� � 7KHUHIRUH�� WKH� WHPSHUDWXUH� VWDELOLW\� RI� DQ� HQ]\PH� ZDV� FRQVLGHUHG�UHVLVWDQFH�WR�KHDW�LQDFWLYDWLRQ��*RGIUH\�DQG�:HVW��������
([SHULPHQWDOO\��FRUQ�JOXWHQ�PHDO��6� ����SURWHLQ��Z�Z��ZDV�K\GURO\]HG�E\�WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��WKH�ILUVW�K\GURO\VLV�ZLWK����$OFDODVH��Z�Z��DW�LQLWLDO�S+���DQG����&���$IWHU����PLQXWHV� RI� UHDFWLRQ�� WKH� S+� VKRXOG� EH� DOORZHG� WR� GURS� WR� DURXQG� ��� � )ODYRXU]\PH ZDV�DGGHG�RI������(�6��Z�Z��WR�WKH�UHDFWLRQ�PL[WXUH��DQG�WHPSHUDWXUHV�ZDV�YDULHG�DW�WKLV�VHFRQG�K\GURO\VLV�
)LJXUH� ���� VKRZV� D� VHULHV� RI� SURJUHVV� FXUYHV� RI� K\GURO\VLV� RQ� YDULRXV� WHPSHUDWXUHV� DQG�LOOXVWUDWHV�HQ]\PH�VWDELOLW\�IRU�D� W\SLFDO�FRPPHUFLDO�HQ]\PH�UHDFWLRQ���$IWHU����K�K\GURO\VLV��WKH� VDPSOHV� ZHUH� DQDO\]HG� IRU� DPLQR� DFLGV� FRPSRVLWLRQ� E\� +3/&� PHWKRG�� � 7KH� SURJUHVV�FXUYH� VKRZV� WKH� WZR� GLIIHUHQW� HIIHFWV� RI� WHPSHUDWXUH�� QDPHO\� DQ� LQFUHDVH� LQ� LQLWLDO� YHORFLW\�RYHU� WKH� SHULRG� ��� K� DQG� LQDFWLYDWLRQ� RI� WKH� HQ]\PH� GXH� WR� LWV� WHPSHUDWXUH�ODELOH� SURWHLQ�QDWXUH�� �:KHQ�WKH�FXUYH�ZDV�SDUDOOHO�WR�WKH�WLPH�D[LV�LW�FDQ�EH�DVVXPHG�WKDW�WKH�HQ]\PH�KDV�ORVW�LWV�DFWLYLW\��)LJXUH�������
$W�YHU\�ORZ�WHPSHUDWXUH��ORZHU����&���WKH�UDWH�RI�HQ]\PH�LQDFWLYDWLRQ�ZDV�VR�VORZ�WKDW�LW�LV�QRW�FRQVLGHUHG�� �:KLOH�DW�H[WUHPHO\�KLJK�WHPSHUDWXUHV��KLJKHU����&��� WKH�HQ]\PH�DFWLYDWLRQ�GHSHQGV�RQ�OLWWOH�RU�QR�WUDQVIRUPDWLRQ�RI� WKH�VXEVWUDWH�� �7KH�HIIHFW�RI� WHPSHUDWXUH�VKRXOG�EH�WHVWHG�E\�V\VWHP�WR�V\VWHP�RI�UHDFWLRQ�FRQGLWLRQ��:DUG��������
,QGXVWULDO�VFDOH�SURFHVVHV�ZLWK�HQ]\PHV�XVXDOO\�LQYROYHV�VXEVWDQWLDO�UHDFWLRQ�YROXPHV��7XFNHU�DQG� :RRGV�� ������� � 7KLV� LPSRVHV� OLPLWDWLRQV� WR� WKH� SUHFLVLRQ� DQG� WLPH� RI� UHVSRQVH� WR�WHPSHUDWXUH� FRQWUROOLQJ� V\VWHPV�� � ,W� ZDV� FRQVLGHUHG� LPSRUWDQW� IRU� HQ]\PH� HIILFLHQF\��HVSHFLDOO\� IRU� ORQJHU� UHDFWLRQ� WLPHV�� WKDW� WKH� VHW� WHPSHUDWXUH� VKRXOG� EH� PDGH� VR� WKDW� WKH�PD[LPXP� XSSHU� GHYLDWLRQ� GRHV� QRW� DOORZ� WKH� UHDFWLRQ� V\VWHP� WR� ULVH� DERYH� WKH� REVHUYHG�PD[LPXP�HQ]\PH�SHUIRUPDQFH� WHPSHUDWXUH�� �7\SLFDOO\�� WKLV�FDQ�EH�DFKLHYHG�E\�XVLQJ�D�VHW�WHPSHUDWXUH���&�ORZHU�WKDQ�WKH�HQ]\PH�PD[LPXP�WHPSHUDWXUH��*RGIUH\�DQG�:HVW��������
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)LJXUH����� (IIHFW� RI� WHPSHUDWXUH� RQ� SURJUHVV� FXUYH� RI� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV�UHDFWLRQ�� �7KH�K\GURO\VLV�RI�FRUQ�JOXWHQ�PHDO��&*0��SHUPHDWH�FRQWDLQLQJ����SURWHLQ��Z�Z��E\�)ODYRXU]\PH�DW��QG K\GURO\VLV�LV�VKRZQ�DW�YDULRXV�WHPSHUDWXUHV�
7DEOH���� 6RPH�FRPPRQ�IDFWRUV�DIIHFWLQJ�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�UHDFWLRQ�UDWH��RU�SURGXFWLYLW\��RI�DQ�HQ]\PH�FDWDO\]HG�UHDFWLRQ��*RGIUH\�DQG�:HVW��������
(IIHFW &DXVHG�E\ 'HWHUPLQHG�RYHUFRPH�E\6WDELOLW\�RI�HQ]\PH 1DWXUH�RI�SURWHLQ 6WDELOLW\�H[SRVXUH�H[SHULPHQWV6WDELOLW\�RI�VXEVWUDWH &KHPLFDO�ODELOLW\ 6WDELOLW\�H[SRVXUH�H[SHULPHQWV)RUPDWLRQ�RI�E\SURGXFWV ,QKLELWLRQ ,QFUHDVH�>(@$YDLODELOLW\�RI�VXEVWUDWH H�J��VROXELOLW\��S+ 6HSDUDWH�H[SHULPHQWS+�IXQFWLRQV�RI�UHDFWLQJ�FRPSRQHQWV $OWHUHG S.�YDOXHV +HDWV�RI�LRQL]DWLRQ
7UDQVIHU�RI�UDWH�OLPLWLQJ�IXQFWLRQV�LQ�PXOWL�HQ]\PH�V\VWHPV 'LIIHUHQW�WHPSHUDWXUH�FRPSRQHQW )UDFWLRQDWH�DQG�VWXG\�HDFK�HQ]\PH�VHSDUDWHO\$IILQLW\�RI�HQ]\PH�IRU�VXEVWUDWH�DQG�DFWLYDWRU .P 8VH�KLJK�>6@�WR�HQVXUH�VDWXUDWLRQ
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������� S+�HIIHFWV0RVW�HQ]\PHV�DUH�VLJQLILFDQWO\�OHVV�VHQVLWLYH�WR�FKDQJHV�RI�S+�ZKHQ�SURWHFWHG�E\�VXEVWDQWLDO�VXEVWUDWH� FRQFHQWUDWLRQV�� � 7KH� HIIHFW� RI� S+� RQ� WKH� DIILQLW\� RI� WKH� VXEVWUDWH� FDQ� RIWHQ� EH�HOLPLQDWHG� E\� XVLQJ� D� KLJK� VXEVWUDWH� FRQFHQWUDWLRQ�� EXW� WKLV� PD\� QRW� EH� SUDFWLFDO� LQ� DQ�LQGXVWULDO� VLWXDWLRQ� �*RGIUH\� DQG�:HVW�� ������� � ,W� LV� LPSRUWDQW� WKDW� WKH� HIIHFWV� RI� VXEVWUDWH�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH�DUH�DOVR�WDNHQ�LQWR�FRQVLGHUDWLRQ���7KLV�LV�EHFDXVH�HQ]\PHV�DUH�RIWHQ�VWDELOL]HG�E\�WKH�SUHVHQFH�RI�WKHLU�VXEVWUDWHV���7KH�RSWLPDO�S+�DQG�WHPSHUDWXUH�RI�&*0�DQG� 6%0� ZHUH� SHUIRUPHG� E\� K\GURO\]LQJ� ZLWK� YDULRXV� HQ]\PHV� ZKLFK� KDYH� GLVFXVVHG� LQ�&KDSWHU� ����� � 7KHVH� GDWD� FDQ� EH� HVWLPDWHG� WKH� DYDLODEOH� S+� YDOXH� RI� DQ� HQ]\PH� LQ� WKH�K\GURO\VLV�SURFHVV�
2WKHUZLVH�� LW� LV� DOVR�ZRUWK�FRQVLGHULQJ� WKDW�PDQ\� LQGXVWULDO�HQ]\PH�UHDFWLRQV�DUH�QRW� UXQ�DW�IL[HG�S+�YDOXH��EXW�VORZO\�GULIW�IURP�D�VWDUW�S+�WR�D�WHUPLQDO�S+��1RYR�1RUGLVN��%����D�*%����0DQ\� SURFHVVHV� GR� QRW� KDYH� DGHTXDWH� S+� FRQWURO�� DQG� WKH� S+� PD\� IOXFWXDWH� DURXQG� WKH�UHTXLUHG�YDOXH��5HHG��������
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(�6� ������Z�Z��>���$OFDODVH������)ODYRXU]\PH@6 ����SURWHLQ��Z�Z��DW����&��LQLWLDO�S+��

DGG�)ODYRXU]\PH
VWRS�DGGLQJ�1D2+�DQG�DGG�$OFDODVH

DGG�����1D2+S+

7LPH�>PLQ@
)LJXUH����� 7KH�S+�FRQWURO�RQ� WKH�K\GURO\VLV� UHDFWLRQ�RI�FRUQ�JOXWHQ�PHDO� �&*0��E\� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PH��QR�S+�DGMXVWPHQW�GXULQJ�K\GURO\VLV�
,Q�WKLV�ZRUN��WKH�SURGXFWLRQ�RI�DPLQR�DFLGV�E\�HQ]\PDWLF�K\GURO\VLV�ZDV�RSHUDWHG�ZLWKRXW�S+�DGMXVWPHQW�GXULQJ�K\GURO\VLV���,Q�)LJXUH�������DIWHU�DGGLQJ�$OFDODVH���WKH�S+�YDOXH�RI�UHDFWLRQ�PL[WXUH�ZDV�OHIW�WR�GULIW�VORZO\�GRZQ�IURP�LQLWLDO�S+�����)RU����PLQ�WKH�S+�YDOXH�ZLOO�GURSSHG��



���+\GURO\VHV ��
WR�DURXQG����ZKLFK�LV�WKH�RSWLPDO�S+�YDOXH�IRU�DGGLQJ�)ODYRXU]\PH���$IWHU����K�RI�K\GURO\VLV�WKH�S+�YDOXH�GURSSHG� WR�DURXQG���� �7KLV�ZDV�VWLOO� LQ� WKH�RSWLPDO�S+�UDQJH�RI�ERWK�HQ]\PHV��)LJXUH�������� �7KH�SURGXFWV�FDQ�EH�REWDLQHG�D� UHGXFHG�VDOW�FRQFHQWUDWLRQ�E\� WKLV�SURFHGXUH�EHFDXVH�QR�QHHG�IRU�S+�DGMXVWPHQW�E\�DGGLQJ�1D2+�GXULQJ�K\GURO\VLV�LV�QHFHVVDU\���,Q�WKLV�FDVHV��WKH�GDWD�RI�RSWLPXP�S+�VKRXOG�EH�GHWHUPLQHG�XQGHU�FRQWUROOHG�FRQGLWLRQV���+RZHYHU��WKH�HIIHFW�RI�S+�RQ�VWDELOLW\��HVSHFLDOO\�WKH�FRPELQHG�LQWHUDFWLYH�HIIHFW�RI�S+�DQG�WHPSHUDWXUH��PXVW�EH�FRQVLGHUHG�GXULQJ�WKH�SURFHVV�
����� 5HSURGXFWLRQ�RI�HQ]\PDWLF�K\GURO\VLV�LQ��/�EDWFK�UHDFWRU&*0�DQG�6%0�ZHUH�K\GURO\]HG�E\�D�FRPELQDWLRQ RI�ERWK�HQ]\PHV�EHWZHHQ�HQGRSHSWLGDVH�DQG�H[RSHSWLGDVH�LQ���/�EDWFK�UHDFWRU�ZLWK�WKH�IROORZLQJ�K\GURO\VLV�SDUDPHWHUV�

)LJXUH����� ��/�EDWFK�UHDFWRU

6  ����SURWHLQ �1�u �������Z�Z�(�6  �������Z�Z��>���HQGRSURWHDVH�DQG������H[RSHSWLGDVH@S+  ����IRU�&*0������IRU�6%07  ���&
DJLWDWLRQ  ���� USP� IRU� &*0�� ����USP�IRU�6%0DQDO\VLV  +3/&�PHWKRG

������� (IIHFW�RI�GLIIHUHQW�SURWHLQ�VXEVWUDWHV9HJHWDEOH� SURWHLQV� VXFK� DV� FRUQ� JOXWHQ� PHDO� �&*0�� DQG� VR\EHDQ� PHDO� �6%0�� DV� SURWHLQ�VXEVWUDWHV� ZHUH� WHVWHG�� � 7KHVH� VXEVWUDWHV�ZHUH� D� E\�SURGXFW� �VHH� &KDSWHU� ������� DQG� RI� ���



���+\GURO\VHV��
SURWHLQ� �Z�Z�� ZHUH� K\GURO\]HG� ZLWK� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV�� $OFDODVH� DQG�)ODYRXU]\PH���7KH�GRVDJHV�RI� WKH�HQ]\PHV�ZHUH����DQG������(�6��Z�Z���UHVSHFWLYHO\���7KH�FRQGLWLRQV�ZHUH�DW����&��LQLWLDO�S+���DQG���������USP�
7KH�HIIHFW�RI�GLIIHUHQW�SURWHLQV�RQ�WKH�K\GURO\VLV�RI�&*0�DQG�6%0�LV�VKRZQ�LQ�)LJXUH��������,W� DSSHDUV� WKDW� WKH� GLIIHUHQW� UDWHV� RI� LQLWLDO� UHDFWLRQ� RI� GLIIHUHQW� VXEVWUDWHV�ZHUH� GHILQHG� E\�RWKHU�IDFWRUV�VXFK�DV�WKH�WHUWLDU\�VWUXFWXUH�DQG�WKH�VROXELOLW\�RI�VXEVWUDWH�
,Q�FDVH�RI�6%0��D�VROXEOH�VXEVWUDWH��ZDV�PRVWO\�FRYHUHG�E\�FDWDO\]H�HQ]\PH���7KXV��WKH�LQLWLDO�UHDFWLRQ� UDWH�RI�6%0�ZDV�KLJKHU� WKDQ�&*0��DQ� LQVROXEOH�VXEVWUDWH�� �+RZHYHU�� WKH�SURJUHVV�FXUYH� RI� H[WHQVLYH� K\GURO\VLV� RI�&*0�DQG�6%0�REWDLQHG� ����DQG� ����'+�DIWHU� ��� K RI�K\GURO\VLV�� � 7KHVH� UHVXOWV� LQGLFDWH� WKDW� ODWHU� GXULQJ� WKH� K\GURO\VLV�PRVW� VXEVWUDWH� KDV� EHHQ�GHJUDGHG�DQG�KDV�ORVW�LWV�RULJLQDO�VWUXFWXUH���7KH�K\GURO\VLV�UDWH�FDQ�EH�UHODWHG�WR�WKH�FRQWHQW�RI�VXVFHSWLEOH�SHSWLGH�ERQGV�DQG�IUHH�DPLQR�DFLGV�
,W�ZDV�FOHDU� WKDW� HQ]\PDWLF�K\GURO\VLV�RI�&*0�ZLWK� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�JDYH�PRUH�DPRXQW�RI�DPLQR�DFLGV� WKDQ�XVLQJ�RQO\�HQGR� RU�H[RSHSWLGDVH��)LJXUH�������� �:KHUHDV��IRU�6%0�GLG�QRW�UHDFK�VLJQLILFDQWO\���'+�� �6%0�ZDV�SRVVLEO\�PL[HG�ZLWK�VRPH�VXEVWDQFH�WKDW�LQKLELW�HQ]\PH�DFWLYLW\�GXULQJ�K\GURO\VLV�
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&RUQ�JOXWHQ�PHDO >&*0@���$OFDODVH��������)ODYRXU]\PH�����)ODYRXU]\PH�����$OFDODVH
6R\EHDQ�PHDO >6%0@���$OFDODVH��������)ODYRXU]\PH�����)ODYRXU]\PH�����$OFDODVH

'+�>�
@

7LPH�>K@
)LJXUH����� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI�&*0�DQG�6%0�ZLWK� WKH� FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>���$OFDODVH�DQG������)ODYRXU]\PH@�EDVHG�RQ�ZHLJKW�SHUFHQW�SURWHLQ�



���+\GURO\VHV ��
2EYLRXVO\��WKH�DPLQR�DFLG�FRPSRVLWLRQ�SOD\V�WKH�SRWHQWLDO�SURWHLQ�VXEVWUDWH�RQ�WKH�K\GURO\VLV�SURFHVV�� � %DVHG� RQ� WKH� DPLQR� DFLG� FRPSRVLWLRQ� WKH� HVWLPDWLRQ� RI� WKH� WRWDO� SHSWLGH� ERQGV�FOHDYHG� �KWRW�� OHG� WR�FDOFXODWH� WUXO\�'+��� �1RUPDOO\�� WKH� OLPLWLQJ�DPLQR�DFLG� LQ�FHUHDOV�ZDV�O\VLQH��ZLWKRXW�H[FHSWLRQ�DQG�ODFN�RI�WU\SWRSKDQ�LQ�FRUQ���7KH�OLPLWLQJ�DPLQR�DFLG�LQ�VR\EHDQ�PHDO� ZDV�PHWKLRQLQH�� � )LJXUH� ���� FRPSDUHV� TXDOLWDWLYHO\� WKH� FRPSRVLWLRQ� RI� DPLQR� DFLGV�EHWZHHQ�&*0�DQG�6%0�DIWHU����K�K\GURO\VLV�� �,W�DSSHDUV�WKDW�&*0�JDYH�KLJKHU�DPRXQW�RI�DPLQR�DFLGV�WKDQ�6%0��H[FHSW�$VS�DQG�*OX���:KLOH��&*0�REWDLQHG�YHU\�KLJK�*OQ��$OD�DQG�/HX�EXW�7US�ZDV�YHU\�ORZ�LQ�ERWK�UDZ�PDWHULDOV�

$VS *OX $VQ 6HU *OQ +LV *O\ 7KU $UJ $OD 7\U 0HW 9DO 7US 3KH /OH /HX /\V���
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��� 6� ����SURWHLQ��Z�Z���7����&��LQLWLDO�S+����(�6� �������Z�Z��>���$OFDODVH��������)ODYRX]\PH@�

$PLQ
R�DFLG

V�>PP
ROHV�J

�SURWH
LQ@ &RUQ�JOXWHQ�PHDO6R\EHDQ�PHDO

)LJXUH����� $PLQR� DFLG� FRPSRVLWLRQV� RI� &*0� DQG� 6%0� ZHUH� K\GURO\]HG� ZLWK� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>���$OFDODVH�DQG������)ODYRXU]\PH@�IRU����K�
������� (IIHFW�RI�GLIIHUHQW�HQGRSHSWLGDVHV�RQ�&*0
7KH�LQIRUPDWLRQ�RQ�WKH�LQLWLDO�VFUHHQLQJ�RI�HQGRSHSWLGDVHV�DUH�VKRZQ�LQ�&KDSWHU�����8VLQJ�WKH�HQGRSHSWLGDVHV� VXFK� DV� $OFDODVH� ����� 1RYR� 3UR�'� DQG� 1RYR]\PH� )0�� ZHUH� REWDLQHG� WKH�KLJKHVW� DFWLYLW\� E\� HQGRSHSWLGDVH� DVVD\� PHWKRG� �VHH� &KDSWHU� �������� � 7KHLU� DFWLYLW\� ZHUH�SUHWW\�PXFK�WKH�VDPH�EXW� WKHLU�FRVW�ZHUH�GLIIHUHQW�� �7KHVH�HQ]\PHV�K\GURO\]HG�&*0�DW����SURWHLQ� �Z�Z�� LQ� WKH� K\GURO\VLV� SDUDPHWHUV� RI� �� /� EDWFK� UHDFWRU�� � 7KH� HQGRSHSWLGDVHV�PHQWLRQHG�ZHUH�DOZD\V�XVHG�LQ�SURWHLQ�K\GURO\VLV��EXW�RFFDVLRQDOO\�WKH�HQGRSHSWLGDVHV�ZHUH�FRPELQHG�ZLWK�H[RSHSWLGDVHV�LQ�RUGHU�WR�DFKLHYH�D�PRUH�WKRURXJK�GHJUDGDWLRQ��:DUG��������



���+\GURO\VHV��
,Q� WKLV� ZRUN�� WKH� GLIIHUHQW� HQGRSHSWLGDVHV� ZHUH XVHG� LQ� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV�ZKLFK�K\GURO\]HG�&*0�� �:KLOH��)ODYRXU]\PH�ZDV�XVHG�D�IL[HG�H[RSHSWLGDVH�� �7KH�HQ]\PH�GRVDJH�RI�������Z�Z��>���HQGRSHSWLGDVH�DQG������H[RSHSWLGDVH@�ZDV�XVHG�
5HDFWLRQ�SURJUHVV�FXUYH�RI� WKH�K\GURO\VLV�ZLWK�GLIIHUHQW�HQGRSHSWLGDVHV� LQ� WKH�FRPELQDWLRQV�RI�ERWK�HQ]\PHV�DUH� LOOXVWUDWHG� LQ� )LJXUH������� �7KH�ZKROH� LQLWLDO�YHORFLW\�ZHUH� OLQHDUO\�EXW�SURJUHVV�FXUYH�RI� WKH�K\GURO\VLV�GHFOLQHG�� �7KHUH�FRXOG�EH�VHYHUDO�UHDVRQV�IRU� WKLV�EHKDYLRU���)LUVW�� VHYHUH� SURGXFWV� LQKLELWRU� PD\� RFFXU�� � 7KH� FRQFHQWUDWLRQ� RI� SURGXFW� IRUPHG� E\� WKH�UHDFWLRQ�ZDV� WRR�KLJK� WR� IRUP�D� WHUQDU\�(63�FRPSOH[��ZKLFK�XQGHUJRHV�FDWDO\VLV�DW�D� ORZHU�UDWH� WKDQ�WKH�ELQDU\�(6�FRPSOH[��&RSHODQG��������� �+HQFH��DW�HDUO\�WLPH�WKH�UDWH�RI�SURGXFW�IRUPDWLRQ�FRUUHVSRQGHG�WR�WKH�XQLQKLELWHG�YHORFLW\�RI�WKH�HQ]\PDWLF�UHDFWLRQ��EXW�DIWHU���K�WKH�YHORFLW\�FKDQJHV�WR�WKDW�UHIOHFWLYH�RI�WKH�(63�FRPSOH[���$� VHFRQG FDXVH�RI�EXUVW�NLQHWLF�LV�D�WLPH� GHSHQGHQW� FRQIRUPDWLRQDO� FKDQJH� RI� HQ]\PH� VWUXFWXUH� FDXVHG� E\� VXEVWUDWH� ELQGLQJ��+DUGZLFN�DQG�*ODW]��������� �+HUHLQ�� WKH�HQ]\PHV�ZHUH�SUHVHQW� LQ�D�KLJKO\�DFWLYH� IRUP�EXW�FRQYHUWHG� WR� D� OHVV� DFWLYH� FRQIRUPDWLRQ� XSRQ� IRUPDWLRQ� RI� WKH� (6� FRPSOH[�� � 7KLUG�� WKH�RYHUDOO� UHDFWLRQ� UDWH�PD\�EH� OLPLWHG�E\� D� VORZ� UHOHDVH�RI� WKH�SURGXFW� IURP� WKH�(3�FRPSOH[��5HHG�� ������� � 7KH� ILQDO�� DQG� SHUKDSV� WKH� PRVW� FRPPRQ�� FDXVH� ZDV� UDSLG� UHDFWLRQ� RI� WKH�HQ]\PH�ZLWK�VXEVWUDWH� WR�IRUP�D�FRYDOHQW� LQWHUPHGLDWH��ZKLFK�XQGHUJRHV�VORZHU�VWHDG\�VWDWH�GHFRPSRVLWLRQ�WR�SURGXFWV��OLNH�WKH�VHULQH�SURWHDVH�LV�DQ�IRU�H[DPSOH��&RSHODQG��������
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7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��HQGR��DQG�H[RSHSWLGDVH����$OFDODVH���/���������)ODYRXU]\PH����/���1RYR�3UR�'�� �������)ODYRXU]\PH����/���1RYR]\PH)0��������)ODYRXU]\PH����/

'+�>
�@

7LPH�>K@
)LJXUH����� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI� &*0� ZLWK� GLIIHUHQW� HQGRSHSWLGDVHV� RI� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>���HQGRSHSWLGDVH�DQG������H[RSHSWLGDVH@�



���+\GURO\VHV ��
$OFDODVH� ����� 1RYR� 3UR�'� DQG� 1RYR]\PH� )0� EHORQJ� WR� VHULQH� SURWHDVH� JURXSV�� � 7KHVH�REWDLQHG� ���� ��� DQG� ���� '+�� UHVSHFWLYHO\� DIWHU� ��� K� K\GURO\VLV� �)LJXUH� ������� � 7KH�FRPSDULVRQ� RI� WKH� SULFH� ZLWK� DFWLYLW\� RI� HQ]\PHV LQGLFDWHV� WKDW $OFDODVH� KDV� WKH� KLJKHVW�DFWLYLW\�ZLWK�LWV�SULFH�LV�FKHDSHU�WKDQ�1RYR�3UR�'�DURXQG���¼�NJ��VHH�&KDSWHU��������$OFDODVH��KRZHYHU�� LV� PRUH� H[SHQVLYH� WKDQ� 1RYR]\PH� )0� DURXQG� �� ¼�NJ� IRU� GHPDQG� YHU\� ODUJH�YROXPH���,Q�DGGLWLRQ��WKH�FRPSRVLWLRQ�RI�DPLQR�DFLGV�WKDW�ZHUH�REWDLQHG�E\�K\GURO\]LQJ�ZLWK�GLIIHUHQW�HQGRSHSWLGDVHV�ZHUH�RI�WKH�VDPH�TXDOLW\���%DVHG�RQ�WKHVH�VWXGLHV��$OFDODVH����/�ZDV�VHOHFWHG� EHFDXVH� LW� SRVVHVVHG� WKH� EHVW� FRPELQDWLRQ� RI� KLJK� DFWLYLW\�� VWDELOLW\� DQG� FRVW�HIIHFWLYH�
������� (IIHFW�RI�GLIIHUHQW�H[RSHSWLGDVHV�RQ�&*07KH� H[RSHSWLGDVH� RI� LQWHUHVW�� )ODYRXU]\PH� ZDV� RIWHQ� XVHG� LQ� WKH� ODERUDWRU\� WR� DFKLHYH�WKRURXJK�K\GURO\VLV�RI�SURWHLQ�EXW� LW� LV� WRR�FRVWO\�IRU� LQGXVWULDO�XVH�� � ,Q� WKLV�FDVH�� WKH�VHDUFK�IRU�FKHDSHU�H[RSHSWLGDVHV�ZDV�QHFHVVDU\�� � ,W� VKRXOG�EH�XVHIXO� IRU�YDULRXV� UDZ�PDWHULDOV�DQG�PXVW�EH�FRVW�HIIHFWLYH�IRU�DSSOLFDWLRQ�LQ�DQ�LQGXVWULDO�VFDOH�
7KH� GLIIHUHQW� H[RSHSWLGDVHV� VXFK� DV� )ODYRXU]\PH�� .RML]\PH� DQG� &RURODVH� /$3� ZHUH� DOO�HQGR�DQG� H[RSHSWLGDVH� FRPSOH[HV� �DPLQRSHSWLGDVH� DQG� FDUER[\SHSWLGDVH��� � &*0� ZDV�K\GURO\]HG� ZLWK� WKH� FRPELQDWLRQ� RI� WKHVH� H[RSHSWLGDVHV� DQG� $OFDODVH� ZKLFK� ZDV� XVHG� DV�IL[HG� HQGRSHSWLGDVH�� �$� W\SLFDO� GRVDJH� RI� WKH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV�ZDV� �����(�6��Z�Z��>���$OFDODVH�DQG������H[RSHSWLGDVH��Z�Z�@���7KHVH�UHDFWLRQV�ZHUH�GHWHUPLQHG�DW�WKHLU�RSWLPXP�S+�DQG�WHPSHUDWXUH�RI�HDFK�HQ]\PH��VHH�&KDSWHU������
)LJXUH� ���� VKRZV� WKH� SURJUHVV� FXUYH� RI� K\GURO\VLV� IRU� )ODYRXU]\PH� LQ� WKH� FRPELQDWLRQ� RI�ERWK�HQ]\PHV��ZKLFK�UHVXOWHG�LQ� WKH�KLJKHVW�RI�K\GURO\VLV�UDWH�EXW� LWV�SULFH�ZDV�FRVWO\�������¼�NJ� IRU� ODUJH� YROXPH� �VHH� &KDSWHU� ������ �:KLOH� WKH� HFRQRPLF� SULFH� RI�&RURODVH� /$3�ZDV�������¼�NJ�EXW�REWDLQHG�WKH�ORZHVW�K\GURO\VLV�UDWH��DOWKRXJK�LWV�GRVDJH�ZDV�LQFUHDVHG�WR����(�6��Z�Z��LQ�WKH�UHDFWLRQ�PL[WXUH���&RURODVH�/$3�VKRXOG�QRW�EH�FRQVLGHUHG�LQ�WKH�K\GURO\VLV�SURFHVV���,W�LV�QRW�ZRUWK\�WR�SURGXFH�DPLQR�DFLGV�E\�XVLQJ�&RURODVH�/$3��VHH�FKDSWHU����
$OWHUQDWLYHO\�� WKH� K\GURO\VLV� UHDFWLRQ� RI� .RML]\PH� ZDV� KLJKHU� WKDQ� &RURODVH� /$3� EXW� VWLOO�ORZHU� WKDQ� )ODYRU]\PH� DURXQG� ���� '+ DIWHU� �� K� K\GURO\VLV�� � .RML]\PH�� KRZHYHU� LV� ORZ�SULFHG�DW�������¼�NJ���,W�DSSHDUV�WKDW�.RML]\PH�LV�PRUH�FRVW�HIIHFWLYH�WKDQ�)ODYRXU]\PH��VHH�&KDSWHU������7KXV��.RML]\PH�FDQ�EH�XVHG�ZKHQ�)ODYRXU]\PH�LV�OLPLWHG�
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7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>HQGR�DQG�H[RSHSWLGDVH@���$OFDODVH���/��������)ODYRXU]\PH����/���$OFDODVH���/��������.RML]\PH���0*���$OFDODVH���/��������&RURODVH�/$3���$OFDODVH���/��������&RURODVH�/$3

'+�>�
@

7LPH�>K@
)LJXUH����� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI� FRUQ� JOXWHQ� PHDO� �&*0�� ZLWK� GLIIHUHQW�FRPELQDWLRQ�RI�H[RSHSWLGDVHV�����$OFDODVH����/�DQG������H[RSHSWLGDVH��
������� (IIHFW�RI�GLIIHUHQW�HQGR�H[RSHSWLGDVHV�RQ�6%06%0�REWDLQHG�'+��ORZHU�WKDQ�&*0��VHH����������$OWHUQDWLYHO\��WKH�HQ]\PDWLF�K\GURO\VLV�RI�6%0�VKRXOG�EH�GHWHUPLQHG���$QRWKHU�LQWHUHVWLQJ�HQ]\PH�VKRXOG�EH�IRXQG�IRU�WKH�SURGXFWLRQ�RI�DPLQR�DFLGV�E\�K\GURO\]LQJ�6%0�
([SHULPHQWDOO\��6%0�DW����SURWHLQ��Z�Z��ZDV�K\GURO\]HG�ZLWK�WKH�GLIIHUHQW�FRPELQDWLRQ�RI�HQ]\PHV�������(�6��SURSRUWLRQDO�WR����HQGRSHSWLGDVH�DQG������H[RSHSWLGDVH����7KH�GLIIHUHQW�HQGRSHSWLGDVHV� ZHUH� $OFDODVH� ���� DQG� 1RYR�3UR�'� DQG� WKH� GLIIHUHQW� H[RSHSWLGDVHV� ZHUH�)ODYRXU]\PH�DQG�.RML]\PH���7KHVH�HQ]\PHV�ZHUH�FRPELQHG�WR�GHWHUPLQH�6%0�
)LJXUH����� VKRZV�WKH�SURJUHVV�FXUYH�RI�K\GURO\VLV�RI�6%0���7KH�FXUYH�LV�VLPLODU�LQ�VKDSH�ZLWK�&*0�XVLQJ� WKH� VDPH� W\SLFDO� HQ]\PHV�EXW� WKH� UHDFWLRQ� UDWH�ZDV� ORZHU� DURXQG��������'+�DW�WKH�RYHUDOO�UHDFWLRQ���6XEVWUDWH�OLPLWDWLRQ�PLJKW�EH�WKH�UHDVRQ�IRU�WKLV���7KH�FRQFOXVLRQ�ZKLFK� FDQ� EH� GUDZQ� IURP� WKH� DERYH� H[SHULPHQW� ZDV� WKDW� &*0� VKRXOG� EH� WKH� VHOHFWHG�VXEVWUDWH�IRU�K\GURO\VLV�ZLWK�$OFDODVH�DQG�)ODYRXU]\PH�ZLWK�FRQVLGHUDWLRQ�IRU�FRQFHUQLQJ�WKH�DPLQR� DFLGV� FRPSRVLWLRQV� DQG� LWV� VWDWH� RI� GHJUDGDWLRQ�� � 8QIRUWXQDWHO\�� 6%0� ZDV� QRW� D�SRVVLEOH�VXEVWUDWH�LQ�WKH�SURGXFWLRQ�RI�DPLQR�DFLGV�HYHQ�LW�ZDV�DQ�HQRUPRXV�SURWHLQ�VRXUFHV�DV�ZHOO�DV�UHJLRQ�DYDLODELOLW\�
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7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>HQGR��DQG�H[RSHSWLGDVH@���$OFDODVH���/��������)ODYRXU]\PH�����/���1RYR�3UR�'����������)ODYRXU]\PH�����/���$OFDODVH���/��������.RML]\PH����0*

'+�>�
@

7LPH�>K@
)LJXUH����� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI� VR\EHDQ� PHDO� �6%0�� ZLWK� GLIIHUHQW�HQGRSHSWLGDVHV�DQG�H[RSHSWLGDVHV�����HQGRSHSWLGDHV�DQG������H[RSHSWLGDVH��
������� (IIHFW�RI�SUHWUHDWPHQW�RQ�&*0
7KH� SURWHLQ� VXEVWUDWH� VKRXOG� EH� LQ� D� SK\VLFDO� IRUP� ZKLFK� PDNHV� LW� DFFHVVLEOH� IRU� HQ]\PH�GHJUDGDWLRQ���5HILQHG�DQG�SURFHVVHG�YHJHWDEOH�SURWHLQV��VXFK�DV�VR\EHDQ�PHDO�DQG�FRUQ�JOXWHQ�PHDO� DUH� DOUHDG\� LQ� VXFK� D� IRUP� �VHH�&KDSWHU� ������ �+HDW� WUHDWPHQW� RI� WKH� SURWHLQ� VXEVWUDWH�SULRU� WR� K\GURO\VLV�ZLOO� GHQDWXUH� WKH� QDWLYH� JOREXODU SURWHLQ��PDNLQJ� LW�PRUH� DFFHVVLEOH� IRU�HQ]\PH�GHJUDGDWLRQ�� DQG� KHOS� WR� SUHYHQW�PLFURELRORJLFDO� VSRLODJH� GXULQJ� K\GURO\VLV��ZKLFK�H[WHQG� WR�PDQ\� KRXUV�� � )RU� WKLV� UHDVRQ�� SUHWUHDWPHQW� RI� &*0�ZDV� GHWHUPLQHG� EHFDXVH� LWV�VROXELOLW\� LV� OHVV� WKDQ�6%0�� �7KH� UHDFWLRQ�PL[WXUH�RI�&*0�ZDV� DGMXVWHG� WR�S+���DQG� WKHQ�KHDWHG�WR����&�IRU���K�SULRU�WR�K\GURO\VLV�
,W� ZDV� FOHDU� WKDW�$OFDODVH� SOXV� )ODYRXU]\PH� DSSDUHQWO\� FDQQRW� FRPSOHWHO\� K\GURO\]H� &*0�SURWHLQV�� �$V�SUHWUHDWPHQW�RI�&*0�LPSURYHG�K\GURO\VLV�UDWH��ZKLFK�REWDLQHG�K\GURO\VLV�UDWH�KLJKHU� WKDQ� QRQ�SUHWUHDWPHQW� DURXQG� ��� '+� DIWHU� ��� K� K\GURO\VLV� �)LJXUH� ������� � 7KLV�SUHWUHDWPHQW� DIIHFWHG� DOVR� WKH� RWKHU� HQ]\PHV� VXFK� 1RYR� 3UR�'� SOXV� )ODYRXU]\PH�� ZKLFK�REWDLQHG�DURXQG����'+�LQFUHDVLQJO\�
7KH�HIIHFW�RI�SUH�GHQDWXUDWLRQ�RQ�K\GURO\VLV�RI�QDWLYH�JOREXODU�SURWHLQV�ZDV�GHULYHG�XVLQJ�RQH�E\�RQH�YHUVXV�]LSSHU�UHDFWLRQ�PRGHOV��VHH����������� �,I�WKH�K\GURO\VLV�ZHUH�QRW�RI�WKH�RQH�E\�



���+\GURO\VHV��
RQH� W\SH�� ODUJH� SHSWLGHV� ZRXOG� DOVR� EH� SUHVHQW�� DQG� FRQVHTXHQWO\� WKH� \LHOGV� DQG� IOX[HV�REWDLQHG�ZRXOG�EH�ORZHU��$GOHU�1LVVHQ��������
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7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>HQGR��DQG�H[RSHSWLGDVH@���$OFDODVH���/������)ODYRXU]\PH��QRQ����$OFDODVH���/������)ODYRXU]\PH��SUHWUHDWPHQW����1RYR�3UR�'�������)ODYRXU]\PH��QRQ����1RYR�3UR�'�������)ODYRXU]\PH��SUHWUHDWPHQW�

'+�>�
@

7LPH�>K@
)LJXUH����� (IIHFW� RI� SUHWUHDWPHQW� RQ� FRUQ� JOXWHQ� PHDO� �&*0�� SULRU� K\GURO\VLV� ZLWK�GLIIHUHQW�FRPELQDWLRQ�RI�HQ]\PHV�����HQGRSHSWLGDVH�DQG������H[RSHSWLGDVH��
������� (IIHFW�RI�HQ]\PH�JUDGHV�RQ�&*0(Q]\PDWLF� K\G0DQ\� HQ]\PHV� ZHUH� PDQXIDFWXUHG� LQ� GLIIHUHQW� SXULW\� JUDGHV� DQG� WKLV� ZDV�UHIOHFWHG� LQ� WKHLU� FRVW�� � ,Q�JHQHUDO�� WKHUH�DUH� IRXU�HQ]\PH�JUDGHV��DQDO\WLFDO��SKDUPDFHXWLFDO��IRRG��DQG�WHFKQLFDO��86�)RRG�DQG�'UXJ��������
7KH�SURWHDVHV�LQ�WKLV�ZRUN�ZHUH�VXSSOLHG�E\�1RYR�1RUGLVN���7KH�WHFKQLFDO�JUDGH�HQ]\PH�ZDV�PDUNHWHG� FKHDSHU� WKDQ� WKH� IRRG� JUDGH� HQ]\PH� DURXQG� ����� ¼�NJ� IRU�$OFDODVH� �VHH� &KDSWHU������� �7KH�GLIIHUHQW� HQGRSHSWLGDVHV�EHWZHHQ� IRRG�JUDGH� DQG� WHFKQLFDO� JUDGH�ZHUH�FRPELQHG�ZLWK� D� IL[HG� H[RSHSWLGDVH� DV� )ODYRXU]\PH� �IRRG� JUDGH��� � 7KH� HQ]\PH� GRVDJH� RI� WKLV�FRPELQDWLRQ� ZDV� ����� (�6� �Z�Z�� >��� HQGRSHSWLGDVH� DQG� ����� )ODYRXU]\PH@� ZKLFK�K\GURO\]HG�&*0�DW����SURWHLQ��Z�Z��
)LJXUH� ���� VKRZV� WKDW� WKH�FRPELQDWLRQ�RI�HQ]\PH� IRU� IRRG�JUDGH�REWDLQHG�K\GURO\VLV� UDWH�KLJKHU�WKDQ�WHFKQLFDO�JUDGH�DURXQG�����'+�DIWHU����K�RI�K\GURO\VLV���)RRG�JUDGH�HQ]\PH�LV�D�FUXGH�HQ]\PH��ZKLFK�PD\�KDYH�VXEVWDQFHV�ZKLFK�DUH�HLWKHU�VXLWDEOH�DFWLYDWRUV�ZLWKLQ�RU�DQG�D�WROHUDQFH�RI�WKH�LQJUHGLHQW�LQ�VXEVWUDWH�UDZ�PDWHULDOV�



���+\GURO\VHV ��
,Q� DGGLWLRQ�� IRRG� JUDGH� HQ]\PHV� UHTXLUH� D� FRQVLGHUDEOH� ILQDQFLDO� LQYHVWPHQW� LQ� WHUPV� RI�WR[LFRORJLFDO�WHVWLQJ���7KDW�ZK\�WKHLU�FRVW�DUH�KLJKHU�WKDQ�WHFKQLFDO�JUDGH�LQ�WKH�VDPH�HQ]\PHV�HYHQ�ORZHU�SXULW\���+RZHYHU��WKH�ODZ�UHTXLUHV�WKDW�IRRG�JUDGH�HQ]\PHV�PXVW�EH�XVHG�IRU�IRRG�DSSOLFDWLRQV�DQG�VKRXOG�EH�XVHG�IRU�IHHG�DSSOLFDWLRQV��QR�PDWWHU�ZKDW�WKH�SURFHVV�DUH�OLNH��VHH�&KDSWHU��������
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7HFKQLFDO�JUDGH�HQ]\PH
)RRG�JUDGH�HQ]\PH

6� ����SURWHLQ��Z�Z���(�6� �������Z�Z���7����&��LQLWLDO�S+����

7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>HQGR��DQG�H[RSHSWLGDVH@���(VSHUDVH���/��� �����)ODYRXU]\PH����/���$OFDOVH���/��� ��������)ODYRXU]\PH����/���6DYLQDVH��� �� �����)ODYRXU]\PH����/���$OFDODVH���/����������)ODYRXU]\PH����/

'+�>�
@

7LPH�>K@
)LJXUH����� (IIHFW�RI� IRRG�JUDGH�HQ]\PH�DQG�WHFKQLFDO�JUDGH�HQ]\PHV�RQ�FRUQ�JOXWHQ�PHDO��&*0��ZLWK�GLIIHUHQW�FRPELQDWLRQ�RI�HQ]\PHV�����HQGRSHSWLGDVH�SOXV������H[RSHSWLGDVH��
����� 6XPPDU\
,Q� DSSOLHG� HP]\PRORJ\�� LW� LV� QRW� WRR� FRQFHUQHG� ZLWK� WKH� PHFKDQLVP� RI� WKH� HIIHFWV� EXW�H[SUHVVHG� LQ� D� TXDQWLWDWLYH� DQG� SUDFWLFDOO\� PHDQLQJIXO� ZD\�� � 'DWD� DUH� XVXDOO\� H[SUHVVHG�JUDSKLFDOO\� LQ� WKH� IRUP�RI�PD[LPXP� UHDFWLRQ� UDWH� DV� D� IXQFWLRQ� RI� WKH�YDULDEOH�� LQ�RUGHU� WR�LQWHUSUHW� WKH� RSWLPD� YDOXHV� HDVLO\�� � .LQHWLF� FRQVLGHUDWLRQV� ZHUH� DSSOLHG� IRU� D� TXDOLWDWLYH�GHVFULSWLRQ�RI�FXUYH�VKDSH�DQG�WKH�FRPSRVLWLRQ�RI�WKH�UHVXOWLQJ�DPLQR�DFLGV�DQG�D�TXDQWLWDWLYH�DVVHVVPHQW�RI� WKH� HIIHFW� RI� FKDQJLQJ� WKH�K\GURO\VLV� FRQGLWLRQV�� IRU� H[DPSOH�� WHPSHUDWXUH�RU�HQ]\PH FRQFHQWUDWLRQ�
$W�YHU\� ORZ�VXEVWUDWH�FRQFHQWUDWLRQV�� WKH� Y YHUVXV� >6@�FXUYH� LV�HVVHQWLDOO\� OLQHDU�� WKDW� LV�� WKH�YHORFLW\� �IRU� DOO� SUDFWLFDO� SXUSRVHV�� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� VXEVWUDWH� FRQFHQWUDWLRQ���7KLV�LV�WKH�UHJLRQ�RI�ILUVW�RUGHU�NLQHWLFV���$W YHU\�KLJK�VXEVWUDWH�FRQFHQWUDWLRQV��WKH�YHORFLW\�LV�



���+\GURO\VHV��
HVVHQWLDOO\� LQGHSHQGHQW� RI� WKH� VXEVWUDWH� FRQFHQWUDWLRQ�� � 7KLV� LV� WKH� UHJLRQ� RI� ]HUR�RUGHU�NLQHWLFV�� � 7KH� VKDSH� RI� UHDFWLRQ� FXUYH� RIWHQ� IROORZHG� WKH� LQWHJUDWHG� 0LFKDHOLV�0HQWHQ�HTXDWLRQ�� � 7KH� HIIHFW� RI� SUH�GHQDWXUDWLRQ� SULRU� WR� WKH� K\GURO\VLV� UHDFWLRQ� ZDV� DOVR� GHULYHG�XVLQJ� RQH� E\� RQH� YHUVXV� ]LSSHU� PRGHOV�� � 2QH� E\� RQH� W\SH� LV� VORZ� LQLWLDO� VWHSV� EXW� UDSLG�GHFRPSRVLWLRQ� RI� SULPDU\� SURGXFWV�� � =LSSHU� W\SH� PRGHOV� LV� UDSLG� LQLWLDO� VWHSV� EXW� VORZHU�GHFRPSRVLWLRQ� RI� SULPDU\� DQG� VHFRQGDU\� SURGXFWV�� � 7KURXJKRXW� WKH� SURJUHVV� FXUYH�� WKH�YHORFLW\� ZDV� FKDQJLQJ� DV� WKH� VXEVWUDWH� FRQFHQWUDWLRQ� DYDLODEOH� WR� WKH� HQ]\PH� FRQWLQXHV� WR�GLPLQLVK�� �7KH�FRVW�HIIHFWV�RI�DQ�HQ]\PH�FDWDO\]HG�SURFHVV�ZDV�DFKLHYHG�E\�RYHUDOO�FKHDSHU�SURFHVVLQJ��ZLWK�D�KLJKHU�SURGXFW�\LHOG�
7KH�SURWHLQ�K\GURO\VLV�UDWH�ZHUH�FDUULHG�RXW�XVLQJ�LQ�D�����/�UHDFWRU�DQG�ZHUH�UHSURGXFHG�LQ�D��� /� EDWFK� UHDFWRU�� � 7KH� K\GURO\VLV� UHDFWLRQ� RI� D�ZHOO�VWLUUHG� UHDFWRU�ZDV� VFDOH� LQGHSHQGHQW�EHKDYLRU���7KH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV�>$OFDODVH�DQG�)ODYRXU]\PH@�ZDV�VHOHFWHG�IRU�XVH�LQ� WKH�K\GURO\VLV�SURFHVV�� �7KH�YHORFLWLHV�ZHUH�PHDVXUHG�DV� WKH�VORSHV�RI� WKH�SORWV�RI�DPLQR�DFLG� FRQFHQWUDWLRQV� >3@�YHUVXV� WLPH�� �7KH�]HUR�DQG� ILUVW�RUGHU�NLQHWLFV� VXJJHVWHG� WKDW� DPLQR�DFLGV� FRQFHQWUDWLRQ� ZHUH� WLPH� GHSHQGHQW�� � 7KH� NLQHWLFV� ZHUH� GHWHUPLQHG� E\� VXEVWUDWH�VDWXUDWLRQ�DW����SURWHLQ�IRU�&*0�DQG�����IRU�6%0�LQWR�WKH�UHDFWLRQ�PL[WXUH���7KHUHE\��WKH�FRQYHUVLRQ�UDWH�H[SUHVVHG�WKH�LQFUHDVH�DPLQR�DFLGV�SHU�XQLW�RI� WLPH�WKDW�ZDV�SURSRUWLRQDO�WR�WKH�PDVV�UDWLR�RI�HQ]\PH�WR�VXEVWUDWH���,Q�DGGLWLRQ��WKLV�UDWLR�DOVR�IRUPV�WKH�EDVLV�IRU�DVVHVVLQJ�WKH� FRQWULEXWLRQ� WR� WKH� YDULDEOH� FRVW� IURP� XVLQJ� WKH� HQ]\PH�� � +RZHYHU�� WKH� HQ]\PH�FRQFHQWUDWLRQV� DURXQG� ���������(�6� �Z�Z�� >���������$OFDODVH� DQG� ��������� )ODYRXU]\PH@�ZHUH�UHFRPPHQGHG�WR�XVH�LQ�WKH�K\GURO\VLV�SURFHVV�
7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�UHDFWLRQ�UDWH�DQG�RYHUDOO�SURGXFW�\LHOG�RI�DQ�HQ]\PH�UHDFWLRQ�FDQ� EH� GXH� WR� VHYHUDO� IDFWRUV�� IRU� H[DPSOH�� QDWXUDO� SURWHLQV�� E\�SURGXFW� LQKLELWLRQ� DQG�FKHPLFDO� ODELOLW\�� � 7KH� LQLWLDO� YHORFLW\� RI� K\GURO\VLV� FXUYHV� ZHUH� OLQHDU� EXW� SURJUHVV� FXUYH�GHFOLQH�� �+HQFH��DW� HDUO\� WLPH� WKH� UDWH�RI�SURGXFW� IRUPDWLRQ�FRUUHVSRQGHG� WR� WKH�XQLQKLELWHG�YHORFLW\�RI�WKH�HQ]\PDWLF�UHDFWLRQ��EXW�DIWHU���K�WKH�YHORFLW\�FKDQJHG�WR�WKDW�UHIOHFWLYH�RI�WKH�(63�FRPSOH[��ZKLFK�XQGHUJRHV�FDWDO\VLV�DW�D�ORZHU�UDWH�WKDQ�WKH�ELQDU\�(6�FRPSOH[�
7KH�IXQFWLRQ�RI�WKH�VWDWXWRU\�VSHFLILFDWLRQV�RI�HQ]\PH�SXULW\�WR�HQVXUH�WKDW�WKH�FRUUHFW�JUDGH�PXVW�EH�XVHG�IRU�WKH�FRUUHFW�SXUSRVH�



���([WUHPR]\PHV ��
� ([WUHPR]\PHV
��� ,QWURGXFWLRQ
7KH�PDMRULW\�RI�HQ]\PHV�XVHG� WR�GDWH�KDYH�EHHQ�REWDLQHG�IURP�PHVRSKLOLF�RUJDQLVPV�� �7KH�DSSOLFDWLRQ� RI� WKHVH� HQ]\PH� LV� UHVWULFWHG� EHFDXVH� RI� WKHLU� OLPLWHG� VWDELOLW\� WR� H[WUHPHV� RI�WHPSHUDWXUH��S+��LRQLF�VWUHQJWK��HWF���([WUHPRSKLOHV�DUH�D�VRXUFH�RI�HQ]\PHV��H[WUHPR]\PHV��ZLWK� H[WUHPH� VWDELOLW\�� DQG� WKH� DSSOLFDWLRQ� RI� WKHVH� HQ]\PHV� DV� ELRFDWDO\VWV� LV� DWWUDFWLYH�EHFDXVH�WKH\�DUH�VWDEOH�DQG�DFWLYH�XQGHU�H[WUHPH�FRQGLWLRQV�WKDW�ZHUH�UHJDUGHG���)XUWKHUPRUH��LW� LV� FOHDU� WKDW� VRPH� H[WUHPRSKLOHV� KDYH� QRYHO�PHWDEROLF� SDWKZD\� DQG� VR�PLJKW� VHUYH� DV� D�VRXUFH�RI�HQ]\PHV�ZLWK�QRYHO�DFWLYLWLHV�DQG�DSSOLFDWLRQV��+RXJK��������
8S�WR�QRZ��WKHUPRVWDEOH�SRO\PHU�GHJUDGLQJ�FHOOXODVHV��[\ODQDVHV��DP\ODVHV�DQG�SURWHDVHV�DV�ZHOO�DV�VXJDU�FRQYHUWLQJ�LVRPHUDVHV�DUH�JRRG�H[DPSOHV�RI�HQ]\PHV�WKDW�HLWKHU�KDYH�SRWHQWLDO�RU� DOUHDG\� IRXQG� WKHLU� DSSOLFDWLRQ� LQ� LQGXVWU\� �.UDKH� HW� DW��� ������� � ([WUHPR]\PH� FDQ�SRWHQWLDOO\� HOLPLQDWH� WKH� QHHG� IRU� ZRUNLQJ� RQ� H[WUHPH� FRQGLWLRQV�� WKHUHE\� LQFUHDVLQJ�HIILFLHQF\�DQG�UHGXFLQJ�FRVWV���+RZHYHU��WKH�GLYHUVLW\�RI�RUJDQLVPV�LQ�H[WUHPH�HQYLURQPHQWV�LV� IDU� JUHDWHU� WKDQ�ZDV� LQLWLDOO\� VXVSHFWHG�� � $V� WKH� HQ]\PHV�� WUDQVIRUPLQJ� D� QHZO\� LVRODWHG�H[WUHPR]\PH�LQWR�DQ�DYDLODEOH�SURGXFW�IRU�LQGXVWU\�QHHGV�VHYHUDO�\HDUV��0DGLJDQ�DQG�0DUUV��������
,Q� WKLV� ZRUN�� H[WUHPR]\PHV� IURP� JHQHWLF� HQJLQHHULQJ� DQG� WKH� LVRODWHG� VWUDLQ� ZHUH�FKDUDFWHUL]HG� E\� K\GURO\]LQJ� FRUQ� JOXWHQ� PHDO� �&*0��� � 2I� HTXDO� LPSRUWDQFH�� HQ]\PH�HQJLQHHULQJ� DQG� GLUHFWHG� HYROXWLRQ� SURYLGH� DSSURDFKHV� WR� LPSURYH� HQ]\PH� VWDELOLW\� DQG�DOWHUHG�VSHFLILFLW\�
��� ([WUHPRSKOLHV
([WUHPRSKLOHV DUH�RUJDQLVPV� WKDW� UHTXLUH�H[WUHPH�HQYLURQPHQWV� IRU�JURZWK�� �([WUHPRSKLOHV�DUH� WKHUHIRUH� RUJDQLVPV� WKDW� DUH� �IRQG� RI�� RU� �ORYH�� ��SKLOH�� H[WUHPH� HQYLURQPHQWV��&DYLFFKLROL�� ������ LQFOXGLQJ� KLJK� WHPSHUDWXUH� �WKHUPRSKLOHV��� S+�� SUHVVXUH� DQG� VDOW�FRQFHQWUDWLRQ�� RU� ORZ� WHPSHUDWXUH�� S+�� QXWULHQW� FRQFHQWUDWLRQ�� RU� ZDWHU� DYDLODELOLW\�� � ,Q�DGGLWLRQ�� H[WUHPRSKLOHV� PD\� EH� IRXQG� LQ� HQYLURQPHQWV� ZLWK� D� FRPELQDWLRQ� RI� H[WUHPH�FRQGLWLRQV�VXFK�DV�KLJK�WHPSHUDWXUH�DQG�KLJK�DFLGLW\�RU�KLJK�SUHVVXUH�DQG�ORZ�WHPSHUDWXUH�
7KH�PDMRULW\�RI�H[WUHPRSKLOHV�LGHQWLILHG�WR�GDWH�DUH�PHPEHUV�RI�WKH�$UFKDHD��:RHVH��HW�DO���������� �$OWKRXJK��PHVRSKLOLF�$UFKDHD�KDYH�EHHQ�LGHQWLILHG�� WKH�PDMRULW\�RI�DUFKDHDO�VSHFLHV�KDYH� EHHQ� GHWHFWHG� LQ� H[WUHPH� HQYLURQPHQWV�� � ([WUHPRSKLOOLF� EDFWHULD� KDYH� DOVR� EHHQ�



���([WUHPR]\PHV��LGHQWLILHG�� DQG� LW� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH\� DUH� DPRQJ� WKH�PRVW� SULPLWLYH� EDFWHULD�� DV�VXJJHVWHG�E\�WKHLU�ORFDWLRQ�FORVH�WR�WKH�URRW�RI�WKH�XQLYHUVDO�SK\ORJHQHWLF�WUHH��)LJXUH������
0LFURVSRULGLD $QLPDOV 3ODQWV (XJOHQD)XQJL&LOLDWHV6OLPH�PRXOGV 'LSORPRQDGV�/DPELOD�

(XNDU\D

7KHUPRWRJD

*UHHQ�QRQVXOSKXUEDFWHULD��FKORUIOH[XV�
*UDP�SRVLWLYHV

3XUSOH�EDFWHULD&\DQREDFWHULD)ODYREDFWHULD

*UHHQ�VXOSKXUEDFWHULD
$TXLIH[

%DFWHULD 'HVXOIXUR
3\UR

6XOIROREXV
7KHUPRILOXP7KHUPRSURWHXV7KHUPRFRFFXV0HWKDQRWKHUPXV0HWKDQREDFWHULXP$UFKDHRJOREXV+DORFRFFXV+DOREDFWHULXP0HWKDQRS\UXV

0HWKDQRFRFFXVVSHFLHV
0HWKDQRSODQXV0HWKDQRVSLULOOXP0HWKDQRVDUFLQD

$UFKDHD

)LJXUH���� 3K\ORJHQLF� WUHH� RI� WKHUPRSKLOLF� RUJDQLVPV�� � %UDQFKHV� UHSUHVHQWLQJ� WKH� WKUHH�GRPDLQV� �$UFKDHD�� %DFWHULD�� (XNDU\D�� DUH� LQGLFDWHG�� � 7KHUPRSKLOLF� DQG� K\SHUWKHUPRSKLOLF�VSHFLHV�DUH�XQGHUOLQHG�DQG�KDORSKLOLF�VSHFLHV�DUH�VKDGHG���%UDQFKLQJ�RUGHU�DQG�EUDQFK�OHQJWKV�DUH� EDVHG� XSRQ� �����6� U'1$� VHTXHQFH� FRPSDULVRQV�� �7KH� WUHH� LV� D�PRGLILHG� YHUVLRQ� IURP�%O|FKO�HW�DO����������5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP��'DQVRQ�DQG�+RXJK��������
7KH� SUHVHQWO\� NQRZQ� XSSHU� WHPSHUDWXUH� OLPLWV� IRU� DUFKDHDO�� EDFWHULDO� DQG� HXNDU\RWLF�PLFURRUJDQLVPV�DUH�����&�����&�DQG����&�UHVSHFWLYHO\�� �,W�VKRXOG�EH�QRWHG�WKDW�DUFKDHD�DUH�DOVR�IRXQG�LQ�D�EURDG�UDQJH�RI��QRQ�H[WUHPH��PDULQH�DQG�VRLO�HQYLURQPHQWV��+RXJK��������
0LFURRUJDQLVPV� WKDW� DUH� DGDSWHG� WR� JURZ� RSWLPDOO\� DW� KLJK� WHPSHUDWXUHV� ��������&�� KDYH�EHHQ�LVRODWHG�IURP�KLJK�WHPSHUDWXUH�WHUUHVWULDO�DQG�PDULQH�KDELWDWV�� �7KH�PRVW�FRPPRQ�ELR �WRSHV�DUH�YROFDQLFDOO\� VXFK�DV� VROIDWDULF� ILHOGV��QHXWUDO�KRW�VSULQJV��DQG�VXEPDULQH�KRW�YHQWV��6WHWWHU����������$�NHUDWLQ�GHJUDGLQJ�WKHUPRSKLOLF�EDFWHULXP��)HUYLGREDFWHULXP�SHQQDYRUDQV��ZDV� LVRODWHG� IURP� KRW� VSULQJV� RI� WKH� $]RUHV� ,VODQG� DQG� LV� DEOH� WR� FRQYHUW� FKLFNHQ� IHDWKHU�FRPSOHWHO\�WR�DPLQR�DFLGV�DQG�SHSWLGHV�DW����&�ZLWKLQ����K��5HKP�DQG�5HHG��������
([WUHPH�WKHUPRSKLOHV��ZKLFK�JURZ�RSWLPDOO\�EHWZHHQ����&�DQG����&�DUH�ZLGHO\�GLVWULEXWHG�DPRQJ� WKH� JHQHUD�%DFLOOXV��&ORVWULGLXP��7KHUPRDQDHUREDFWHU�� 7KHUPXV��)HUYLGREDFWHULXP��



���([WUHPR]\PHV ��7KHUPRWRJD�DQG�$TXLIH[���0RVW�RI�WKH�K\SHUWKHUPRSKLOHV��JURZ�RSWLPDOO\�EHWZHHQ����&�DQG�����&��6WHWWHU���������ZKLFK�KDYH�EHHQ�VWXGLHG�RQ�LVRODWLRQ��FODVVLILFDWLRQ�DQG�SURSHUWLHV�
7KH� GHYHORSPHQWV� LQ� WKH� ILHOG� KDYH� DULVHQ� GXH� WR� WKH� LVRODWLRQ� RI� H[WUHPRSKLOHV� IURP�HQYLURQPHQWV�SUHYLRXVO\�FRQVLGHUHG�LPSRVVLEOH�IRU�VXVWDLQLQJ�ELRORJLFDO�OLIH���,Q�DGGLWLRQ��WKH�QRYHO� FHOOXODU� FRPSRQHQWV� DQG� SDWKZD\V� LGHQWLILHG� LQ� H[WUHPRSKLOHV� KDYH� SURYLGHG� D�EXUJHRQLQJ�QHZ�ELRWHFKQRORJ\�LQGXVWU\�
7KH�FODVVLFDO�URXWH�WR�PLFURELDO�HQ]\PH�SURGXFWLRQ��LQYROYLQJ�LVRODWLRQ�RI�WKH�RUJDQL VP�DV�D�SXUH�FXOWXUH�IROORZHG�E\�SXULILFDWLRQ�RI�WKH�HQ]\PH�HLWKHU�IURP�LWV�QDWXUDO�KRVW�RU�E\�FORQLQJ�DQG�H[SUHVVLRQ�RI�WKH�FRUUHVSRQGLQJ�JHQH�KDV�EHHQ�XVHG�WR�REWDLQ�H[WUHPR]\PHV��&RQQDULV�HW�DO���������.LP�HW�DO���������
��� ([WUHPR]\PH�SURGXFWLRQ
%\�DSSO\LQJ�PRGHUQ� WHFKQRORJLHV� VXFK�DV�PROHFXODU�ELRORJ\�DQG�JHQHWLF�HQJLQHHULQJ�� LW�KDV�EHHQ�SRVVLEOH�WR�SURGXFH�HQ]\PHV�IURP�H[WUHPRSKLOHV�DW�KLJK�FRQFHQWUDWLRQ�DQG�DQDO\]H�WKHLU�VWUXFWXUH� DQG� IXQFWLRQ� LQ�PRUH� GHWDLO�� � $V� WKH� FORQLQJ� DQG� H[SUHVVLRQ� RI� WKHVH� HQ]\PHV� LQ�PHVRSKLOLF�KRVWV�RSHQV�QHZ�SRVVLELOLWLHV�IRU�QRYHO�LQGXVWULDO�SURFHVVHV�
$WWHPSWV� WR� HQKDQFH� WKH� VWDELOLW\�RI�PHVRSKLOLF�HQ]\PHV�RU� WR�PDQLSXODWH� WKH� VSHFLILFLW\�RI�H[WUHPR]\PHV� E\� GLUHFWHG� HYROXWLRQ� GHSHQG� RQ� WKH� DYDLODELOLW\� RI� WKH� DSSURSULDWH� FORQHG�JHQHV�DQG�H[SUHVVLRQ�V\VWHPV�
7KH�YLDELOLW\�RI�SURFHVVHV�EDVHG�RQ�WKH�XVH�RI�H[WUHPR]\PHV�LV�GHSHQGHQW�RQ�WKH�DYDLODELOLW\�RI�HQ]\PHV�LQ�VXIILFLHQW�TXDQWLW\�IRU�SUDFWLFDO�DSSOLFDWLRQ���7KLV�LPPHGLDWHO\�UDLVHV�SUREOHPV�LI� WKH�HQ]\PH�LV�LVRODWHG�GLUHFWO\�IURP�WKH�VRXUFH�RUJDQLVP�RU�IRU� LQ�VLWX UHDFWLRQV�LQYROYLQJ�ZKROH� FHOOV�� �7KH� FRQGLWLRQV� UHTXLUHG� IRU� WKH�JURZWK�RI� H[WUHPRSKLOHV� LQFOXGH� WHPSHUDWXUHV�DERYH� ���&� �K\SHUWKHUPRSKLOHV��� RIWHQ� LQ� DQ� DQDHURELF� HQYLURQPHQW�� DQG�PHGLD�RI� H[WUHPH�S+��DFLGRSKLOHV DQG�DONDOLSKLOHV����7KHVH�FRQGLWLRQV�DUH�LQFRPSDWLEOH�ZLWK�VWDQGDUG�LQGXVWULDO�IHUPHQWDWLRQ� DQG� WKH� GRZQVWUHDP� SURFHVVLQJ� SODQW�� � 0RVW� VWXGLHV� RQ� H[WUHPR]\PHV� KDYH�IRFXVHG� RQ� WKHUPRSKLOLF� HQ]\PHV�� � 6LPLODUO\�� WKH� FXOWLYDWLRQ� PHWKRGV� DUH� UHODWHG� WR� WKH�SUREOHPV�RI�JURZLQJ�WKHUPRSKLOLF�DQG�K\SHUWKHUPRSKLOLF�PLFURRUJDQLVPV�
%HFDXVH� WKH� SUREOHPV� SUHVHQWHG� E\� ODUJH�VFDOH� FXOWXUHV� RI� H[WUHPRSKLOHV� DQG� VXEVHTXHQW�SXULILFDWLRQ�RI�H[WUHPR]\PHV��PRVW�DSSOLFDWLRQV�UHO\�RQ�WKH�H[SUHVVLRQ�RI�WKH�FRUUHVSRQGLQJ�JHQH� LQ� D PHVRSKLOLF� KRVW�� � 7KLV� DSSURDFK� DYRLGV� SUREOHPV� DULVLQJ� IURP� WKH� QHHG� WR� JURZ�H[WUHPRSKLOHV��EXW�LW�LQWURGXFHV�IXUWKHU�FRPSOLFDWLRQV�UHVXOWLQJ�IURP�WKH�H[SUHVVLRQ�RI�JHQHV�



���([WUHPR]\PHV��HQFRGLQJ� H[WUHPR]\PHV� LQ� D� QRQ�QDWLYH�� PHVRSKLOLF� HQYLURQPHQW�� � ,W� LV� QRZ� JHQHUDOO\DFFHSWHG�WKDW�JHQHV�IURP�WKHUPRSKLOHV�DQG�K\SHUWKHUPRSKLOHV�FDQ�EH�H[SUHVVHG�VXFFHVVIXOO\�LQ� D� PHVRSKLOLF� KRVW� VXFK� DV� (�� FROL�� DOWKRXJK� GLIILFXOWLHV� PLJKW� EH� HQFRXQWHUHG� ZKHQ� WKH�H[SUHVVHG� HQ]\PH� UHTXLUHV� VSHFLILF� FRIDFWRUV� RU� PHWDO� LRQV� WKDW� WKH� KRVW� GRHV� QRW� XWLOL]H��+RXJK��������� �([SUHVVLRQ�QRUPDOO\�\LHOGV�D�VROXEOH�SURGXFW�WKDW�KDV�VLPLODU�DFWLYLW\�WR�WKH�QDWLYH� PDWHULDO� ZKHQ� DVVD\HG� DW� DQ� DSSURSULDWH� WHPSHUDWXUH� �&RQQDULV� HW� DO��� ��������)XUWKHUPRUH�� KHDW� SUHFLSLWDWLRQ� RI� KRVW� FHOO� SURWHLQ� SURYLGHV� D� VLPSOH� LQLWLDO� VWDJH� LQ�SXULILFDWLRQ�RI�WKH�H[SUHVVLRQ�SURGXFW���2Q�RFFDVLRQV��WKH�H[SUHVVHG�SURGXFW�LV�DVVHPEOHG�LQ�D�VOLJKWO\�GLIIHUHQW�ROLJRPHULF� VWDWH� IURP� WKH�QDWLYH�PDWHULDO� �+HVV�HW�DO����������DOWKRXJK� WKLV�KDV�OLWWOH�LPSDFW�RQ�WKH�VWDELOLW\�RU�FDWDO\WLF�SURSHUWLHV�RI�WKH�HQ]\PH�
$OWKRXJK�� WKHUH� DUH� QR� UHSRUWV� LQ� WKH� OLWHUDWXUH� WR� GDWH�� WKDW� JHQH� HQFRGLQJ� H[WUDFHOOXODU�H[WUHPR]\PHV� VWDEOH�DW�KLJK�RU� ORZ�S+�DUH�H[SUHVVHG� LQ�D�PHVRSKLOLF�KRVWV� �+RXJK����������([SUHVVLRQ�RI�VXFK�HQ]\PHV�LQ�D�PHVRSKLOLF�KRVW�VXFK�DV�(��FROL ZRXOG�QRW�DOORZ�WKH�SURWHLQV�WR� IROG� LQ�D�QDWLYH�OLNH�HQYLURQPHQW�DQG� WKHUHIRUH�SUREOHPV�DUH� OLNHO\� WR�DULVH�DV�D� UHVXOW�RI�LQVROXELOLW\�RU�LQDFWLYLW\�
��� &KDUDFWHUL]DWLRQ�RI�H[WUHPR]\PHV�RQ�FRUQ�JOXWHQ�PHDO��&*0�6HYHUDO� WKHUPRSKLOLF PLFURRUJDQLVPV� WKDW� JURZ� LQ� VWDWH� DW� ����&�� S+� �������� IRU� H[DPSOH��)HUYLGREDFWHULXP� LVODQGLFXP�� )�� QRGRVXP�� )�� SHQQDYRUDQV�� )�� SHQQDYRUDQV� 9HQ��� 7��PDULWLPD��7��QHDSROLWDQD��7��WKHUPDUXP��7KHUPRVLSKR�DIULFDQXV �.UDKH�HW�DW�����������$V�WKH�DFWLYLW\� RI� SURWHDVHV� IURP� WKHVH� PLFURRUJDQLVP� KDYH� EHHQ� GHWHUPLQHG� WR� GHILQH� IRU� WKH�SRWHQWLDO� IUDJPHQWV�RI�QHZ�SURWHRO\WLF�HQ]\PH�E\�JHQHWLF�HQJLQHHULQJ�� �7KH�JHQH�IUDJPHQWV�RI� SURWHDVHV� KDYH� EHHQ� FORQHG� LQ� (�� FROL ZKLFK� LV� D�PHVRSKLOLF� KRVW� DQG� H[SUHVVLRQ� RI� WKH�UHFRPELQDQW�SURWHDVHV�ZRUN�RQ�SURGXFWLRQ�LQ�WKLV�PHVRSKLOLF�KRVW�
,Q�WKLV�ZRUN��WKH�GHSDUWPHQW�RI�PLFURELRORJ\�DW�WKH�XQLYHUVLW\�RI�+DPEXUJ�+DUEXUJ�VXSSOLHG�WZR� SURWHRO\WLF� HQ]\PHV� IURP� H[WUHPRSKLOLF� PLFURRUJDQLVPV�� 7KHUPRWRJD� PDULWLPD� DQG�7KHUPRDQDHUREDFWHU� NHUDWLQRSKLOXV� VS�� QRY�� $V�ERWK� H[WUHPR]\PHV�KDYH�EHHQ�GHWHUPLQHG�WKH� DFWLYLW\� RI� HQGRSHSWLGDVH� DVVD\V� E\� XVLQJ� $]RFDVHLQ� DV� VXEVWUDWH�� � 7KH� HQ]\PHV� ZHUH�DVVD\HG� WKH� DFWLYLW\� RI� HQGRSHSWLGDVH� DJDLQ� E\� XVLQJ� FDVHLQ� DV� VXEVWUDWH� EHIRUH� WKH\� ZHUH�DOORZHG�H[SUHVVLRQ�RI�HQ]\PH�DFWLYLW\�E\�K\GURO\]LQJ�FRUQ�JOXWHQ�PHDO��&*0��



���([WUHPR]\PHV ������� 7KH�UHFRPELQDQW�SURWHDVH�IURP�7KHUPRWRJD�PDULWLPD7KH� KHWHURORJRXV� H[SUHVVLRQ� RI� DFWLYH� FDUER[\�WHUPLQDO� SURWHDVH� IURP� K\SHUWKHUPRSKLOLF�DUFKDHRQ 7KHUPRWRJD� PDULWLPD �)LJXUH� ����� LQ� WKH� PHVRSKLOLF� KRVWV� (VFKHULFKLD� FROL/0*���� ZDV� UHVXOWHG� LQ� WKH� IRUPDWLRQ� RI� UHFRPELQDQW� SURWHDVHV� �7DEOH� ����� �� � 7KLV�H[WUHPR]\PH�LV�DQ�HQGRSHSWLGDVH���,W�VSOLWV�EHWZHHQ�WZR�$ODQLQHV�LQ�XQSRODU�UHJLRQV�DURXQG����DPLQR�DFLGV�IURP�WKH�FDUER[\�WHUPLQXV�

)LJXUH���� 7KHUPRWRJD�PDULWLPD��DQRWKHU�KHDW�ORYLQJ�EDFWHULXP��RU�WKHUPRSKLOH
7DEOH���� 6XPPDU\� RI� UHFRPELQDQW� (�� FROL VWUDLQV� FRQWDLQLQJ� JHQHV� IRU� WKHUPRDFWLYH�SURWHDVHV�IURP�,78�+DPEXUJ�+DUEXUJ
6RXUFH &DUER[\�WHUPLQDO�SURWHDVH 6HULQH�W\SH�SURWHDVH 3URFHVVLQJ�SURWHDVH
7KHUPRWRJD�PDULWLPD

o DFWLYH� FORQH� �LQ� YHFWRU�S%DGJ,,,�o WKH� SDUWLDOO\� SXULILHG�UHFRPELQDQW�SURWHDVH
DFWLYH�FORQH�LQ�YHFWRU�S(7���E� DFWLYH�FORQH�LQ�YHFWRU�S(7���E�

$IWHU� WKH�GLVUXSWLRQ�RI� UHFRPELQDQW� FHOOV�ZLWK�XOWUDVRQLF� WUHDWPHQW�� H[WUD�LQWUDFHOOXODU� FUXGH�HQ]\PH�KDV�EHHQ�SXULILHG�SDUWLDOO\�E\�KHDW�SUHFLSLWDWLRQ�DW� ���&�IRU����PLQ���7KH�DFWLYLW\�RI�FUXGH�HQ]\PH�KDV�EHHQ�GHWHUPLQHG�ZLWK������$]RFDVHLQ�DV�VXEVWUDWH�LQ�XQLYHUVDO�EXIIHU�S+�����7KH�DEVRUSWLRQ�RI�VXSHUQDWDQW�KDV�EHHQ�PHDVXUHG�DW�����QP��WKH�DFWLYLW\�ZDV���8QLW�PO����7KH�SURWHLQ�FRQWHQW�ZDV������J�PO��WKH�VSHFLILF�DFWLYLW\�ZDV����8QLW�PJ�SURWHLQ����,W�DSSHDUHG�WKDW�WKH�RSWLPXP�S+�DQG�WHPSHUDWXUH�RI�WKH�UHFRPELQDQW�FDUER[\�WHUPLQDO�SURWHDVH�ZHUH�S+�����DQG����&���7KHVH�UHVXOW�KDYH�EHHQ�WHVWHG�E\�WKH�'HSDUWPHQW�RI�0LFURELRORJ\��8QLYHUVLW\�RI�+DPEXUJ�+DUEXUJ�
,Q� WKLV� ZRUN�� WKLV� HQ]\PH� �WKH� FDUER[\�WHUPLQDO� SURWHDVH� IURP� 7KHUPRWRJD�PDULWLPD�� ZDV�SURYLGHG�IRU�GHJUDGDWLRQ�RI�SURWHLQV�VXFK�DV�FDVHLQ�DQG�FRUQ�JOXWHQ�PHDO��&*0����)LUVW��WKH�DFWLYLW\�RI�HQ]\PH�ZDV�WHVWHG�XVLQJ�FDVHLQ�DV�VXEVWUDWH�E\�HQGRSHSWLGDVH�DVVD\ PHWKRGV��VHH�



���([WUHPR]\PHV��$QQH[� ������ � 7KHUHIRUH�� WKH� DFWLYLW\� RI� HQ]\PH� ZDV� FRPSDUHG� WR� WKH� DFWLYLW\� RI� RWKHU�FRPPHUFLDO� HQ]\PHV� �VHH� &KDSWHU� �������� � 7KH� DFWLYLW\� RI� WKLV� UHFRPELQDQW� SURWHDVH�ZDV� ��8FDV�PO� DQG� WKH� VSHFLILF� DFWLYLW\� ZDV� ����� 8FDV�PJ� SURWHLQ� E\�%UDGIRUG� DVVD\� �$QQH[� �������7KH�RSWLPXP�S+�DQG�WHPSHUDWXUH�ZHUH�GHWHUPLQHG�E\�K\GURO\]LQJ�&*0�>���SURWHLQ��Z�Z�@�DV�VXEVWUDWH����PO�UHDFWLRQ�YROXPH������USP�IRU����K�RI�K\GURO\VLV��
7KH� GDWD� LQ� )LJXUH� ��� DQG� )LJXUH� ���� VKRZ� WKH� DPRXQW� RI� DPLQR� DFLGV�ZHUH�PHDVXUHG� E\�+3/&�DQDO\VLV�DQG�WKH�VROXEOH�SURWHLQ�E\�WKH�%UDIRUG�DVVD\��VHH�$QQH[��������$V�WKH�VROXEOH�SURWHLQ�UHSUHVHQWV�WKH�DIIHFWHG�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�DV�S+�DQG�WHPSHUDWXUH���7KH�VROXELOLW\� RI� SURWHLQ� LQFUHDVHG� DW� KLJK� S+� YDOXH� �DERYH� ���� DQG� WHPSHUDWXUH� �DERYH� ���&����%XW� QR� HIIHFW� RI� S+� DQG� WHPSHUDWXUH� RQ� WKH� DFWLYLW\� RI� UHFRPELQDQW� SURWHDVH� IRU� &*0� DV�VXEVWUDWH� EHFDXVH� WKH� DPRXQW� RI� DPLQR� DFLGV� ZHUH� REWDLQHG� YHU\� ORZ�� � 7KH� GDWD� ZHUH�FRPSDUHG�WR�WKRVH�ZLWKRXW�HQ]\PH�K\GURO\VLV�LQ�)LJXUH�������7KHUH�PD\�EH�VRPH�VXEVWDQFHV�LQ�&*0�WKDW�LQKLELWHG�HQ]\PH�DFWLYLW\���7KH�K\SHUWKHUPRSKLOHV�FDQ�EH�H[SUHVVHG�VXFFHVVIXOO\�LQ�D�PHVRSKLOLF�KRVW� VXFK�DV�(��FROL��EXW�VLPLODU�GLIILFXOWLHV�PLJKW�EH�HQFRXQWHUHG�ZKHQ� WKH�H[SUHVVHG�HQ]\PHV�UHTXLUHV�VSHFLILF�FRIDFWRUV�RU�PHWDO�LRQV�WKDW�WKH�KRVW�GRHV�QRW�XWLOL]H���2Q�WKH�RWKHU�KDQG��H[SUHVVLRQ�RI�HQ]\PHV� LQ�D�PHVRSKLOLF�KRVW�ZRXOG�QRW�DOORZ�WKH�SURWHLQV� WR�IROG� LQ� D� QDWLYH�OLNH� HQYLURQPHQW� DQG� WKHUHIRUH� SUREOHPV� DUH� OLNHO\� WR� DULVH� DV� D� UHVXOW� RI�LQVROXELOLW\�RU�LQDFWLYLW\��+RXJK��������
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)LJXUH���� &KDUDFWHUL]DWLRQ� RI� WKH� UHFRPELQDQW� FDUER[\�WHUPLQDO� SURWHDVH� � IURP�7KHUPRWRJD�PDULWLPD���(Q]\PH�FRQF������8FDV�J�SURWHLQ�K\GURO\]HG����SURWHLQ��Z�Z��RI�FRUQ�JOXWHQ�PHDO��&*0��DW����&�IRU����K�K\GURO\VLV�
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)LJXUH���� &KDUDFWHUL]DWLRQ� RI� WKH� UHFRPELQDQW� FDUER[\�WHUPLQDO� SURWHDVH� IURP�7KHUPRWRJD�PDULWLPD���(Q]\PH�FRQF������8FDV�J�SURWHLQ�K\GURO\]HG����SURWHLQ��Z�Z��RI�FRUQ�JOXWHQ�PHDO��&*0��DW�S+�����IRU����K�K\GURO\VLV�
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&RUQ�JOXWHQ�����SURWHLQ��LQLWLDO�S+����ZLWKRXW�HQ]\PH
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7LPH�>K@
)LJXUH���� (IIHFW� RI� GLIIHUHQW� WHPSHUDWXUHV� RQ� FRUQ� JOXWHQ�PHDO� DW� ��� SURWHLQ� �Z�Z�� LQ� D�YROXPH�PL[WXUH�����PO��VWLUUHG�ZHOO�ZLWKRXW�HQ]\PH��FRQWURO�UHDFWLRQ��



���([WUHPR]\PHV������� 7KH�LVRODWHG�SURWHDVH�IURP�7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS��QRY�,Q� WKH� VFUHHQLQJ� SURJUDP� RI� WKHUPRSKLOLF�� DQDHURELF� PLFURRUJDQLVP�� 7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS��QRY KDV�EHHQ�LVRODWHG��5LHVVHQ�DQG�$QWUDQLNLDQ����������,W�JURZV�DW����&�LQ�QHXWUDO� S+� YDOXH� DQG� SURGXFHV� H[WUDFHOOXODU� SURWHDVH�� � 7KH� H[WUDFHOOXODU� SURWHDVH� IURP� 7��NHUDWLQRSKLOXV KDV�RSWLPXP�WHPS�RI����&�DQG RSWLPXP�S+�RI�����DQG�LV�VWLOO�VWDEOH�DW����&���$V�SURWHDVH�KDV�EHHQ�LQFXEDWHG�DW�D�WHPSHUDWXUH�RI����&�RYHU�D�SHULRG�RI����K�ZLWKRXW�ORVLQJ�WKH� SURWHRO\WLF� DFWLYLW\�� �0J����&D�� DQG�0Q��� DIIHFW� WKH� DFWLYLW\�RI� HQ]\PH�SRVLWLYHO\� DOVR���7KH�DFWLYLW\�RI�FUXGH�HQ]\PH�KDV�EHHQ�DVVD\HG�ZLWK�$]RFDVHLQ�DV�VXEVWUDWH����8QLW�PO����7KH�GDWD� DERYH� ZHUH� JLYHQ� E\� WKH� 'HSDUWPHQW� RI� 0LFURELRORJ\�� DW� 8QLYHUVLW\� RI� +DPEXUJ�+DUEXUJ�
,Q� WKLV�ZRUN��RWKHU� VXEVWUDWHV� VXFK�DV�FDVHLQ�DQG�&*0�ZHUH�XVHG� WR�GHWHUPLQH� WKLV�HQ]\PH�DFWLYLW\���7KLV�H[WUDFHOOXODU�HQ]\PH�ZDV�DVVD\HG�ZLWK�FDVHLQ�DV�VXEVWUDWH�E\�WKH�HQGRSHSWLGDVH�DVVD\� PHWKRGV� �VHH� $QQH[� ����� WR� FRPSDUH� HQ]\PH� DFWLYLW\� ZLWK� WKH� RWKHU� FRPPHUFLDO�HQ]\PHV� �VHH� &KDSWHU� �������� � 7KH� DFWLYLW\� RI� WKLV� SURWHDVH�ZDV� ��8FDV�PO� DQG� WKH VSHFLILF�DFWLYLW\� ZDV� ����� 8FDV�PJ� SURWHLQ�� � 7KH� GLIIHUHQW� FRQFHQWUDWLRQV� RI� WKLV� HQ]\PH� ZHUH�GHWHUPLQHG�E\�K\GURO\]LQJ�&*0�>���SURWHLQ��Z�Z��LQ�����PO�UHDFWLRQ�PL[WXUH��LQLWLDO�S+�����DQG����� USP@��DIWHU� WKH�RSWLPXP�S+�DQG� WHPSHUDWXUH�ZHUH�FKDUDFWHUL]HG� 7KH�DPLQR�DFLGV�ZHUH�DQDO\]HG�E\�+3/&�PHWKRG�
7KH�HIIHFW�RI�GLIIHUHQW�WHPSHUDWXUHV�RQ�WKH�K\GURO\VLV�UDWH�IRU�&*0�DUH�VKRZQ�LQ� )LJXUH�������7KH� RSWLPXP� WHPSHUDWXUH� ZDV� GHILQHG� DV� ���&� LI� WKH� LQLWLDO� YHORFLW\� ZDV� FRQVLGHUHG� DV� D�FULWHULRQ�� �+RZHYHU�� LI� WKH�SURJUHVV�K\GURO\VLV�ZDV�FRQVLGHUHG�� WKH�RSWLPXP�WHPSHUDWXUH�IRU�WKH�UHDFWLRQ�ZHUH�LGHQWLILHG�DV����&���7KH�GHFOLQH�LQ�UHDFWLRQ�SURJUHVV�ZLWK�WLPH��G3�GW��DW�WKH�KLJKHU� WHPSHUDWXUHV� FDQ� EH� H[SODLQHG� E\� WKH� SURJUHVVLYH� LQDFWLYDWLRQ� RI� HQ]\PH� GXULQJ�LQFXEDWLRQ�
7KH�HIIHFW�RI�GLIIHUHQW�S+�YDOXHV�RQ�WKH�SURJUHVV�FXUYH�RI�K\GURO\VLV�IRU�&*0�DUH�VKRZQ�LQ�)LJXUH� ����� � 7KH� LQLWLDO� YHORFLW\� RI� S+� �� DQG� �� REWDLQHG� WKH� KLJKHVW� UDWH� EXW� DIWHU� ��� K� RI�K\GURO\VLV�WKH�YHORFLW\�RI�S+���EHFDPH�KLJKHU�WKDQ�S+�����$V�WKLV�SURWHDVH�ZDV�OHVV�DFWLYH�RQ�EDVH�FRQGLWLRQV�DURXQG�S+�������DQG�RQ�DFLG�FRQGLWLRQ�DURXQG�S+�����+RZHYHU��WKH�RSWLPXP�S+�DQG�WHPSHUDWXUH�ZHUH�S+���DQG����&���$W�WKLV�RSWLPXP�FRQGLWLRQV��WKH�K\GURO\VLV�UDWH�RI�WKLV�SURWHDVH�ZDV�������'+�DIWHU����K�RI�K\GURO\VLV�� � ,W�DSSHDUV�WKDW�WKLV�H[WUHPR]\PH�ZDV�ORZHU�DFWLYH�WKDQ�$OFDODVH����/�ZKLFK�ZDV�D�FRPPHUFLDO�HQGRSHSWLGDVH�
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7LPH�>K@
)LJXUH���� 6WDELOLW\�DQG�DFWLYLW\�RI�H[WUHPR]\PH�IURP�7KHUPRDQDHUREDFWHU�NHUDWLQRSKLOXV�VS��QRY��E\�K\GURO\]LQJ�FRUQ�JOXWHQ�PHDO� �&*0��DW����SURWHLQ� �Z�Z���HQ]\PH�FRQF�������(�6��Z�Z��DQG�S+�����
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7LPH�>K@
)LJXUH���� (IIHFW�RI�GLIIHUHQW�S+�RQ�SURJUHVV�FXUYH�RI�K\GURO\VLV�RI�H[WUHPR]\PH�IURP� 7��NHUDWLQRSKLOXV�VS��QRY��E\�K\GURO\]LQJ�FRUQ�JOXWHQ�PHDO��&*0��DW����SURWHLQ��Z�Z���HQ]\PH�FRQF�������(�6��Z�Z��DQG����&�



���([WUHPR]\PHV��)LJXUH� ��� VKRZV� WKH� HIIHFW RI� GLIIHUHQW� FRQFHQWUDWLRQV� RI� HQGRSHSWLGDVH� IURP� 7��NHUDWLQRSKLOXV�RQ� WKH�SURJUHVV�FXUYH�RI�K\GURO\VLV�� �$OVR� WKHVH�HQ]\PH�FRQFHQWUDWLRQV�ZHUH�FRPELQHG�ZLWK�)ODYRXU]\PH�ZKLFK�LV�DQ�DIIHFWLYH�FRPPHUFLDO�H[RSHSWLGDVH���,W�DSSHDUV�WKDW�DOO�WKH�LQLWLDO�YHORFLW\�RI�K\GURO\VLV�FXUYH�LQFUHDVHG�SURSRUWLRQDOO\�ZLWK�HQ]\PH�FRQFHQWUDWLRQ�EXW� WKH� H[WHQW� K\GURO\VLV� GHFOLQH� GXH� WR� WKH� LQKLELWLRQ� RI� HQG�SURGXFW�� � 7KXV�� WKH� UDWH� RI�K\GURO\VLV� GHSHQGV� RQ� HQ]\PH� FRQFHQWUDWLRQ� DQG� WKH� FRPELQDWLRQ� RI� HQ]\PHV� ZLWK�)ODYRXU]\PH WKDW�ZDV�PRUH�DIIHFWLYH�
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7LPH�>K@
)LJXUH���� 3URJUHVV� FXUYH� RI� K\GURO\VLV� RI� H[WUHPR]\PH� IURP� 7�� NHUDWLQRSKLOXV� VS�� QRY��DFWLQJ�RQ FRUQ�JOXWHQ�PHDO��&*0��DW����SURWHLQ��Z�Z������&��LQLWLDO�S+�����
��� 6XPPDU\
7KH�ERWK�QHZ�SURWHRO\WLF�H[WUHPR]\PHV�>D�UHFRPELQDQW�SURWHDVH�IURP�7KHUPRWRJD�PDULWLPDDQG� DQ� LVRODWHG� HQ]\PH� IURP� 7KHUPRDQDHUREDFWHU� NHUDWLQRSKLOXV@� ZHUH� FKDUDFWHUL]HG� E\�K\GURO\]LQJ�GLIIHUHQW�SURWHLQV�VXFK�DV�FDVHLQ�DQG�&*0���7KH�YLDELOLW\�RI�SURFHVVHV�EDVHG�RQ�WKH�XVH�RI�H[WUHPR]\PHV�LV�GHSHQGHQW�RQ�WKH�DYDLODELOLW\�RI�HQ]\PH�LQ�VXIILFLHQW�TXDQWLW\�IRU�SUDFWLFDO�DSSOLFDWLRQ���%HFDXVH�WKH�SUREOHPV�SUHVHQWHG�E\�ODUJH�VFDOH�FXOWXUH�RI�H[WUHPRSKLOHV�DQG�VXEVHTXHQW�SXULILFDWLRQ�RI�H[WUHPR]\PHV��PRVW�DSSOLFDWLRQV�UHO\�RQ�WKH�H[SUHVVLRQ�RI�WKH�FRUUHVSRQGLQJ� JHQH� LQ� D�PHVRSKLOLF� KRVW�� � ,W� DSSHDUV� WKDW� WKH� ERWK� HQ]\PHV� KDYH� YHU\� ORZ�DFWLYLW\�DIWHU�K\GURO\]LQJ�RQ�&*0�WR�SURGXFH�DPLQR�DFLGV�



���3URFHVV�(FRQRPLFV ��
� 3URFHVV�(FRQRPLFV
(FRQRPLFV�SOD\V�DQ�LPSRUWDQW�UROH�LQ� SURFHVV�UHVHDUFK��GHYHORSPHQW�DQG�FRPPHUFLDOL]DWLRQ���,Q�JHQHUDO�GHYHORSPHQW��DPLQR�DFLG�SURGXFWLRQ�E\�HQ]\PDWLF�K\GURO\VLV�ZKLFK�EHJLQV�ZLWK�D�SURFHVV� IORZ� FRQFHSW��ZRUNV� WKURXJK� SURFHVV� HTXLSPHQW� VL]LQJ��PDWHULDOV� DQG� XWLOLW\� QHHGV��FRVWV�RI� LQLWLDO�SODQW�DQG�RI�RSHUDWLRQV��DQG�DQ�HVWLPDWH�RI�SURILWDELOLW\�� �$V�WKH�UHODWLYH�FRVW�LPSRUWDQFH�RI�VXEVWUDWH�IHHGVWRFNV��HTXLSPHQW��XWLOLWLHV��DQG�UHDFWRU�YV��UHFRYHU\�VHFWLRQV�ZLOO�EH� H[DPLQHG�� VLQFH� LGHQWLILFDWLRQ� RI�PDMRU� FRVW� DUHDV� IUHTXHQWO\� SLQSRLQW� SURFHVV� HFRQRPLF�ZHDNQHVV�DQG�WKHUHE\�LQGLFDWHV�SURFHVV�LPSURYHPHQW�ZKLFK�ZRXOG�EH�PRVW�ORJLFDO�WR�SXUVXH�LQ�SURFHVV�RSWLPL]DWLRQ�
,Q� WKH� ORQJ� UXQ�� WKH�SURMHFW� LV� H[SHFWHG� WR� UHFRYHU� LWV� FRVWV�DQG�UHWXUQ�DQ�DSSURSULDWH�SURILW���7KXV�� DQ� LPPHGLDWH� QHHG� DULVHV�� JLYHQ� D� SURFHVV� RU� SURGXFW� LQFHSWLRQ�� WR� FDUU\� RXW� D�SUHOLPLQDU\� HYDOXDWLRQ� RI� HFRQRPLFV� DQG� PDUNHW�� � ,I� WKH� SUHOLPLQDU\� HYDOXDWLRQV� DUH�SURPLVLQJ�� WKH� GHYHORSPHQW� RI� GDWD� IRU� ILQDO� GHVLJQ� QRUPDOO\� IROORZV�� � 7KLV� GHYHORSPHQW�LQFOXGHV� ERWK� PDUNHW� DQG� FRVW� UHILQHPHQW�� � 7KH� FRVW� VWXGLHV� LQFOXGH� GHYHORSPHQW� RI� D�FRPSOHWH� SODQW� SURFHVV�� GHWHUPLQDWLRQ� RI� FRUUHVSRQGLQJ� FDSLWDO� DQG� RSHUDWLQJ� FRVW�� DQG�HVWLPDWLRQ� RI� SURFHVV� SURILW� HDFK� \HDU� RYHU� WKH� DVVXPHG� OLIHWLPH� RU� SD\�RXW� SHULRG�� � 7KHVH�ODWWHU�UHVXOWV�ZRXOG�DOVR�LQFOXGH�D�VLPSOH�VHQVLWLYLW\�DQDO\VLV�WR�HVWDEOLVK�WKH�NH\�DVVXPHG�FRVW�DQG� SHUIRUPDQFH� PHDVXUHV� ZKLFK� PRVW� VWURQJO\� DIIHFW� WKH� SURILWDELOLW\� FDOFXODWLRQV�� VLQFH�FRVWV�PD\�FKDQJH�VLJQLILFDQWO\�EHIRUH�D�SURFHVV�LV�UHDOL]HG�
7KH�JRDO�RI�WKLV�VHFWLRQ�LV�WR�FDOFXODWH�WKH�FRVW�RI�WKH�LQSXW�PDWHULDO�LQ�WKH�SURGXFWLRQ�RI�DPLQR�DFLGV� E\� HQ]\PDWLF� K\GURO\VLV� SURFHVV� WR� SURGXFH� D� KLJK� YDOXDEOH� SURGXFW�� � 2I� WKH� WZHQW\�DPLQR� DFLGV�� RQO\� IRXU� �3KH�� 7\U�� ,OH�� /HX�� ZHUH� FDOFXODWHG� SULPDULO\�� DOWKRXJK� PRUH� DUH�SRWHQWLDOO\� SURGXFLEOH�� � +RZHYHU�� WKH� K\GURO\VLV� WLPHV� DIIHFWHG� WR� WKH� GLIIHUHQW� DPRXQWV� RI�DPLQR�DFLGV�ZHUH�DOVR�FRQVLGHUHG�
��� (Q]\PDWLF�K\GURO\VLV�FRVWV
7KH�HFRQRPLF�DVSHFWV�RI�HQ]\PDWLF�K\GURO\VLV�DUH�QRZ�FRQVLGHUHG���7KH�GDWD�RI�WKH�HIIHFW�RI�GLIIHUHQW�FRQFHQWUDWLRQV RI�VXEVWUDWH�DQG�HQ]\PH�RQ�K\GURO\VLV�UDWH�IURP�&KDSWHU���������DQG���������ZHUH� DVVXPHG� IRU�SURGXFWLRQ� FRVWV� �7DEOH� �����ZKLFK� OHG� WR�SURILWDELOLW\�FDOFXODWLRQ��)LJXUH���� DQG�)LJXUH��������$V�WKH�SURGXFWLRQ�FRVW�RI�HQ]\PDWLF�K\GURO\VLV�IRU����WRQV�&*0�ZDV� HVWLPDWHG� DERXW� ���������� ¼� SHU� F\FOH� WLPH� �ZLWK� WKH� VWDQGDUG� FRQGLWLRQV�ZHUH� RI� ���



���3URFHVV�(FRQRPLFV��
SURWHLQ� �Z�Z������$OFDODVH�DQG������)ODYRXU]\PH�>(�6���Z�Z�@��� �$IWHU���K�RI�K\GURO\VLV�REWDLQHG�SURILW�DERXW�������¼�IRU�RQH�F\FOH�WLPH���7KH�GHWDLOV�RI�FDOFXODWLRQ�DUH�LQ�$QQH[������
7DEOH���� 3URGXFWLRQ�FRVWV�RI�HQ]\PDWLF�K\GURO\VLV�DW�DQ�HVWLPDWHG����WRQV�FRUQ�JOXWHQ�PHDO�>&*0@���&RQGLWLRQV��VXEVWUDWH�FRQF������SURWHLQ��Z�Z���HQ]\PH�FRQF������$OFDODVH�����/�DQG������)ODYRXU]\PH�����/�>(�6���Z�Z�@��DW����&��DQG�LQLWLDO�S+�����

&RVW�IDFWRUV $PRXQW�>NJ@ 8QLW�FRVW�>¼@ 7RWDO�FRVW�>¼@&RUQ�JOXWHQ�PHDO ������ ���� ��������$OFDODVH�����/ ������ ����� ��������)ODYRXU]\PH������/ ������ ����� ��������1D2+ ������ ���� �����:DWHU ��������� ������� �����0DFKLQH �� �� �����3HUVRQDO �� �� ������¦¦ ��������� ���������
$VVXPSWLRQV�
�� $�VL]HG�YHVVHO�LV�DVVXPHG�����P����7KH�RSHUDWLQJ�YROXPH�LV����P� RI�OLTXLG�����WRQV��
�� )RU�D�SURGXFWLRQ�SHU�F\FOH�RI��������NJ�DQG�D�SURGXFWLRQ�SHU�EDWFK�RI��������NJ���7KXV��WKH�QXPEHU�RI����P� YHVVHOV�QHHGHG�LV�����������������| ��
�� $�PDFKLQH� FRVW� LV� ���������� ¼�� �'HSUHFLDWLRQ�� ����RI� FDSLWDO� ���� \HDU� VWUDLJKW� OLQH�� LV�������¼�SHU�\HDU�>�����������GD\�� �������¼�SHU�GD\@�
�� :LWK�D���K�F\FOH�WLPH����F\FOH�SHU�GD\���D�YHVVHO�FDQ�SURYLGH����������� ������¼�SHU�F\FOH���)RU���YHVVHOV�DUH����u ������������¼�SHU�F\FOH�
�� 3HUVRQDO� FRVW� LV� EDVHG� RQ� PDQXIDFWXUH� SD\PHQW�� � ,Q� FDVH� RI� WKH� FKHPLFDO� LQGXVWU\� DW�$PLQR�*PE+��WKH�SHUVRQDO�FRVW�LV�������¼�SHU�KRXU�
�� ��SHUVRQV�ZRUN�RQ���PDFKLQHV�LQ�DQ�RSHUDWLRQ��WKH�IDFWRU�RI�LQFLGHQWDO�H[SHQVH�LV�����WKDW�FDQ�SURYLGH��>���u ��K��u �����@�u ����� ��������¼�SHU�F\FOH�
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3URILW5HYHQXHV([SHQVHV
3� �5���(

)LJXUH���� (FRQRPLF�FDOFXODWLRQ�RI�GLIIHUHQW�VWDUWLQJ�VXEVWUDWH�FRQFHQWUDWLRQV�RI�FRUQ�JOXWHQ�PHDO� �&*0�� IRU���� WRQV�ZHUH�K\GURO\]HG�ZLWK������(�6 �Z�Z��DW����&�DQG� LQLWLDO�S+�������5HYHQXHV�FRVW�ZHUH�FDOFXODWHG�RQO\�IRU���DPLQR�DFLGV�VXFK�DV�7\U��3KH��,OH�DQG�/HX�>��������������������DQG�������¼�NJ�UHVSHFWLYHO\@��$QQH[�������
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3URILW5HYHQXHV([SHQVHV
3� �5���(

)LJXUH���� (FRQRPLF� FDOFXODWLRQ� RI� GLIIHUHQW� VWDUWLQJ� HQ]\PH� FRQFHQWUDWLRQV� EDVHG� RQ�ZHLJKW�SHUFHQW�SURWHLQ�DV�VXEVWUDWH��K\GURO\]HG�FRUQ�JOXWHQ�PHDO��&*0��IRU����WRQV�RI�����SURWHLQ� �Z�Z�� DW� ���&�DQG� LQLWLDO� S+������ �5HYHQXHV� FRVW�ZHUH� FDOFXODWHG�RQO\� IRU��� DPLQR�DFLGV�VXFK�DV�7\U��3KH��,OH�DQG�/HX�>��������������������DQG�������¼�NJ�UHVSHFWLYHO\@��$QQH[�������



���3URFHVV�(FRQRPLFV��
7KH� GLIIHUHQW� FRPELQDWLRQV� RI� ERWK� HQ]\PHV� EHWZHHQ� HQGR�DQG� H[RSHSWLGDVHV� ZKLFK� KDYH�GLIIHUHQW�XQLW�SULFH�DQG�DFWLYLWLHV�ZHUH�WDNHQ�LQWR�DFFHVV���7KHVH�GDWD�IURP�&KDSWHU���������DQG���������ZHUH�XVHG� WR� FDOFXODWH�SURILWDELOLW\�� � FRPSDUH� WR�HDFK�RWKHU�� �$V� WKH�FRPELQDWLRQ�RI�ERWK�HQ]\PHV��$OFDODVH�DQG�)ODYRXU]\PH�REWDLQHG�WKH�KLJKHVW�SURILW�WKDW�ZDV�HVWLPDWHG�DERXW���������� ¼� DIWHU� �� K� K\GURO\VLV�� � $OWHUQDWLYHO\�� $OFDODVH� SOXV� .RML]\PH�� 1RYR� 3UR�'� SOXV�)ODYRXU]\PH�� DQG� 1RYR]\PH� SOXV� )ODYRXU]\PH� FDQ� EH� XVHG� LQVWHDG� RI� $OFDODVH� DQG�)ODYRXU]\PH�LI�WKH�EHVW�RQH�ZDV�OLPLWHG�E\�VXSSO\LQJ�DQG�XVLQJ�LQ�ORQJ�WHUP���%XW�&RURODVH�/$3� FDQQRW� EH� JDLQHG� DQ\� SURILW�� DOWKRXJK� WKLV� HQ]\PH� FRQFHQWUDWLRQ�ZDV� LQFUHDVHG� LQ� WKH�K\GURO\VLV�SURFHVV���*LYHQ�RQ�WKHLU�SURILWV�SHU�F\FOH�ZHUH�VXPPDUL]HG�LQ�7DEOH�������+RZHYHU��SURFHVV�HFRQRPLFV�FDQ�DVVLVW�WR�GHFLGH�ZKLFK�HQ]\PH�VKRXOG�EH�XVHG�
7DEOH���� 3URILW� RI� GLIIHUHQW� FRPELQDWLRQV� RI� HQ]\PH� K\GURO\]HG�&*0� IRU� ��� WRQV� RI� WKH�GLOXWLRQ����SURWHLQ��Z�Z��DW����&��LQLWLDO�S+�����IRU���K�LQ����P� EDWFK�UHDFWRU�

&RPELQDWLRQ�RI�HQ]\PHV>(�6����Z�Z�@ 3URILW
�F\FOH>¼@���$OFDODVH��������������)ODYRXU]\PH �����������1RYR3UR�'���������)ODYRXU]\PH �����������1RYR]\PH����������)ODYRXU]\PH �����������$OFDODVH��������������.RML]\PH �����������$OFDODVH��������������&RURODVH�/$3 ������������$OFDODVH��������������&RURODVH�/$3 ���������
�3URILW� �5HYHQXH�� ([SHQVHV
��� +\GURO\VLV�WLPHV7KH�KDUYHVW�WLPH�ZDV�WKH�QXPEHU�RI�KRXUV�SHU�F\FOH�WKDW�ZDV�WDNHQ�DW��������������������������������DQG����K�K\GURO\VLV�� �$V�WKH�DPLQR�DFLG�SURGXFWV�VKRXOG�EH�WDNHQ�DW���RU����K�EHFDXVH�LW�FDQ�EH�RSHUDWHG�PD[���F\FOHV�SHU�GD\��GHSHQG�RQ�WKH�FDSDFLW\�RI�SODQW���7KXV��WKHLU�SURILW�ZHUH�HVWLPDWHG�DERXW�����������u ��� �����������¼�SHU�GD\�IRU�F\FOH�WLPH�RI���K RU�����������u ��� �����������¼�SHU�GD\�IRU�F\FOH�WLPHV�RI����K��)LJXUH��������$OWKRXJK��WKH�KDUYHVW�WLPH�RI�������K�JDYH�KLJKHU�SURILW�SHU�F\FOH��ZKLFK�ZHUH�HVWLPDWHG�PRVWO\�DERXW����������¼�SHU�F\FOH�EXW�LW�FDQ�EH�RSHUDWHG�RQO\�RQH�F\FOH�SHU�GD\��WKXV�WKHLU�SURILW�SHU�GD\�ZHUH�ORZHU�WKDQ�KDUYHVW�WLPH�



���3URFHVV�(FRQRPLFV ��
DW���RU����K� �)LJXUH������� �+HQFH��KDUYHVW� WLPHV�DW���DQG���K�VKRXOG�EH�DYRLG�GXH� WR�REWDLQ�ORZHU�SURILW�DERXW�RI����������DQG����������¼�SHU�GD\��UHVSHFWLYHO\�
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¼
3URILW�F\FOH

7LPH�>K@

)LJXUH���� 3URILW� SHU� F\FOH� RI� DPLQR� DFLG� SURGXFWLRQV� E\� HQ]\PDWLF� K\GURO\VLV� RI� FRUQ�JOXWHQ�PHDO� IRU� ��� WRQV�� � &RQGLWLRQV�� VXEVWUDWH� FRQF��  � ���SURWHLQ� �Z�Z��� HQ]\PH� FRQF��  ������(�6�>���$OFDODVH��������)ODYRXU]\PH@�DW�����&��LQLWLDO�S+�����
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¼
3URILW�GD\

7LPH�>K@

)LJXUH���� 3URILW�SHU�GD\�RI�DPLQR�DFLG�SURGXFWLRQV�E\�HQ]\PDWLF�K\GURO\VLV�RI�FRUQ�JOXWHQ�PHDO�IRU����WRQV���&RQGLWLRQV��VXEVWUDWH�FRQF�� ����SURWHLQ��Z�Z���HQ]\PH�FRQF�� ������(�6�>���$OFDODVH��������)ODYRXU]\PH@�DW�����&��LQLWLDO�S+�����



���&RQFOXVLRQV��
� &RQFOXVLRQV
5HQHZDEOH� YHJHWDEOH� SURWHLQV� VXFK� DV� FRUQ� JOXWHQ� PHDO� �&*0�� DQG� VR\EHDQ� PHDO� �6%0��ZHUH� K\GURO\]HG�ZLWK� FRPPHUFLDOO\� DYDLODEOH� HQ]\PHV� DQG� H[WUHPR]\PHV�� � 7KH� K\GURO\VLV�SURFHVV�ZDV� FDUULHG� RXW� XQGHU�PLOG� FRQGLWLRQ�� VR� WKDW� WKH� QXWULWLRQDO� TXDOLW\� RI� DPLQR� DFLG�SURGXFWV�ZDV�PDLQWDLQHG�IRU�FRVPHWLFV��GLHWHWLFV�DQG�SKDUPDFHXWLFDO�SXUSRVHV�
1LWURJHQ�FRQWHQW�ZDV�DQDO\]HG�E\� WKH�.MHGDKO�PHWKRG� OHG� WR�FDOFXODWLRQ�FUXGH�SURWHLQ��1� u������ FRQWHQW� RI�&*0�DQG�6%0�ZKLFK�ZHUH�����DQG������ UHVSHFWLYHO\�� �7KH� DPRXQWV�RI�FUXGH� SURWHLQ� ZHUH� XVHG� WR� FDOFXODWH� WKH� WRWDO� K\GURO\VLV� �KWRW�� RI� WKH� GHJUHH� RI� K\GURO\VLV��'+��
5HYHUHG�SKDVH�+3/&�ZHUH�HPSOR\HG�WHFKQLTXHV�IRU�DQDO\VLV�RI�DPLQR�DFLGV���5DSLG�DQG�KLJK�VHQVLWLYLW\�DQDO\VLV�RI�RQO\�SULPDU\�DPLQR�DFLGV�ZHUH�UHTXLUHG���7KH�GHJUHH�RI�K\GURO\VLV�ZDV�DOVR� DQDO\]HG� E\� R�SKWKDOGLDOGHK\GH� �23$�� DQG� WULQLWUR�EHQ]HQH�VXOIRQLF� DFLG� �71%6��PHWKRG�� DOWHUQDWLYHO\�� � 7KHVH� YDOXHV� ZHUH� WKHQ� FRPSDUHG� XVLQJ� FRUUHODWLRQ� DQDO\VLV�� � 7KH�UHDFWLRQ�WLPH�RI�23$�LV���PLQ��ZKHUHDV�WKH�71%6�UHDFWLRQ�QHHGV�DQ�KRXU���,Q�WKLV�FDVH��23$�PHWKRG�FDQ�EH�XVHG�WR�PRQLWRU�GXULQJ�WKH�K\GURO\VLV�UHDFWLRQ�
6LQFH� WKH� SRWHRO\WLF� DFWLYLW\� RI� DQ� HQ]\PH� DIIHFWV� WR� WKH� GLIIHUHQW� SURWHLQ� VXEVWUDWHV�� � 7KH�DFWLYLW\�RI�HQGRSHSWLGDVH�DFWHG�XSRQ�FDVHLQ��ZKLOH�WKH�DFWLYLW\�RI�H[RSHSWLGDVH DFWHG�XSRQ�S�QLWURDQLOLQH�DV�VXEVWUDWH���$OVR�WKH�HIIHFW�RI�S+�DQG�WHPSHUDWXUH�RQ�WKH�HQ]\PH�DFWLRQ�RI�PRUH�WKDQ� ��� FRPPHUFLDOO\� DYDLODEOH� SURWHDVHV� ZHUH� SHUIRUPHG� RQ� YHJHWDEOH� SURWHLQV� VXEVWUDWH�VXFK� DV� &*0� DQG� 6%0� DQG� ZHUH� PHDVXUHG� E\� +3/&� PHWKRG�� � +RZHYHU�� LQWHOOLJHQW�VFUHHQLQJ� RI� SURWHDVHV� GRHV� QRW� IROORZ� D� VLPSOH� SURFHGXUH�� EXW� UHTXLUHV� D� WHFKQLFDO� DQG�HFRQRPLFDO�HYDOXDWLRQ�RI�FRQVLGHUDWLRQV�
$V� WKH� GHJUHH� RI� K\GURO\VLV� ZDV� UHODWHG� WR� HQ]\PH� NLQHWLFV� DIWHU� WKH� HIIHFWV� RI� K\GURO\VLV�SDUDPHWHUV� VXFK� DV� HQ]\PH� GRVDJHV�� HQ]\PH� FRPELQDWLRQV�� VXEVWUDWH� FRQFHQWUDWLRQV� DQG�UHDFWLRQ� FRQGLWLRQV�ZHUH� GHWHUPLQHG�� �7KH� UDWH� RI� K\GURO\VLV�ZDV� GHWHUPLQHG� E\�PHDVXULQJ�K\GURO\WLF�SURGXFWV�DV�DPLQR�DFLGV�
7KH�SURFHVV�LQYHVWPHQW�GHPDQGHG�UHOLDEOH�DQG�VWHDG\�SHUIRUPDQFH�IURP�WKH�FDWDO\VWV���7KXV��NLQHWLF� FRQVLGHUDWLRQV�ZHUH� DSSOLHG� HLWKHU� D� FXUYH� VKDSH� DQG� WKH� FRPSRVLWLRQ� RI� WKH� DPLQR�DFLGV� SURGXFW� RU� FKDQJLQJ� WKH� K\GURO\VLV� FRQGLWLRQV�� IRU� H[DPSOH�� WHPSHUDWXUH� RU� HQ]\PH�FRQFHQWUDWLRQ���$W�KLJK�VXEVWUDWH�FRQFHQWUDWLRQV��WKH�UHDFWLRQ�LV�RI�]HUR�RUGHU�NLQHWLF�DQG�WKH�VKDSH� RI� UHDFWLRQ� FXUYH� ZDV� VWHDG\� VWDWH�� � :KHUHDV�� DW� ORZ� VXEVWUDWH� FRQFHQWUDWLRQV�� WKH�UHDFWLRQ�LV�RI�ILUVW�RUGHU�NLQHWLF�DQG�WKH�VKDSH�RI�UHDFWLRQ�FXUYH�LQFUHDVHG�SURSRUWLRQDOO\�ZLWK�



���&RQFOXVLRQV ��
VXEVWUDWH� FRQFHQWUDWLRQV�� 7KH� ]HUR� DQG� ILUVW�RUGHU� NLQHWLFV� VXJJHVWHG� WKDW� WKH� HQ]\PDWLF�K\GURO\VLV�ZDV�WLPH�GHSHQGHQW�
+HDW� WUHDWPHQW�RI� WKH�VXEVWUDWH�SULRU� WR�K\GURO\VLV�DIIHFWHG�WR� WKH�K\GURO\VLV�UHDFWLRQ��ZKLFK�ZDV�DOVR�GHULYHG�IURP�RQH�E\�RQH�YHUVXV�]LSSHU�PRGHOV���2QH�E\�RQH�W\SH�LV�VORZ�LQLWLDO�VWHSV�EXW�UDSLG�GHFRPSRVLWLRQ�RI�SULPDU\�SURGXFWV���=LSSHU�W\SH�NLQHWLFV�VKRZ�UDSLG�LQLWLDO�VWHSV�EXW�VORZHU�GHFRPSRVLWLRQ�RI�SULPDU\�DQG�VHFRQGDU\�SURGXFWV���7KH�GHQDWXUDWLRQ�RI�SURWHLQ�ZDV�D�PDMRU�FKDQJH�IURP�WKH�RULJLQDO�QDWLYH�VWUXFWXUH�ZLWKRXW�DOWHUDWLRQ�RI�WKH�DPLQR�DFLG�VHTXHQFH���7KH�GHQDWXUDWLRQ�ZDV�FRQVLGHUHG�DFFHVVLEOH�WR�HQ]\PH�DWWDFN�OHG�WR�LPSURYH�K\GURO\VLV�UDWH���7KXV��KHDW�WUHDWPHQW�SULRU�WR�K\GURO\VLV�JDYH�PRUH�SHUFHQW�RI�'+�WKDQ�ZLWKRXW�KHDW�WUHDWPHQW�DERXW����
7KH�SURWHLQ�K\GURO\VLV�SURFHVV�ZDV�FDUULHG�RXW�LQ�D�����/�UHDFWRU�DQG�ZDV�UHSURGXFHG�LQ�D���/�EDWFK�UHDFWRU��LQ�FDVH�RI�ODERUDWRU\�H[SHULPHQWV���+RZHYHU��WKH�K\GURO\VLV�UHDFWLRQ�ZDV�VFDOH�LQGHSHQGHQW� LQ� ZHOO�VWLUUHG� UHDFWRUV�� � 7KH� FRPELQDWLRQ� RI� ERWK� HQ]\PHV� EHWZHHQ� $OFDODVH��HQGRSHSWLGDVH�� DQG� )ODYRXU]\PH� �H[RSHSWLGDVH�� ZDV� VHOHFWHG� WR� XVH� LQ� WKH� K\GURO\VLV�SURFHVV�EHFDXVH�WKH\�DSSHDUHG�WR�SRVVHVV�WKH�EHVW�FRPELQDWLRQ�RI�KLJK�DFWLYLW\�DQG�VWDELOLW\���7KH� FRQFHQWUDWLRQ� RI� WKH� FRPELQDWLRQ�ZDV� RI� �����(�6� �Z�Z��� DQG�ZDV� XVHG� LQ� D� WZR�VWHS�K\GURO\VLV��ZKLFK�JDYH�WKH�'+�YDOXHV�IRU�&*0�DQG�6%0�RI�����DQG�����DW�WKH�HQG�RI�WKH�K\GURO\WLF�SURFHVV� IRU����K�� �+RZHYHU�� LQGLYLGXDO� WUHDWPHQW�ZLWK�)ODYRXU]\PH�UHDFKHG�����DQG�����'+�IRU�&*0�DQG�6%0��UHVSHFWLYHO\�
7KH�YHORFLWLHV� RI�K\GURO\VLV�ZHUH�GHWHUPLQHG� DV� DPLQR� DFLG� FRQFHQWUDWLRQV� >3@�YHUVXV� WLPH���7KH� YHORFLW\� RI� SURJUHVV� FXUYH� ZDV� GRZQZDUG� WR� VWHDG\� VWDWH� DW� WKH� VXEVWUDWH� VDWXUDWLRQ���+RZHYHU��WKH�KLJKHU�WKH�VXEVWUDWH�FRQFHQWUDWLRQ��WKH�PRUH�HIILFLHQW�ZLOO�EH�WKH�RYHUDO O�SURFHVV�HFRQRP\�� � 7KHUHE\�� WKH� FRQFHQWUDWLRQ� RI� VXEVWUDWH� VKRXOG� EH� DW� WKH� VDWXUDWLRQ� SRLQW�� � 7KH�VXEVWUDWH� VDWXUDWLRQ� RI� &*0� DQG� 6%0� ZHUH� ��� DQG� ���� SURWHLQ�� UHVSHFWLYHO\�� � 7KH�K\GURO\VLV� SURFHVV� LV� UHFRPPHQGHG� XVLQJ� WKH� HQ]\PH� FRQFHQWUDWLRQV� DURXQG� ������� (�6��Z�Z�� E\� XVLQJ� $OFDODVH� �HQGRSHSWLGDVH�� DERXW� ������� DQG� )ODYRXU]\PH� �H[RSHSWLGDVH��DERXW��������(�6��Z�Z���
7KH� HIIHFW� RI� WHPSHUDWXUH� RQ� WKH� UHDFWLRQ� UDWH� KDV� VHYHUDO� IDFWRUV�� IRU� H[DPSOH�� QDWXUDO�SURWHLQV�� E\�SURGXFW� LQKLELWLRQ� DQG� FKHPLFDO� ODELOLW\�� � 7KH� LQLWLDO� YHORFLWLHV� RI� K\GURO\VLV�FXUYHV� ZHUH� OLQHDU�� EXW� H[WHQW� K\GURO\VLV� FXUYHV� GHFOLQH�� � +HQFH�� DW� HDUO\� WLPH� WKH� UDWH� RI�SURGXFW�IRUPDWLRQ�FRUUHVSRQGHG�WR�WKH�XQLQKLELWHG�YHORFLW\�RI�WKH�HQ]\PDWLF�UHDFWLRQ���$IWHU���K�RI�K\GURO\VLV� WKH�YHORFLW\�FKDQJHG�WR� WKH�UHIOHFWLRQ�RI� WKH�(63�FRPSOH[��ZKLFK�XQGHUJRHV�FDWDO\VLV�DW�D�ORZHU�UDWH�WKDQ�WKH�ELQDU\�(6�FRPSOH[�



���&RQFOXVLRQV��
$OWHUQDWLYHO\�� WKH� HQ]\PDWLF� K\GURO\VLV� UHTXLUHV� D� VWDEOH� KLJK� WHPSHUDWXUH� SURWHDVH���([WUHPR]\PHV�VXFK�DV�D�UHFRPELQDQW�FDUER[\�WHUPLQDO SURWHDVH�IURP�7KHUPRWRJD�PDULWLPD�DQG�DQ�LVRODWHG�SURWHDVH�IURP�7��NHUDWLQRSKLOXV ZHUH�WKHUHIRUH�WHVWHG���7KH�FKDUDFWHUL]DWLRQ�RI�ERWK�H[WUHPR]\HV�ZHUH�SHUIRUPHG�E\�K\GURO\]LQJ�GLIIHUHQW�SURWHLQ�VXEVWUDWHV�VXFK�DV�FDVHLQ�DQG�&*0�LQ�RUGHU�WR�H[SUHVV�VWDELOLW\�DQG�DOWHUHG�VSHFLILFLW\�RI�H[WUHPR]\PHV���,W�DSSHDUV�WKDW�WKH�DFWLYLWLHV�RI�ERWK�H[WUHPR]\PHV�ZHUH�YHU\�ORZ�IRU�K\GURO\]LQJ�FDVHLQ�DQG�&*0�EHFDXVH�WKHUH�PD\�EH�VRPH�VXEVWDQFHV�LQ�&*0�ZKLFK�LQKLELWHG�HQ]\PH�DFWLYLW\���$QRWKHU�UHDVRQ��WKH�K\SHUWKHUPRSKLOHV� FDQ� EH� H[SUHVVHG� VXFFHVVIXOO\� LQ� D�PHVRSKLOLF� KRVW� VXFK� DV� (�� FROL�� EXW�GLIILFXOWLHV�PLJKW�EH�HQFRXQWHUHG�ZKHQ�WKH�H[SUHVVHG�HQ]\PHV�UHTXLUHV�VSHFLILF�FRIDFWRUV�RU�PHWDO�LRQV�
7KH� SURFHVV� HFRQRPLFV� ZHUH� FDOFXODWHG� XVLQJ� ��� WRQV� VXEVWUDWH� SHU� F\FOH�� � 7KH HIIHFW� RI�GLIIHUHQW� HQGR� DQG� H[RSHSWLGDVHV� RQ� K\GURO\VLV� UDWH� UHVXOWHG� LQ� YDULRXV� DPRXQWV� RI� DPLQR�DFLGV���7KH�FRVWV�RI�HQ]\PHV�ZHUH�DOVR�GLIIHUHQW���7KH�HQ]\PDWLF�K\GURO\VLV�RI�&*0�XVLQJ�WKH�FRPELQDWLRQ� RI� $OFDODVH�� DQ� HQGRSHSLGDVH� DQG� )ODYRXU]\PH�� DQ� H[RSHSWLGDVH� REWDLQHG� WKH�KLJKHVW�SURILW�DERXW ������¼�SHU�F\FOH�DIWHU���K�RI�K\GURO\VLV���$OWHUQDWLYHO\��.RML]\PH��1RYR�3UR�'� DQG� 1RYR]\PH� FDQ� EH� FRQVLGHUHG� RFFDVLRQDOO\� EXW� ZH� FDQQRW� JDLQ� DQ\� SURILW� IURP�&RURODVH�/$3�HYHQ�XVLQJ�HQ]\PH�FRQFHQWUDWLRQ�LQFUHDVHG�WR����LQ�WKH�SURFHVV���7KH�SURGXFW�VKRXOG EH�WDNHQ�DW���RU����K�EHFDXVH�RI�EHQHILFLDO�WR�RSHUDWH���F\FOHV�SHU�GD\���7KH�UHVXOW�RI�KDUYHVWLQJ�SURGXFW�DW���RU����K�SHU�F\FOH�JDYH�WKH�SURILW��������RU�������� ¼�SHU�GD\���7KHVH�YDOXHV�ZHUH�FDOFXODWHG�RQO\�IRU�K\GURO\]LQJ�&*0�



���$QQH[ ��
� $QQH[
��� $EEUHYLDWLRQV$$ $PLQR�DFLGV&*0 &RUQ�JOXWHQ�PHDO��D�E\SURGXFW�RI�WKH�FRUQ�ZHW�PLOOLQJ�SURFHVV�'+ 'HJUHH�RI�K\GURO\VLV���'HILQHG�DV�WKH�SHUFHQWDJH�RI�SHSWLGH�ERQGV�FOHDYHG�GXULQJ�WKH�SURWHRO\WLF�UHDFWLRQ�(�6 (Q]\PH�VXEVWUDWH�UDWLR��ZHLJKW�SHUFHQW�( (Q]\PH��FRQFHQWUDWLRQ�I1 .MHOGDKO�FRQYHUVLRQ�IDFWRU�������+3/& +LJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\K PPROHV�DQDO\]HG�IRU�DPLQR�DFLG�UHVLGXHVKWRW 7RWDO�PPROHV�RI�DPLQR�DFLG�UHVLGXHV�SHU�J�SURWHLQ1 1LWURJHQ��FRQFHQWUDWLRQ�23$ R�SKWKDOGLDOGHK\GH3 3URGXFWVU $�IXQFWLRQDO�UHODWLRQVKLS56' 7KH�UHODWLYH�VWDQGDUG�GHYLDWLRQ6 6XEVWUDWH�FRQFHQWUDWLRQ��ZHLJKW�SHUFHQW�1�u I1�6%0 6R\EHDQ�PHDO��D�E\�SURGXFW�RI�WKH�VR\EHDQ�FUXVKLQJ�SURFHVV�6' 6WDQGDUG�GHYLDWLRQ7&$ 7ULFKORURDFHWLF�DFLG71%6 7ULQLWUREHQ]HQHVXOSKRQLF�DFLG7 7HPSDUDWXUH���&�9� YHORFLW\�RU�UDWH�UHDFWLRQV
��� %UDGIRUG�DVVD\
$�UDSLG�DQG�UHOLDEOH�G\H�EDVHG�DVVD\�IRU�GHWHUPLQLQJ�SURWHLQ�FRQWHQW�LQ�D�VROXWLRQ���$OWKRXJK�WKHUH� DUH� UHODWLYHO\� IHZ� LQWHUIHULQJ� VXEVWDQFHV�� WKH� G\H� LQWHUDFWV�PRUH� RU� OHVV� VWURQJO\�ZLWK�GLIIHUHQW�SXULILHG�SURWHLQV�DQG�WKXV�LV�QRW�VWULFWO\�TXDQWLWDWLYH��%ROODJ�DQG�(GHOVWHLQ��������
$��6XPPDU\x 7LPH�UHTXLUHG�����PLQ�x $GYDQWDJHV��� 5DSLG��WZR�PLQXWH�GHYHORSPHQW�WLPH��� 6HQVLWLYH��KHQFH�OLWWOH�SURWHLQ�PXVW�EH�VDFULILFHG�x 'LVDGYDQWDJHV��� 6RPH�YDULDELOLW\�LQ�UHVSRQVH�EHWZHHQ�GLIIHUHQW�SXULILHG�SURWHLQV��� 3URWHLQV�XVHG�IRU�WKLV�DVVD\�DUH�LUUHYHUVLEO\�GHQDWXUHG�



���$QQH[��
x 5DQJH�RI� VHQVLWLYLW\�����J�PO� ± ����J�PO�SURWHLQ� VROXWLRQ��PLQLPXP�YROXPH�RI�����PO�SHUPLWV�PHDVXUHPHQW�RI�DV�OLWWOH�DV�����J�RI�SURWHLQ�x 7KHRU\��%UDGIRUG������%��(TXLSPHQWx 6SHFWURSKRWRPHWHUx 3ODVWLF�FXYHWWHV��SRO\VW\UHQH�x 3DVWXU�SLSHWV�DQG�SLSHW�EXOEVx 3LSHWVx 6PDOO�GLVSRVDEOH�WHVW�WXEHV�RU�(SSHQGRUI�WXEHVx 7HVW�WXEH�UDFNx 9RUWH[�PL[HU&��5HDJHQWVx 6HUYD�%OXH�*�'\Hx ��PJ�PO�ERYLQH�VHUXP�DOEXPLQ��%6$�x ����HWKDQROx ��� SKRVSKRULF�DFLG�'��3URWRFROx 6ROXWLRQV�� %UDGIRUG�6WRFN�6ROXWLRQ����PO�����HWKDQRO����PO�����SKRVSKRULF�DFLG����PJ�6HUYD�%OXH�*6WDEOH�LQGHILQLWHO\�DW�URRP�WHPSHUDWXUH��� %UDGIRUG�:RUNLQJ�%XIIHU����PO�GLVWLOOHG�ZDWHU���PO�����HWKDQRO���PO�����SKRVSKRULF DFLG���PO�%UDGIRUG�6WRFN�6ROXWLRQ)LOWHU�WKURXJK�:KDWPDQ�1R���SDSHU��VWRUH�DW�URRP�WHPSHUDWXUH�LQ�EURZQ�JODVV�ERWWOH���8VDEOH�IRU�VHYHUDO�ZHHNV��EXW�QHHG�WR�EH�UHILOWHUHG�x $VVD\�� 3LSHW� SURWHLQ� VROXWLRQ� �PD[LPXP� ����O�� LQWR� WXEH� �VHH� H[DPSOH� EHORZ� IRU�VWDQGDUG�FXUYH���� $GG�H[SHULPHQW�EXIIHU�WR�PDNH�D�WRWDO�YROXPH�RI�����O��� $GG���PO�%UDGIRUG�:RUNLQJ�%XIIHU�DQG�YRUWH[��� 5HDG�$��� DIWHU���PLQXWHV��5HDG�DQG�1RUWKFRWH��������EXW�EHIRUH���KRXU��%HDUGHQ��������



���$QQH[ ��
��� +3/&�DQDO\WLFDO�PHWKRG+3/&�DQDO\VLV�RI�DPLQR�DFLGV�XVHG�WR�GHWHFW�WKH�UDSLG�UHDFWLRQ�RI�SULPDU\�DPLQHV��GRHV�QRW�UHDFW� ZLWK� VHFRQGDU\� DPLQR� DFLGV� VXFK� DV� SUROLQH� DQG� K\GUR[\SUROLQH��ZLWK� DXWRPDWLF� SUH �FROXPQ�23$�GHULYDWL]DWLRQ�DJHQW�WR�IURP�D�KLJKO\�IOXRUHVFHQW�SURGXFW��3IHLIHU�HW�DO���������
,QVWUXPHQWV�DQG 0HWKRG
3XPS� JUDGLHQW�SXPS��&3������7HFKODE'HJDVVHU� (5&�������7HFKODE,QMHFWRU� 7ULDWKORQ�DXWRVDPSOHU��6SDUN'HWHFWRU� 5)���$;/�IOXRUHVFHQFH�GHWHFWRU��6KLPDG]X&ROXPQ� 5HVROYH70 ���P�&�� ����u ����PP��5HYHUVHG�SKDVH�:DWHUV
0RELOH�SKDVH�$�������0�VRGLXP DFHWDWH��S+�������0HWKDQRO���7HWUDK\GURIXUDQ�������������0RELOH�SKDVH�%��0HWKDQRO���GLVWLOOHG�ZDWHU��������)ORZ�UDWH�� ����PO�PLQ'HWHFWLRQ�� ([FLWDWLRQ������QP��(PLVVLRQ������QP'HULYDWL]DWLRQ� 23$���PHUFDSWRHWKDQRO5HDJHQWV�� $FHWDWH�EXIIHU�������0���S+ ��6RGLXP� DFHWDWH�� 0Z�� ������ �� ����J� DQG� ��� J� 1D+�32�� GHK\GUDWH� GLVVROYHG� ZLWK�GLVWLOOHG�ZDWHU�WR���/��DGGHG���PO����0�1D2+��DGMXVW�S+�WR�����ZLWK�1D2+��� 0RELOH�SKDVH�$$FHWDWH�EXIIHU�����������PO������PO�0HWKDQRO������PO�7HWUDK\GURIXUDQ�� 0RELOH�SKDVH�%��� PO�0HWKDQRO���������PO�GLVWLOOHG�ZDWHU�� %RUDWH�EXIIHU������PRO�O��S+����%RULF�DFLG��+�%2� ����J�GLVVROYHG�ZLWK�GLVWLOOHG�ZDWHU�WR����PO��DGMXVW�S+�WR�����ZLWK�1D2+�DQG�DGMXVW�WR�����PO��� 'HULYDWL]DWLRQ�UHDJHQW��23$����PPRO�OR�SKWKDOGLDOGHK\GH��&�+�2� ����PJ�LQ���PO�(WKDQRO�������O�0HUFDSWRHWKDQRO�DGGHG�ZLWK����PO�����0�%RUDWH�EXIIHU�S+����&DOLEUDWRU$PLQR�DFLGV�FDOLEUDWRU���������PRO�O�LQ�GLVWLOOHG�ZDWHU6LJPD�� $$�6����� WKH� FRPSRQHQWV� DUH� DODQLQ�� DPPRQLXP� FKORULGH�� DUJLQLQ�� DVSDWLF� DFLG��F\VWLQH�� JOXWDPLF DFLG�� JO\FLQH�� KLVWLGLQH�� LVROHXFLQH�� O\VLQH�� PHWKLRQLQH�� SKHQ\ODODQLQH��
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SUROLQH��VHULQH�� WKUHRQLQH�� W\URVLQH�DQG�YDOLQH�� � ,I�DGGLWLRQDO�DPLQR�DFLGV�DUH� WR�EH�DQDO\]HG��WKH\�FDQ�EH�DGGHG�WR�WKH�FDOLEUDWLRQ�VROXWLRQ�
$QDO\VLV/HW�WKH�SXPSV�UXQ�ZLWK�HOXHQWV�IRU�DW�OHDVW����PLQXWHV�WR�HTXLOLEUDWH�WKH�FROXPQ���,QMHFW�����O�RI�GLVWLOOHG�ZDWHU�WR�FKHFN�WKDW�WKHUH�DUH�QR�H[WUD�SHDNV��� 3LSHWWH�����O�RI�VDPSOHV�WR�EH�DQDO\]HG��FDOLEUDWRUV�DQG�XQNQRZQV��LQWR�VDPSOH�YLDOV�DQG�SODFH�LQ�DXWRVDPSOHU��� $GG�GHULYDWL]DWLRQ�UHDJHQW�����WR�YLDO�LQ�UHDJHQW�SRVLWLRQ�LQ�DXWRVDPSOHU��� 3URJUDP�DXWRVDPSOHU�WR�DGG�����O�GHULYHUWL]DWLRQ�UHDJHQW�WR�VDPSOH�WR�EH�LQMHFWHG���/HW�UHDFW�IRU����VHFRQGV�EHIRUH�LQMHFWLRQ�
R�SKWKDODOGHK\GH3ULPDU\�DPLQR�DFLGV�ZLOO�UHDFW�ZLWK�R�SKWKDODOGHK\GH�LQ�WKH�SUHVHQFH�RI�WKH�VWURQJO\�UHGXFLQJ���PHUFDSWRHWKDQRO� �S+� ������ WR� \LHOG� D� IOXRUHVFHQW� SURGXFW� �HPLVVLRQ� PD[LPXP�� ���� QP��H[FLWDWLRQ�PD[LPXP������QP����3HSWLGHV�DUH�OHVV�UHDFWLYH�WKDQ�v�DPLQR�DFLGV�DQG�VHFRQGDU\�DPLQHV�GR�QRW�UHDFW�DW�DOO���$V�D�UHVXOW��SUROLQH�DQG�K\GUR[\SUROLQH�PXVW�ILUVW�EH�WUHDWHG�ZLWK�D�VXLWDEOH�R[LGL]LQJ�DJHQW�VXFK�DV�FKORUDPLQH�7��VRGLXP�1�FKORUR�S�WROXHQH�VXOSKRQDPLGH��RU�VRGLXP�K\SRFKORULWH��WR�FRQYHUW�WKHP�LQWR�FRPSRXQGV�ZKLFK�ZLOO�UHDFW���6LPLODUO\�F\VWLQH�DQG�F\VWHLQH� VKRXOG� DOVR� EH� ILUVW� R[LGL]HG� WR� F\VWHLF� DFLG�� � 7KH� IOXRUHVFHQW� \LHOG� RI� LQGLYLGXDO�DPLQR�DFLGV�YDULHV�DQG�IOXRUHVFHQFH�YDOXHV�PXVW�EH�GHWHUPLQHG�IRU�DFFXUDWH�TXDQWLWDWLYH�ZRUN�LQ�WKH�VDPH�PDQQHU�DV�WKH�FRORXU�YDOXHV�IRU�QLQK\GULQ�
7KH�DTXHRXV�UHDJHQW�LV�VWDEOH�DW URRP�WHPSHUDWXUH�DQG�WKH�UHDFWLRQ�SURFHHGV�TXLFNO\�ZLWKRXW�UHTXLULQJ� KHDW�� � 7KH� PHWKRG� LV� DSSUR[LPDWHO\� WHQ� WLPHV� PRUH� VHQVLWLYH� WKDQ� WKH� QLQK\GULQ�PHWKRG�DQG�LV�SDUWLFXODUO\�XVHIXO�ZKHQ�WKH�TXDQWLW\�RI�PDQ\�DPLQR�DFLGV�LV�EHLQJ�FDUULHG�RXW�XVLQJ�DPLQR�DFLG�DQDO\VHUV�RU�+3/&�
7KH� IOXRUHVFHQFH� GHWHFWLRQ� RI� DPLQR� DFLGV� XVHG� WKH� R�SKWKDODGHK\H���PHUFDSWRHWKDQRO��23$�0&(����7KH�UHDFWLRQ�23$�0&(�DGGXFW��ZKLFK�WKHQ�LQWHUDFWHG�ZLWK�WKH�SULPDU\�DPLQH�RQ�DPLQR�DFLG� WR� IRUP�D� IOXRUHVFHQW���DON\O� WKLR���DON\O�VXEVWLWXWHG� LVRLQGROH�� �7KH�UHDFWLRQ�ZDV� UDSLG� DQG� TXDQWLWDWLYH� EXW� LVRLQGROHV� SURGXFHG� ZHUH� XQVWDEOH� GXH� WR� D� VXOIXU�R[\JHQ�UHDUUDQJHPHQW�WR�SURGXFH�D�QRQ�IOXRUHVFHQW�����GLK\GUR��+�LVRLQGROH���RQH�
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3ULPDU\�DPLQH )OXRUHVFDPLQH )OXRUHVFHQW�SURGXFW�QRQ�IOXRUHVFHQW�
)LJXUH���� 7KH�UHDFWLRQ�RI�IOXRUHVFDPLQH�ZLWK�D�SULPDU\�DPLQR�DFLG�JURXS���7KH�UHDFWLRQ�RI�DQ�DPLQR�DFLG�FRQWDLQLQJ�D�SULPDU\�DPLQR�JURXS�ZLWK�D�VROXWLRQ�RI�IOXRUHVFDPLQH�LQ�DFHWRQH�DW� S+� ���� UHVXOWV� LQ� WKH� FRQYHUVLRQ� RI� WKH� QRQ�IOXRUHVFHQW� IOXRUHVFDPLQH� WR� D� IOXRUHVFHQW�SURGXFW�
��� 'HWHUPLQDWLRQ�RI�FUXGH�SURWHLQ��.MHOGDKO�PHWKRG�7KH�GHWHUPLQDWLRQ�RI�.MHOGDKO�1��7KH�SURFHGXUHV�DUH�DGDSWHG�IURP�WKRVH�RI�WKH�$VVRFLDWLRQ�RI�2IILFLDO�$QDO\WLFDO�&KHPLVWV� �$2$&��������DQG�DUH�GHVFULEHG� IRU�ERWK�PDFUR�DQG�VHPL�PLFUR� VFDOH�� �7KH�PDFUR�.MHOGDKO�SURFHGXUH� LV� IRU�VDPSOHV�GLIILFXOW� WR�KRPRJHQL]H��DQG� WKH�VDPSOH�VL]H�LV�EHWZHHQ�����J��WKH�VHPL�PLFUR�GHWHUPLQDWLRQ�LV�GHVLJQHG�IRU�VPDOO�TXDQWLWLHV��������PJ��RI�KRPRJHQHRXV�PDWHULDO�� �1XPHURXV�PRGLILFDWLRQV�RI� WKH�RULJLQDO�SURFHGXUH�KDYH�EHHQ�SURSRVHG��0XQUR�DQG�)OHFN��������
7KH�VDPSOH�VKRXOG�EH�ZHOO�PL[HG�ZLWK�QR�FRDUVH�SDUWLFOHV�RU�LQ�KRPRJHQRXV��1RYR�,QGXVWUL�$�6������F����$Q�DPRXQW�RI�VDPSOH�FRUUHVSRQGLQJ�WR������PJ�1�LV�DGGHG�LQWR�D�WDUH�GLJHVWLRQ�WXEH�� �$�GLJHVWLRQ�WDEOHW������J�.�62� ZLWK��������J�6H��LV�DGGHG��DQG���PO�FRQF��+�62� LV�GLVSHQVHG�LQWR�WKH�WXEH��LI�WKH�VDPSOH�FRQWDLQV�DERYH�����FDUERK\GUDWH��WKH�DPRXQW�RI�+�62�VKRXOG�EH���PO��������PO�����+�2� PD\�EH�DGGHG��FDXWLRXVO\��'LJHVWLRQ�LV�FDUULHG�RXW�DW�����&��XVXDOO\�IRU�KDOI�DQ�KRXU���$IWHU�FRROLQJ��WKH�WXEH�LV�SODFHG�LQ�WKH� GLVWLOODWLRQ� XQLW�� H[FHVV� ���� PO�� ���� 1D2+� LV� DGGHG� DQG� WKH� OLEHUDWHG� 1+� LV� VWHDP�GLVWLOOHG� IRU� WZR� PLQXWHV� �GLVWLOODWLRQ� YROXPH� ������� PO�� LQWR� ��� PO� UHFHLYHU� VROXWLRQ�FRQWDLQLQJ� ��� ERULF� DFLG� ZLWK� EURPRFUHVRO�PHWK\O� UHG� LQGLFDWRU�� � 7KH� UHFHLYHU� VROXWLRQ� LV�WLWUDWHG�ZLWK�����1�+&O�
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&DOFXODWLRQ�RI�FUXGH�SURWHLQ�FRQWHQW�LQ�WKH�GU\�PDWWHU�IRU�DQ�H[DPSOH

9DULDEOH &DOFXODWLRQ 5HVXOWV�([DPSOHV6DPSOHV� � �D� )UHVK�VDPSOH�ZHLJKW��J� ������ ������E� 'U\�VDPSOH�ZHLJKW��J� ������ ������F� 1RUPDOLWL\�RI�+&O� �����1�������1 ����1��PO�RI�����1�+&O�FRUUHVSRQGV�WR�����PJ�1LWURJHQ���PO�RI������1�+&O�FRUUHVSRQGV�WR�����PJ�1LWURJHQG� &RUUHFWLRQ�IDFWRU�IRU�+&O�����PO�RI�D�����1�VWDQGDUG�VROXWLRQ�ZDV�GLVWLOOHGDQG�WLWUDWHG�ZLWK������PO�+&O�RI�a�����1�LQVWHDG�RI����PO�����1�+&O&RUUHFWLRQ�IDFWRU�WKHUHIRUH� ��������� �����H� 7LWUDWLRQ�+&O�LQ�PO ���� ����I� 1��  ��H�u G�u F���E�u ��� ���� ����J� &UXGH�SURWHLQ��  �I�u ���� ����� �����$YHUDJH �����
��� &RUUHODWLRQ�DQDO\VLV
:KHUHDV� WKH� UHJUHVVLRQ� IXQFWLRQ� LQGLFDWHV� WKH� W\SH� RI� WKH� UHODWLRQVKLS�� FRUUHODWLRQ� DQDO\VLV�LQYHVWLJDWHV�WKH�GHJUHH�RI�GHSHQGHQFH�EHWZHHQ�WZR�RU�PRUH�UDQGRP�YDULDEOHV��&KDSPDQ�DQG�6KRUWHU�� ������ 0DVVDUW� HW� DO��� ������� � 7KH� PRVW� LPSRUWDQW� PHDVXUH� RI� GHSHQGHQFH� LV� WKH�FRUUHODWLRQ�FRHIILFLHQW�S���$Q�DVVXPH�YDOXHV�EHWZHHQ����DQG�±����,I�U  ���RU�±���D�IXQFWLRQDO�UHODWLRQVKLS� H[LVWV� EHWZHHQ� [ DQG� \�� ,I� U  � ��� QR� UHODWLRQVKLS� H[LVWV� EHWZHHQ� [ DQG� \��%HUJPHU\HU��������
&DOFXODWLRQ/HW� D� UDQGRP� VDPSOH� RI� D� WZR�GLPHQVLRQ� [\�SRSXODWLRQ� EH� JLYHQ�� � 7KH� UDQGRP� VDPSOH�FRQVLVWV�RI�Q SDLUV�RI�YDOXHV��[�\���[�\���«��[Q\Q����7KHQ� [  ��[��[��«�[Q��Q LV�WKH�PHDQ�RI�WKH�[ YDOXHV�LQ�WKH�UDQGRP�VDPSOH���7KH�YDULDQFH�RI�WKHVH�ILJXUHV�LV� �� UHVS� \[ 66 �
7KH�SURGXFW�RI�WKH�WZR�GHYLDWLRQV�RI�WKH�REVHUYHG�YDOXHV��[��\��IURP�WKH�FRUUHVSRQGLQJ�PHDQ�
� B[ �� B\ �� LV� WDNHQ� DV� D� PHDVXUH� RI� WKH� FRYDULDQFHV� �6[\�� RI� WKH� UDQGRP� VDPSOH�� � 7KLV� LV�FDOFXODWHG�DV
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LV� FDOOHG� WKH� FRUUHODWLRQ� FRHIILFLHQW� RI� WKH� UDQGRP� VDPSOH�� � 7KH� IROORZLQJ� IRUPXOD� LV� PRUH�VXLWDEOH�IRU�FDOFXODWLRQ�
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2EYLRXVO\�� WKH� FRQFHSW� RI� FRUUHODWLRQ� LV� QRW� UHVWULFWHG� WR� OLQHDU� UHODWLRQVKLSV� EXW� FDQ� EH�JHQHUDOO\�XVHG���$�ZLGH�ILHOG�RI�DSSOLFDWLRQ�RI�OLQHDU�UHJUHVVLRQV�LV�WKH�JUDSKLFDO�FRPSDULVRQ�RI�GLIIHUHQW PHWKRGV�RI�FOLQLFDO�FKHPLVWU\�ZKHUH�LW�LV�YHU\�RIWHQ�XVHG�EHVLGHV�RWKHU�VWDWLVWLFDO�WRROV�ZKLFK�DUH�GHVLJQHG�IRU�WKH�FRUUHFW�VWDWLVWLFDO�FRPSDULVRQ�
7ZR�RI�WKHVH�SURFHGXUHV�DUH�HVSHFLDOO\�IRU�FRPSDULQJ�WZR�FKHPLFDO�PHWKRGV�

x 7KH�VWDQGDUGL]HG�SULQFLSOH�FRPSRQHQW�PHWKRG��)HOGPDQQ��HW�DO���������
x D�QHZO\�GHYHORSHG�VWDWLVWLFDO�PHWKRG�ZKLFK� LV�GLVWULEXWLRQ�IUHH� �3DVVLQJ�DQG�%DEORN��������

$V� WKH� FRPSDULVRQ� RI� GLIIHUHQW� JURXSV�� WKH� GLVWULEXWLRQ�IUHH� UHJUHVVLRQ� DQG� FRUUHODWLRQ�DQDO\VHV� ZKLFK� XVH� WKH� SULQFLSOH� RI� WKH� UDQNV� RI� WKH� REVHUYDWLRQV�� � 7KH\� DUH� NQRZQ� DV�.HQGDOO¶V� W DQG� 6SHDUPDQ¶V� UDQN� FRUUHODWLRQ� FRHIILFLHQW�� UHVSHFWLYHO\� �&RUQEOHHW� DQG� 6KHD��������
3UHFLVLRQ7KH� DJUHHPHQW� EHWZHHQ� YDOXHV� IURP� UHSOLFDWH� PHDVXUHPHQWV� LV� GHILQHG� DV� SUHFLVLRQ�� � 7KH�PDJQLWXGH� RI WKH� SUHFLVLRQ� LV� H[SUHVVHG� E\� WKH� LPSUHFLVLRQ�� FKDUDFWHULVHG� E\� WKH� VWDQGDUG�
GHYLDWLRQ��6'�� 6'  �

�B
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��� (QGRSHSWLGDVH�DVVD\
$� SURWHDVH� LV� DOORZHG� WR� K\GURO\]H� FDVHLQ� IRU� ���PLQXWHV� DW� ��� �&�� �8QGLJHVWHG� SURWHLQ� LV�SUHFLSLWDWHG�ZLWK� WULFKORURDFHWLF� DFLG� DQG� WKH� TXDQWLW\� RI� GLJHVWHG� SURGXFW� LV� GHWHUPLQHG� E\�VSHFWURSKRWRPHWHU�DW�����QP��%HUJPH\HU��������
5HDJHQWV�� &DVHLQ��0HUFN��'DUPVWDGW�
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�� .+�32��� 1D�+32���+�2�� 7ULFKORURDFHWLF�DFLG��7&$�������Z�Y��� +&/����P16ROXWLRQ,� 3KRVSKDWH�EXIIHU������0��S+ ����������� J� .+�32�� DQG� ������ J 1D�+32���+�2� GLVVROYHG� LQ� ��� PO� GLVWLOOHG� GHLRQL]HG�ZDWHU��DGMXVWHG�S+�WR�����EHIRUH�DGG�ZDWHU�WR�����PO�,, 6XEVWUDWH�VROXWLRQ���J�&DVHLQ�GLVVROYHG�FRPSOHWHO\�ZLWK�����PO�SKRVSKDWH�EXIIHU��VROXWLRQ�,��DERXW����PLQ�RQ�KRW SODWH���$GMXVW�YROXPH�WR�����PO�ZLWK�ZDWHU��7KH�FDVHLQ�VROXWLRQ��S+�YDOXHV�PXVW�EH�NHSW�DERYH�����WR�SUHYHQW�SUHFLSLWDWLRQ�RI�WKH�SURWHLQ�.HHS�FRRO�DW������&�WR�SURWHFW�PLFURRUJDQLVP�JURZWK���.HHS�RQ�WKH�EXIIHU�VROXWLRQ�IRU���\HDU�DQG�FDVHLQ�VROXWLRQ�PLQLPXP���ZHHN�3URFHGXUH6SHFWURSKRWRPHWHU� WR� UHDG� DEVRUEDQFH� DW� ���� QP�� TXDUW]� FXYHWWH�� VWUDWXP� WKLFN�� �� FP���,QFXEDWLRQ�WHPSHUDWXUH������&��LQFXEDWLRQ�YROXPH����PO��PHDVXUHPHQW�DJDLQVW�ZDWHU���3UHKHDW�ZDWHU�EDWK� WR�����&� �DSSUR[����PLQ��� �7KH�VROXWLRQ�FRQWDLQV�������J�SURWHDVHV� �%HUJPH\HU�������

,Q����PO�FHQWULIXJH�WXE��LQ�����&�ZDWHU�EDWK� 6DPSOH %ODQN &RQFHQWUDWLRQLQ�WHVW6DPSOH� ������J� SURWHDVHV� LQ� �� P1�+&O��SKRVSKDWH�EXIIHU��,�3UHKHDW�VXEVWUDWH�VROXWLRQ��,,� ��PO��PO ����PO ������P0�SKRVSKDWH����PJ�FDVHLQ�POPL[HG��VWRSZDWFK�IRU����PLQ�LQFXEDWLRQ���WULFKORURDFHWLF�DFLG��7&$�6DPSOH���SKRVSKDWH�EXIIHU ��PO�� ��PO��PO ��
ZHOO�PL[HG�� OHDYH�PLQLPXP����PLQ�DW� URRP�WHPSHUDWXUH��&HQWULIXJH�DW�������uJ�IRU����PLQ��5HDG�DEVRUEDQFH�DW�����QP�

&DOFXODWLRQ7KH�DFWLYLW\�RI�HQ\PH��78FDV�8FDV ��J�WU\SVLQ� � ����� ���� u  ��u������WKDW�LV���PJ�WU\SVLQ�FRQWDLQV���78FDV
����� �' DEVRUEDQFH��������PLQ����� ��J�WU\SVLQ�PO����� �FRQYHUW�$�������PLQ�WR�$����PLQ
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7U\SVLQ�>PJ@

)LJXUH���� 6WDQGDUG�FXUYH�IRU�WU\SVLQ�LV�DOORZHG�WR�K\GURO\]H�FDVHLQ�
7KH�YROXPH�RI�LQFXEDWLRQ����PO��FDVHLQ�FRQFHQWUDWLRQ�����������PLQ�LQFXEDWLRQ�DW����&��7KH�YROXPH�DIWHU�DGGHG�7&$����PO��WKH�ILQDO�FRQFHQWUDWLRQ�����
$EVFLVVD� �J�WU\SVLQ�LQ���PO�LQFXEDWLRQ�YROXPH
2UGLQDWH� UHDG� DEVRUEDQFH� DW� ���� QP� IURP� WU\SVLQ� LV� DOORZHG� WR� K\GURO\]H� FDVHLQ� LQ� ���PLQ����FP�VWUDWXP�WKLFN����PO�WRWDO�YROXPH��
6XSHULRU�VFDOH� ���� 78FDV LQ���PO�LQFXEDWLRQ�SUHSDUDWLRQ�
��� ([RSHSWLGDVH DVVD\/HXFLQH� DPLQRSHSWLGDVH�� (&� ������� /$38� �OHXFLQH� DU\ODPLGDVH��� K\GURO\]HV� /�OHXFLQH�S�QLWURDQLOLH�WR�IRUP�S�QLWURDQLOLQH�ZKLFK�LV�PHDVXUHG�XVLQJ�D�SKRWRPHWHU�DW�����QP����� OHXFLQH�DPLQRSHSWLGDVH�XQLW��/$38��LV�WKH�DPRXQW�RI�HQ]\PH�ZKLFK�K\GURO\]HV���PPRO�VXEVWUDWH�SHU�PLQXWH�XQGHU�WKH�JLYHQ�VWDQGDUG�FRQGLWLRQV��1RYR�(%�60�������������
5HDJHQW�VXEVWUDWHV�� +\GURFKORULF�DFLG��+&O����0�� 7ULV� EXIIHU� ���0� S+� ����� ���� PO� ��0� 7ULV� EXIIHU� ZLWK� ���PO� ��0�+&O� DGGHG�GLVWLOOHG� GHLRQL]HG� ZDWHU� XS� WR� �� /�� S+� DGMXVWHG� WR� ���� XVLQJ� 1D2+� RU� +&O� DV�DSSURSULDWH��� /�OHXFLQH�S�QLWURDQLOLGH����P0��/1$�5��� GLVVROYHG�ZLWK�����HWKDQRO� �SUHSDUHG�LPPHGLDWHO\�EHIRUH�XVH���3URWHFW�IURP�OLJKW��WLQ�IRLO���� ���HWKDQRO
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VXP ��������� VXP ���������
D�UHIHUHQFH��'U��)DXULH��$PLQR�*PE+���>����0�+&O��PRO�SHSWLG�ERQG@E�DVVXPSWLRQ
7DEOH����� 0DVV�EDODQFH� IRU�HQ]\PDWLF K\GURO\VLV�RI�VR\EHDQ�PHDO�� �&RQGLWLRQV��VXEVWUDWH�FRQF��� ��� SURWHLQ� �Z�Z�� IRU� ��� WRQV�� HQ]\PH� FRQF��� ��� $OFDODVH� DQG� ����� )ODYRXU]\PH�(�6���Z�Z����$IWHU����K�RI�K\GURO\VLV�REWDLQHG�����'+�

,QSXW 2XWSXWVXEVWDQFH TXDQWLW\�>NJ@ VSHFLILFDWLRQ VXEVWDQFH TXDQWLW\�>NJ@ VSHFLILFDWLRQVR\EHDQ�PHDO ������ VROLG DPLQR�DFLG�
WDUJHW�DPLQR�DFLGV
RWKHU�DPLQR�DFLGV

������
������
������

OLTXLG��IUDFWLRQ
�3KH�,OH�/HX�7\U�

$OFDODVH ����� OLTXLG UHVLGXH��DQLPDO�IHHG� �������� VROLG)ODYRXU]\PH ������ OLTXLG RWKHU�IUDFWLRQ��SHSWLGH� �������� OLTXLG1D2+ ������ OLTXLG ZDVWH�ZDWHU ���������ZDWHU ��������� UHVLGXH ������VXP ��������� VXP ���������
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&DYLQV�� )�-��� .ZROHN�� )�:��� ,QJOHWW�� (�*�� ������� $PLQR� $FLG� $QDO\VLV� RI� 6R\EHDQ� 0HDO��,QWHU�ODERUDWRU\�6WXG\��%LRFKHPLFDO�7HFKQLTXHV��-RXUQDO�RI�7KH�$2$&��9RO�����1R���
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&RQVWDQWLQLGHV��$���$GX�$PDQNZD��%���������(Q]\PDWLF�0RGLILFDWLRQ�RI�9HJHWDEOH�3URWHLQ��0HFKDQLVP��.LQHWLFV�DQG�3URGXFWLRQ�RI�6ROXEOH�DQG�3DUWLDOO\�6ROXEOH�3URWHLQ�LQ�D�%DWFK�5HDFWRU��%LRWHFKQRO��%LRHQJ������������
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����5HIHUHQFHV���
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