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$EVWUDFW,Q� WKLV� VWXG\� ZH� GHYHORSHG� /D1L[$O��[2�� SHURYVNLWH� V\VWHPV� XVLQJ� D� VRO�JHO PHWKRG��ZLWK� SURSLRQLF�DFLG� DV� VROYHQW�� WR� XVH� LQ�PHWKDQH�UHIRUPLQJ� UHDFWLRQV� IRU� SURGXFLQJ�V\QWKHVLV� JDV��7R� XQGHUVWDQG� WKH� UROHV� RI� WKH� QDWXUH�RI� WKH� SUHFXUVRU� DQG�FDOFLQDWLRQ�FRQGLWLRQV� RQ� WKH� IRUPDWLRQ� RI� /D1L[$O��[2��� ZH� FDUULHG� RXW� LGHQWLILFDWLRQV� XVLQJ�105�� )7�,5�� ;5'�� 6(0�� DQG� 7(0�� 7KH� SUHFXUVRU� VWUXFWXUH� LV� D� IXQFWLRQ� RI� UDZ�PDWHULDOV�DQG�FDOFLQDWLRQ�FRQGLWLRQV��1LWUDWH�VDOWV�RI�QLFNHO��DOXPLQLXP��DQG�ODQWKDQXP��DQG� FDOFLQDWLRQV� DW� ����&� IRU� �� K� JDYH� SXUH� /D1L[$O��[2�� SHURYVNLWH� ZLWK� JRRG�KRPRJHQHLW\��HYHQ�DW�QDQRVFRSLF�VFDOHV��7KHVH�V\VWHPV�DUH�KLJKO\�HIILFLHQW�FDWDO\VWV�LQ�VWHDP� DQG� WKH� GU\� UHIRUPLQJ� RI� PHWKDQH�� 9DULRXV� UDWLRV� RI� K\GURJHQ� WR� FDUERQ�PRQR[LGH� LQ� V\QWKHVLV� JDV� FDQ� EH� DFKLHYHG� E\� FKDQJLQJ� WKH� IHHG� W\SH�� :H� DOVR�LQYHVWLJDWHG� VWDELOL]DWLRQ� RI� WKHVH� V\VWHPV� E\� VWXG\LQJ� WKH� SHURYVNLWH� VWUXFWXUH� DIWHU�UHDFWLYLW\�WHVWV��7KH�RSWLPXP�PL[HG�SHURYVNLWH�IRU�VWHDP�DQG�GU\�UHIRUPLQJ�RI�PHWKDQH�LV�/D1L���$O���2���7KH�WRWDO�FRQYHUVLRQ�RI�&+��LV�UDSLGO\�REWDLQHG�DW�����&�LQ�VWHDP�UHIRUPLQJ�ZLWK�D�+�2�&+��UDWLR� ����WKH�VHOHFWLYLW\�RI�&2�LV�ORZHU�������DQG�WKH�\LHOG�RI� K\GURJHQ� ������ LV� KLJKHU� FRPSDUHG� WR� WKH� UDWLR� +�2�&+��  � ��� $IWHU� ���� K� RI�UHDFWLRQ��QR�GHDFWLYDWLRQ�KDG�RFFXUUHG��PHWKDQH�FRQYHUVLRQ�UHPDLQHG�KLJKHU�WKDQ�����DW�����&�DQG�LQ�GU\�UHIRUPLQJ��PHWKDQH�FRQYHUVLRQ�DQG�&2�\LHOG�DUH�DERXW�����DQG�����UHVSHFWLYHO\�
.H\ZRUGV� 1LFNHO�3HURYVNLWH��0HWKDQH�'U\�5HIRUPLQJ��6\QWKHVLV�*DV

 � &RUUHVSRQGLQJ�DXWKRU� (�PDLO��SDUYDUL#LXVW�DF�LU

,QWURGXFWLRQ7KH�FRQYHUVLRQ�RI�K\GURFDUERQV�WR�K\GURJHQ�DQG� FDUERQ� PRQR[LGH� LV� LPSRUWDQW� IURP� DQ�LQGXVWULDO� SRLQW� RI� YLHZ�� DQG� UDQJHV� IURP�VPDOO�K\GURJHQ�SURGXFWLRQ�XQLWV�LQ�IXHO�FHOOV�WR� ODUJH� XQLWV� LQ� QDWXUDO� JDV� FRQYHUVLRQ� WR�PRUH� HDVLO\�WUDQVSRUWHG� SURGXFWV� DQG�K\GURJHQ� SODQWV� LQ� UHILQHULHV� >�@�� 6WHDP�UHIRUPLQJ�RI�PHWKDQH�LV�DQ�LQGXVWULDO�SURFHVV�WKDW� SURGXFHV� V\QWKHVLV� JDV�ZLWK� WKH� KLJKHVW�+��&2� UDWLR� �t ���� 7KH� SRRU� VHOHFWLYLW\� IRU�

&2� GXH� WR� WKH� ZDWHU�JDV� VKLIW� UHDFWLRQ� LV�VXLWDEOH IRU�K\GURJHQ�SODQWV�>�@�2[\UHIRUPLQJ��+��&2� ���DQG�GU\�UHIRUPLQJ��+��&2 ��� KDYH� EHHQ� SURSRVHG� DV�DOWHUQDWLYHV� WR� DFKLHYH� D� KLJK�&2�VHOHFWLYLW\�DQG� D� PRUH� DSSURSULDWH� +��&2� UDWLR� IRU�PHWKDQRO�DQG�)LVFKHU�7URSVFK�V\QWKHVLV��'XH�WR� WKH� KLJK� OHYHO� RI� FDUERQ IRUPDWLRQ� IURP�PHWKDQH�DQG�&2��&+� &��+����&2�&2���&���GU\�UHIRUPLQJ�KDV�QRW�EHHQ�ZLGHO\�XVHG�� KRZHYHU�� GU\� UHIRUPLQJ� KDV� DWWUDFWHG�
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LQWHUHVW� IURP� ERWK� LQGXVWULDO� DQG� HQYLURQ�PHQWDO� SHUVSHFWLYHV�� %RWK� VWHDP� DQG� GU\�UHIRUPLQJ� DUH� KLJKO\� HQGRWKHUPLF� DQG�UHYHUVLEOH��,W�LV�WKHUHIRUH�QHFHVVDU\�WR�RSHUDWH�DW� KLJK� WHPSHUDWXUHV� WR� DFKLHYH� HTXLOLEULXP�EHWZHHQ� PHWKDQH�� ZDWHU�� FDUERQ� PRQR[LGH��DQG� FDUERQ� GLR[LGH�� WRJHWKHU�ZLWK� WKH�ZDWHU�JDV�VKLIW�UHDFWLRQ�&DWDO\VWV� WKDW� FRQWDLQ� QLFNHO� DUH� PRVW�FRPPRQO\�XVHG�EHFDXVH�RI�WKHLU�IDVW�WXUQRYHU�UDWH�� ORZ� FRVW�� DQG� UHODWLYHO\� ORQJ�WHUP�VWDELOLW\� >�@�� 0HWDO� SDUWLFOHV� �1L�� DUH� WKH�DFWLYH� VLWHV� >�@�� KRZHYHU�� WKH\� WHQG� WR� VLQWHU�XQGHU� WKH� UHDFWLRQ� FRQGLWLRQV�� 7KLV� LQ� WXUQ�OHDGV� WR� D� UHGXFWLRQ� LQ� WKH�QXPEHU�RI� DFWLYH�VLWHV� DQG DQ� LQFUHDVH� LQ� FDUERQ� GHSRVLWLRQ�>���@��2WKHU�PHWDOV� VXFK�DV� FREDOW�� LURQ�� DQG�QREOH�PHWDOV��3W��3G��5K��KDYH�EHHQ�WHVWHG�DV�FDWDO\VWV��HVSHFLDOO\�LQ�GU\�UHIRUPLQJ�>������@�6XSSRUWV�VXFK�DV�&D2�DQG�0J2�LQFUHDVH�WKH�VWDELOLW\�DQG�OLIHWLPH�RI�WKH�FDWDO\VW�>��@��7KH�DGGLWLRQ�RI�DONDOL�HDUWK�RU�UDUH�HDUWK�HOHPHQWV�LV� LPSRUWDQW� LQ� UHGXFLQJ� FDUERQ� GHSRVLWLRQ�>���� ��@�� 7R� SUHYHQW� WKH� VLQWHULQJ� RI� PHWDO�SDUWLFOHV��GLOXWLRQ�RI�QLFNHO�E\�D�VHFRQG�PHWDO�VXFK�DV�0Q��)H��&X��RU�$O�>�����@�LV�UHTXLUHG��3HURYVNLWHV��FRQWDLQLQJ�/D��1L��)H�RU�/D��&R��)H�� KDYH� SUHYLRXVO\� EHHQ� FRQVWUXFWHG� XVLQJ�WKH�DERYH�DSSURDFKHV�>����������@��KRZHYHU��WKH�WRWDO�UHGXFWLRQ�WHPSHUDWXUH�IRU�ELPHWDOOLF�SHURYVNLWHV� VXFK� DV� /D1L2� DQG� /D&R2� LV�PXFK� ORZHU� WKDQ� WKDW�RI�PHWKDQH� UHIRUPLQJ��+HQFH�� WKH\� DUH� TXLFNO\� DQG� WRWDOO\� UHGXFHG�DQG�WKHQ�DFW�DV�VXSSRUWHG�PHWDOV�>��@��1LFNHO�RU� FREDOW� IURP� WKH� WULPHWDOOLF� SHURYVNLWHV��/D1L)H� RU� /D&R)H�� FDQ� EH� FRPSOHWHO\� RU�SDUWLDOO\� UHGXFHG� WR� IRUP� DFWLYH� PHWDOOLF�VSHFLHV�>����������@�DW�D�WHPSHUDWXUH�FORVH�WR�WKH� UHIRUPLQJ� WHPSHUDWXUH�� WKLV� FDQ� FUHDWH�VWURQJ� PHWDO�VXSSRUW� LQWHUDFWLRQ� WKURXJK� DQ�DSSURSULDWH� DFWLYDWLRQ�� /D)H2� SHURYVNLWH� LV�QHYHU� RU� VHOGRP� UHGXFHG� RQ� WKH� FDWDO\VWV� WR�SHUIRUP� DV� D� PHWDO� GHSRVLWHG� LQ� VWURQJ�LQWHUDFWLRQ�RQ�WKH�VWUXFWXUH��3UHYLRXV� VWXGLHV� >���� ���� ���� ���� ��@� KDYH�GHPRQVWUDWHG� WKDW� D� VROLG� VROXWLRQ� RI� QLFNHO�RU� FREDOW� ZLWK� D� VHFRQG� PHWDO� �)H�� FDQ�

LQFUHDVH� WKH� UHGXFWLRQ� WHPSHUDWXUH� RI�/D1L[)H��[2� DQG� /D&R[)H��[2� SHURYVNLWHV�LQ� WKH� IXQFWLRQ� RI� [� YDOXHV� �����&� IRU�/D1L2��� ����&� IRU�/D1L���)H���2�� DQG� IURP�����&�WR�FORVH�WR�����&�IRU�/D&R;)H��[2���,W� KDV� DOVR� EHHQ� GRFXPHQWHG� WKDW� WKH�WULPHWDOOLF� /D1L)H� VWUXFWXUH� LV� SUHVHUYHG�GXULQJ�VWHDP�UHIRUPLQJ��IRU�[� ������>��@�DQG�WKDW�WKH�FDWDO\VW�DFWV�DV�1L�LQ�LQWHUDFWLRQ�ZLWK�/D1L)H�� ,Q� WKLV� FDVH�� WKH� VWURQJ� LQWHUDFWLRQ�EHWZHHQ� QLFNHO� DQG� WKH� GHILQHG� VWUXFWXUH�OLPLWV� ERWK� PHWDO� FU\VWDOOLWH� JURZWK� DQG�FDUERQ� GHSRVLWLRQ�� VWHDP� UHIRUPLQJ� FDQ�WKHUHIRUH� EH� SHUIRUPHG� DW� D� ORZHU� VWHDP��PHWKDQH�UDWLR�������7ULPHWDOOLF�QLFNHO�SHURYVNLWH� LV�RI� LQWHUHVW� LQ�WHUPV� RI� WKH� UHGXFWLRQ� WHPSHUDWXUH� DQG�DJHLQJ�� $OSKD� DOXPLQD� LV� WKH� LQGXVWULDO�VXSSRUW�ZLWK�D� VXUIDFH�DUHD� WKDW� LV�VLPLODU� WR�WKDW�RI�SHURYVNLWH��1LFNHO�DQG�DOXPLQD�FDQ�EH�FRPELQHG�GXULQJ� WHVWV� LQWR�QLFNHO�DOXPLQDWH��,Q� WKLV� VWXG\� ZH� SUHSDUHG� D� SHURYVNLWH� WKDW�FRQWDLQV�1L�DQG�$O�WR�WHVW�KRZ�FRPELQDWLRQV�RI� WKHVH� WZR� HOHPHQWV� DUH� VXLWDEOH� IRU�PHWKDQH� UHIRUPLQJ� UHDFWLRQV�� :H� XVHG� D�FRPELQDWLRQ� RI� ;�UD\� GLIIUDFWLRQ� �;5'���VFDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0��� WUDQV�PLVVLRQ�HOHFWURQ�PLFURVFRS\��7(0���QXFOHDU�PDJQHWLF� UHVRQDQFH� �105��� DQG� LQIUD�UHG��,5�� WR� VWXG\� WKH� HIIHFW� RI� UDZ�PDWHULDO� W\SH�DQG� FDOFLQDWLRQ� FRQGLWLRQV� RQ� WKH�PLFURVWUXFWXUH� DQG� FDWDO\WLF� EHKDYLRXU� RI�/D1L[$O��[2� SHURYVNLWHV�XVHG�LQ�VWHDP��ZLWK�YDULRXV� VWHDP�PHWKDQH� UDWLRV�� DQG� WKH� GU\�UHIRUPLQJ RI� PHWKDQH�� &KDUDFWHULVDWLRQ�IROORZLQJ� WHVWV� SURYLGHV� LQIRUPDWLRQ�FRQFHUQLQJ�WKH�DFWLYH�SKDVH�RI�WKH�SHURYVNLWH�GXULQJ�WKH�UHDFWLYLW\�WHVW�([SHULPHQWDO�6HFWLRQ3UHSDUDWLRQ�RI�&DWDO\VWV�3UHSDUDWLRQ�RI�FDWDO\VWV�ZDV�FDUULHG�RXW�YLD�D�VRO�JHO� PHWKRG� XVLQJ� SURSLRQLF� DFLG� DV� D�VROYHQW�� &DWDO\VWV� ZHUH� SUHSDUHG� LQ�DFFRUGDQFH� ZLWK� WKH� IRUPXOD� /D1L[$O��[2���ZLWK�[�YDU\LQJ�IURP�����WR�����DW�LQWHUYDOV�RI������ IROORZLQJ� WKH�PHWKRG�GHYHORSHG� LQ� >��@�
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DQG� >��@�� 3UHFXUVRU� VROXWLRQV� ZHUH� SUHSDUHG�VHSDUDWHO\�E\�GLVVROYLQJ�UDZ�PDWHULDOV�LQ�KRW�SURSLRQLF� DFLG�� 1LFNHO� QLWUDWH� DQG� DFHWDWH�ZHUH� XVHG� DV� QLFNHO� VRXUFHV� LQ� GLIIHUHQW�VDPSOHV�� 1LWUDWH�� R[LGH�� RU� K\GUR[LGH� ZDV�UHWDLQHG� IRU� ODQWKDQXP�� ZKLOH� DOXPLQLXP�QLWUDWH� ZDV� XVHG� DV� DQ� DOXPLQLXP� VRXUFH��$IWHU� GLVVROXWLRQ� LQWR� SURSLRQLF� DFLG�� QLFNHO�DQG�DOXPLQD�VROXWLRQ�ZHUH�PL[HG�DQG�DGGHG�WR� WKH� ODQWKDQXP�� $IWHU� VWLUULQJ� IRU� ���PLQXWHV�� WKH� VROYHQW� ZDV� HYDSRUDWHG� LQ� D�UHIOX[� SURFHVV� XQWLO� UHVLQ� IRUPDWLRQ�� 7KH�UHVXOWLQJ� JHO� ZDV� FDOFLQHG� XQGHU� LQFUHDVLQJ�WHPSHUDWXUH� DW� D� UDWH� RI� ��&�PLQ� IURP����&�WR� ����&�� DQG�PDLQWDLQHG� DW� ����&� IRU� �� K��7R� GHWHUPLQH� WKH� LQIOXHQFH� RI� FDOFLQDWLRQ�FRQGLWLRQV�� VDPSOHV�ZHUH�FDOFLQHG�DW�YDULRXV�WHPSHUDWXUHV� IURP�����&� WR������&��$V� WKH�HYDSRUDWLRQ�RI� VROYHQW� LQ� WKH� VRO�JHO�PHWKRG�VRPHWLPHV� OHDGV� WR� WKH� GHFRPSRVLWLRQ� RI�QLWUDWHV� DQG� YLROHQW� 12� SURGXFWLRQ�� D� VORZ�DQG� FRQWUROOHG� GLVWLOODWLRQ� RI� WKH� VROYHQW� LV�UHFRPPHQGHG�GXULQJ� WKLV�VWHS��$FFRUGLQJ� WR�WKH� H[SODQDWLRQV� DERYH�� WKH� HIIHFWLYH� IDFWRUV�DIIHFW��WKH�VWUXFWXUH�RI�SHURYVNLWH�DQG�LQFOXGH�WKH� W\SH� RI� LQLWLDO� VDOWV� DQG� FDOFLQDWLRQ�FRQGLWLRQV�WKDW�KDYH�EHHQ�VWXGLHG�VR�GLIIHUHQW�VDOWV� RI� /DQWKDQXP��1LFNHO� DQG�$OXPLQLXP��ILYH� GLIIHUHQW� UHGXFWLRQ� WHPSHUDWXUHV� ���������� �&�� DQG� ILYH� FDWDO\VW� FRPSRVLWLRQ������[������ZHUH�XVHG�WR�SUHSDUH�WKH�VDPSOHV�LQ�WKH�SUHVHQW�ZRUN�
&KDUDFWHULVDWLRQ�RI�WKH�*HO:H� XQGHUWRRN� D� VWXG\� RI� SUHFXUVRUV� WR�GHWHUPLQH� WKH� LQIOXHQFH�RI� WKH�QDWXUH�RI� UDZ�PDWHULDOV� RQ� SHURYVNLWH� SUHSDUDWLRQ� DQG� WR�VHOHFW� WKH� PRVW� DSSURSULDWH� FRPELQDWLRQ� RI�UDZ�PDWHULDOV�:H� VWXGLHG� WKH� VWUXFWXUH� RI� UHVLQV� REWDLQHG�GXULQJ�WKH�JHO�IRUPDWLRQ�SURFHVV�XVLQJ�105�DQG� )7�,5�� DQG� VWXGLHG� WKH� IRUPDWLRQ� RI�SUHFXUVRUV� LQ� WKH� SURSLRQLF� DFLG� VROXWLRQ�XVLQJ�YDULRXV�FRPELQDWLRQV�RI�UDZ�PDWHULDOV��DFFRUGLQJ� WR� >��@�� 7KH� VROXWLRQ� RI�FRUUHVSRQGLQJ�SURSLRQDWH�DQG�SURSLRQLF�DFLG�LV� FRQFHQWUDWHG� DQG� KHQFH� D� FRXQWHU�VROYHQW�

�KH[DQH��ZDV� DGGHG��$IWHU� IUHH]LQJ� �����&���WKH� UHVXOWLQJ�FU\VWDOV�ZHUH�DQDO\VHG�E\�)7,5����ZW��LQ�.%U�PDWUL[��
&KDUDFWHULVDWLRQ�RI�5HVXOWLQJ�2[LGH3RZGHU� ;�UD\� GLIIUDFWLRQ� �;5'�� GDWD� ZHUH�FROOHFWHG� XVLQJ D� 6LHPHQV� '����� GLIIUDFWR�PHWHU� DQG� &X�.D UDGLDWLRQ� IRU� GHWHUPLQLQJ�FU\VWDOOLQH� SKDVHV� DQG� FDOFXODWLQJ� ODWWLFH�SDUDPHWHUV�0RUSKRORJLFDO� REVHUYDWLRQV� RI� FDOFLQHG�FDWDO\VWV� SUHSDUHG� DW� GLIIHUHQW� WHPSHUDWXUHV�IURP� ����&� WR� �����&� ZHUH� XQGHUWDNHQ�XVLQJ� D� -(2/� -60� ���� 6(0�� 7KH� QDQR�VFRSLF� VWDWH� RI� WKH� FDWDO\VW� DQG� LWV�KRPRJHQHLW\� ZHUH� GHWHUPLQHG� IURP�WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� �7(0��DQDO\VLV� XVLQJ� D� 723&21� (0����%�DSSDUDWXV�FRXSOHG�WR�DQ�HQHUJ\�GLVSHUVLYH�;�UD\� VSHF�WURPHWHU� �('6��� 3ULRU� WR� DQDO\VLV��SRZGHU�RI�WKH�FDWDO\VW�ZDV�VXEMHFWHG�WR�XOWUD�VRQLF� ZDYHV� LQ� DOFRKRO�� RQH� GURS� RI� WKH�REWDLQHG�VXVSHQVLRQ�ZDV�WKHQ�GHSRVLWHG�RQ�D�FDUERQ�FRDWHG� ����� PHVK� FRSSHU� JULG�� 7KH�7(0�� RSHUDWLQJ� DW� ���� .9� �SRLQW� WR� SRLQW�UHVROXWLRQ�RI������QP���ZDV�HTXLSSHG�ZLWK�DQ�XOWUD� WKLQ� ZLQGRZ� .(9(;� (';�VSHFWURPHWHU�6SHFLILF� VXUIDFH� DUHD� PHDVXUHPHQWV� ZHUH�FDUULHG�RXW�YLD�WKH�%(7�PHWKRG�EDVHG�RQ�WKH�1� SK\VLVRUSWLRQ� FDSDFLW\� DW� ��� .� RQ� D�&RXOWHU�6$������DSSDUDWXV�7KH� WRWDO�DPRXQW�RI�FDUERQ�GHSRVLWHG�RQ�WKH�FDWDO\VWV� GXULQJ� VWHDP DQG� GU\� UHIRUPLQJ�UHDFWLRQV� ZDV� PHDVXUHG� E\� HOHPHQWDO�DQDO\VLV�7HPSHUDWXUH� SURJUDPPHG� UHGXFWLRQ� �735��PHDVXUHPHQWV�ZHUH� SHUIRUPHG� RQ� D� ����PJ�VDPSOH� SODFHG� LQ� D� 8�VKDSHG� TXDUW]� UHDFWRU������PP�,'��XVLQJ�D�KHDWLQJ�UDWH�RI����&�PLQ�IURP����&�WR�����&��7KH�UHGXFWLYH�JDV�XVHG�GXULQJ� WKLV� SURFHGXUH� ZDV� D� PL[WXUH� RI� +H�DQG����+� �WRWDO�IORZ����PO�PLQ���$�WKHUPDO�FRQGXFWLYLW\�GHWHFWRU�ZDV�XVHG�WR�DQDO\VH�WKH�HIIOXHQW� JDV� DIWHU� ZDWHU� WUDSSLQJ�� DQG�TXDQWLILFDWLRQ�RI�K\GURJHQ�FRQVXPSWLRQ�ZDV�FDUULHG�RXW�
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5HDFWLYLW\ RI�6WHDP�5HIRUPLQJ�RI�0HWKDQH&DWDO\WLF� WHVWV� GXULQJ� VWHDP� UHIRUPLQJ� ZHUH�SHUIRUPHG� DW� DWPRVSKHULF� SUHVVXUH�ZLWK� WZR�GLIIHUHQW� UDWLRV� RI� PHWKDQH� WR� VWHDP��&+��+�2� ���DQG�&+��+�2� ������7KH� UHDFWLRQ� FRQGLWLRQV� ZHUH� DV� IROORZV��IL[HG�EHG�TXDUW]�UHDFWRU������PP�,'���ZHLJKW�RI� FDWDO\VW�� ����PJ�� WRWDO� IHHG� IORZ� UDWH�� ���PO�PLQ��FDUULHU�JDV��$UJRQ�)RU� WKH�UDWLR�&+��+�2� ����WKH�IORZ�UDWHV�RI�FRPSRQHQWV� ZHUH�� &+��� ����� PO�PLQ�� +�2��������� PO�PLQ�� $U�� ����� PO�PLQ�� )RU� WKH�UDWLR� &+��+�2�  � ����� WKH� IORZ� UDWHV� RI�FRPSRQHQWV�ZHUH��&+���������PO�PLQ��+�2�������� PO�PLQ�� $U�� ����� PO�PLQ�� 7KH� RXWOHW�JDV� ZDV� DQDO\VHG� XVLQJ� D� PLFUR� JDV�FKURPDWRJUDSK�WKDW�LV�DEOH�WR�VLPXOWDQHRXVO\�DQDO\VH�WKH�UHPDLQLQJ�&+� DQG�SURGXFHG�&2��&2��� DQG� +��� 7KH� IHHG� JDV� IORZ� UDWH� ZDV�DGMXVWHG�E\�PDVV�IORZ�FRQWUROOHUV�7KH� FDWDO\VW�ZDV� KHDWHG� WR� ����&� XQGHU� WKH�DUJRQ� IORZ� ZLWK� D� UDWH� RI� WHPSHUDWXUH�LQFUHDVH� RI� ���&�PLQ�� 0HWKDQH �&+� IORZ������PO�PLQ�� DQG�ZDWHU�ZHUH� WKHQ� LQWURGXFHG�WR�WKH�UHDFWRU��7KH�V\VWHP�ZDV�PDLQWDLQHG�DW�WKLV� WHPSHUDWXUH� IRU� ò� K�� DIWHU� ZKLFK� WKH�WHPSHUDWXUH� ZDV� FKDQJHG� LQ� D� SURJUDP�FRPSULVLQJ�IRXU�UDPSV��,Q�WKH�ILUVW�UDPS��WKH�WHPSHUDWXUH� ZDV� UHGXFHG� VWHSZLVH� WR� ����&�DW����&�LQFUHPHQWV��ZLWK�*&�DQDO\VLV�DW�HDFK�LQFUHPHQW� RI� WHPSHUDWXUH� GHFUHDVH�� 7KH�VHFRQG�UDPS� LQYROYHG�D�VWHSZLVH�LQFUHDVH� LQ�WHPSHUDWXUH�IURP�����&�WR�����&�DW�D�UDWH�RI���&�PLQ�� ZLWK� *&� DQDO\VLV� DW� HYHU\� ���&��7KH� WKLUG� DQG� IRUWK� UDPSV�ZHUH� WKH� VDPH�DV�WKH�ILUVW�DQG�VHFRQG��UHVSHFWLYHO\��H[FHSW�WKDW�WKH� WHPSHUDWXUH�ZDV� UHGXFHG� IURP� ����&� DW�WKH� HQG� RI� WKH� H[SHULPHQW�� 7KH� FDWDO\VW�ZDV�WKHQ�UDSLGO\�FRROHG�WR�URRP�WHPSHUDWXUH�$V�ZHOO�DV�WKH�SUHSDUHG�PL[HG�R[LGH��ZH�DOVR�WHVWHG�D�FRPPHUFLDO�FDWDO\VW�������ZW��1L�D�$O�2�� IURP� ,&,� 6<1(7,;��XVHG� LQ�PHWKDQH�VWHDP�UHIRUPLQJ�SODQWV�IRU�FRPSDULVRQ�7R� GHWHUPLQH� WKH� OLIHWLPH� RI� WKH� SUHSDUHG�SHURYVNLWH�V\VWHP��VDPSOHV�ZHUH�WHVWHG�LQ�WKH�VWHDP�UHIRUPLQJ�UHDFWLRQ�ZLWK�D�IHHG�UDWLR�RI�&+��+�2�  � ���� IRU� DSSUR[LPDWHO\� ���� K� DW�����&�

5HDFWLYLW\�LQ�WKH�'U\�5HIRUPLQJ�RI�0HWKDQH2SHUDWLQJ� FRQGLWLRQV� ZHUH� DV� IROORZV�� IL[HG�EHG� TXDUW]� UHDFWRU� ����� PP� ,'��� IHHG� IORZ�UDWHV��&+�����PO�PLQ��&2�����PO�PLQ��$U�����PO�PLQ�� ZHLJKW� RI� FDWDO\VW�� ���� PJ�� LQOHW�WHPSHUDWXUH�����±����&��7KH�RXWOHW�JDV�ZDV�DQDO\VHG� VLPXOWDQHRXVO\� E\� WZR� JDV� FKUR�PDWRJUDSKV��ZLWK�RQH�RI� WKH�FKURPDWRJUDSKV�PHDVXULQJ� WKH�DPRXQW�RI�UHPDLQLQJ�PHWKDQH�DQG� SURGXFHG� FDUERQ� R[LGH�� DQG� WKH� RWKHU�PHDVXULQJ� WKH� SURGXFHG� FDUERQ� PRQR[LGH�DQG�K\GURJHQ�7KH� WHPSHUDWXUH� SURJUDP� FRPSULVHG� DQ�LQLWLDO� WUHDWPHQW� DQG� WKUHH�F\FOHV��7KH� LQLWLDO�WUHDWPHQW�FRQVLVWHG�RI�D�WHPSHUDWXUH�LQFUHDVHIURP� ���&� WR� ����&� DW� D� UDWH� RI� ���&�PLQ��'XULQJ� WKLV� VWHS�� QR� V\QWKHVLV� JDV� ZDV�SURGXFHG� IRU� HDFK� FDWDO\VW�� 7KH� ILUVW� F\FOH�ZDV� SHUIRUPHG� E\� D� FRQWLQXRXV� WHPSHUDWXUH�LQFUHDVH� IURP�����&� WR�����&�� LQFUHDVLQJ�DW���&�PLQ�� GXULQJ� WKLV� VWDJH�� FKURPDWRJUDSKLF�DQDO\VHV�ZHUH� SHUIRUPHG� HYHU\� ���&� XQWLO� D���K� VWDJH� DW� ����&� WKDW� LQYROYHG� WKUHH� *&�DQDO\VHV�� )LQDOO\�� D� VWHSZLVH� GHFUHDVH� ZDV�XQGHUWDNHQ�DW����&�LQFUHPHQWV�WR�����&�ZLWK�*&� DQDO\VHV� DW� HDFK� VWDJH�� 7KH� VDPSOH�ZDV�WKHQ� NHSW� IRU� QHDUO\� ��� K� XQGHU� DQ� DUJRQ�DWPRVSKHUH��7KH�VHFRQG�F\FOH�ZDV�VLPLODU�WR�WKH� ILUVW�� H[FHSW� WKDW� WKH� LQLWLDO� WHPSHUDWXUH�ZDV�����&�7KH� WKLUG� F\FOH� LQYROYHG� D� WHPSHUDWXUH�LQFUHDVH� XS� WR�����&��7KH� FDWDO\VW�ZDV� WKHQ�FRROHG� UDSLGO\� WR� URRP� WHPSHUDWXUH�� 7R�GHWHUPLQH� WKH� OLIHWLPH� RI� WKH� SUHSDUHG�SHURYVNLWH� V\VWHP�� VDPSOHV� ZHUH� WHVWHG� LQ� D�GU\� UHIRUPLQJ� UHDFWLRQ� DW� ����&� IRU�DSSUR[LPDWHO\�����K�0HWKDQH�FRQYHUVLRQ��&2�VHOHFWLYLW\��DQG�&2�\LHOG�ZHUH�FDOFXODWHG�DV�IROORZV�&+� FRQYHUVLRQ� ��&+�LQ�&+�RXW�����&+�LQ&2�VHOHFWLYLW\� �&2�����&+�LQ�&+�RXW�&2�\LHOG� �&2����&+�LQ
5HVXOWV�DQG�'LVFXVVLRQ&KDUDFWHULVDWLRQ�RI�3UHFXUVRU�6ROXWLRQV7KH� UHVXOWLQJ�105� VSHFWUD� RI� JHOV� REWDLQHG�IURP�QLWUDWH�VROXWLRQV�LQ�SURSLRQLF�DFLG�VKRZ�
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D� FKDQJH� LQ� WKH�SHDN�SRVLWLRQV�RI�SURWRQV�RI�WKH�&+� DQG�&+� JURXSV�������DQG������SSP��UHVSHFWLYHO\�� FRPSDUHG� WR� ���� DQG� ���� SSP�IRU� SURSLRQLF� DFLG��� LQGLFDWLQJ� UHDFWLYLW\�EHWZHHQ� SURSLRQLF� DFLG� DQG� WKH� VWDUWLQJ�QLWUDWH� VDOWV�� :H� XQGHUWRRN� JHO� FKDUDF�WHULVDWLRQ� XVLQJ� )7�,5� �7DEOH� ���� )URP�ODQWKDQXP� R[LGH�� WKH� DGGLWLRQ� RI� SURSLRQLF�DFLG� JLYHV� D� PRQRGHQWDWH� SURSLRQDWH� ������FP�����:LWK�QLFNHO�DFHWDWH��D�PL[WXUH�RI�PRQR�DQG� ELGHQWDWH� SURSLRQDWH� LV� REWDLQHG� ������FP�� DQG� ����� FP���� UHVSHFWLYHO\��� KRZHYHU��ZKHQ� QLFNHO� QLWUDWH� LV� XVHG� DV� UDZ�PDWHULDO��WKH� VXEVWLWXWLRQ� RI� QLWUDWH� E\� SURSLRQDWH�GHSHQGV� RQ� WKH� QDWXUH� RI� WKH� FDWLRQ� DQG� LWV�K\GUDWLRQ�UDWH��$V�VKRZQ�LQ�7DEOH����QLWUDWHV�DUH�SUHVHQW�RQ�WKH�FRRUGLQDWLRQ�VSKHUH�RI�WKH�FRU�UHVSRQGLQJ� PHWDOOLF� FDWLRQ�� VXUURXQGHG�E\� D� SURSLRQLF� DFLG� PROHFXOH�� :DWHU�PROHFXOHV� DUH� FKDUDFWHULVHG� EHWZHHQ� �����DQG�����FP�� >�����@��SUREDEO\�GHULYHG�IURP�WKH� VWDUWLQJ� K\GUDWHG� VDOW�� 1LWUDWH� DQG�SURSLRQDWH�SHDNV�FRH[LVW� IRU�WKH�WKUHH�QLWUDWH�VDOWV�RI�/D��1L��DQG�$O��HYHQ�DIWHU�D�SURORQJHG�DJHLQJ�RI�WKH�JHO�����K��
&KDUDFWHULVDWLRQ� RI� WKH� /D1L [$O��[2� 6\VWHP�SULRU�WR�&DWDO\WLF�7HVWV7KH� HOHPHQWDO� FRPSRVLWLRQ� LQ� WKH� VHULHV� RI�/D1L[$O��[2� SHURYVNLWHV� GHWHUPLQHG� E\�IOXRUHVFHQFH�DOZD\V�SUHVHQWV�D�JRRG�EDODQFH�FRPSDUHG� WR� WKHRUHWLFDO�YDOXHV��%(7�VXUIDFH�DUHDV� RI� FDWDO\VWV� DUH� EHWZHHQ� ��� P��J��[ �����DQG���P��J��[� ������IRU�FDOFLQDWLRQ�DW�����&��7KH�VXUIDFH�DUHD�LV�VOLJKWO\�KLJKHU�IRU�FDOFLQDWLRQ� DW� ����&� ���� WR� �� P��J��UHVSHFWLYHO\��;5'� GLDJUDPV� RI� WKH� /D1L[$O��[2� PL[HG�R[LGH� VHULHV� �[� � ����� ����� ����� ����� DQG������SUHSDUHG�E\�QLWUDWH�VDOWV�DUH�VKRZQ�LQ�)LJXUH��D�� RQO\� D� SHURYVNLWH� SKDVH� LV� REWDLQHG��+RZHYHU�� ZLWK� LQFUHDVLQJ� [� YDOXHV� WKH�VWUXFWXUH�SHDNV� VKLIW� UHJXODUO\�EHWZHHQ� WKRVH�RI� /D1L2� >��@� DQG� /D$O2� >��@�� $Q�HQODUJHPHQW�RI�WKH�DUHD�LQ�WKH�;5'�GLDJUDP�IRU� �T EHWZHHQ� ������ DQG� ������ VKRZV� WKLV�SURJUHVVLYH� VKLIW� �)LJXUH� �E��� )RU� SUHSDUD�

WLRQV� PDGH� IURP� QLFNHO� DFHWDWH� LQVWHDG� RI�QLWUDWH� VDOW�� WKH� LQWHQVLW\� RI� WKH� PDLQ�GLIIUDFWLRQ� OLQH� GHFUHDVHV�� DQG� ODQWKDQXP�R[LGH� DQG� DOXPLQLXP� R[LGH� DUH� IRUPHG�VHSDUDWHO\�� 7KH� WULPHWDOOLF� VWUXFWXUH� ZDV� QRW�JDLQHG� EXW� /D$O2� DQG� /D1L2� VWUXFWXUHV�ZHUH�IRUPHG��:H�FRQVLGHU�WKDW�WKH�IRUPDWLRQ�RI� WULPHWDOOLF� VWUXFWXUH� LV� GLUHFWO\� UHODWHG� WR�WKH� LQLWLDO� SUHVHQFH� RI� QLWUDWHV� DQG� WR�FRPSHWLWLRQ� EHWZHHQ� WKH� IRUPDWLRQ� RI�ELPHWDOOLF� �/D1L2� DQG� /D$O2��� DQG� WULPH�WDOOLF�SHURYVNLWH�7KH�ODWWLFH�SDUDPHWHU��D��KDV�EHHQ�FDOFXODWHG�IURP� WKH�VL[�PRVW� LQWHQVLYH�GLIIUDFWLRQ� OLQHV��DVVXPLQJ�D�SVHXGR�FXELF�VWUXFWXUH��)LJXUH�����,W�LQFUHDVHV�OLQHDUO\�ZLWK�[�EHWZHHQ������DQG������c��YDOLGDWLQJ�WKH�SUHSDUDWLRQ�RI�WKH�VROLG�VROXWLRQ�� 7KH� REWDLQHG� FXUYH� HQDEOHV� XV� WR�GHWHUPLQH� WKH�QLFNHO�FRQWHQW��[��RI� WKH�SHUR�YVNLWH� DQG� ZLOO� EH� XVHG� DV� D� FDOLEUDWLRQ�V\VWHP� WR� HYDOXDWH� WKH�SRVVLEOH�PLJUDWLRQ�RI�QLFNHO�RXW�RI�WKH�VWUXFWXUH�GXULQJ�WKH�FDWDO\WLF�WHVW�)LJXUHV��D�DQG��E�VKRZ�6(0�PLFURJUDSKV�RI�VDPSOHV�FDOFLQHG�DW�����DQG�����&�� UHVSHFW�WLYHO\��7KH� FDWDO\VW� FDOFLQHG� DW� ����&� KDV� D�VPRRWK� VXUIDFH�� ZKLFK� H[SODLQV� WKH� ORZHU�%(7� VXUIDFH� DUHD�� 7KH� KROHV� IRUPHG� GXULQJ�FDOFLQDWLRQ� DW� ORZ� WHPSHUDWXUH� E\� WKH�GHFRPSRVLWLRQ� RI� QLWUDWHV� DQG� WKH� GHSDUWXUH�RI�12���+HQFH��WKH�SUHVHQFH�RI�QLWUDWH�LQ�WKH�VWDUWLQJ� VDOW� VHHPV� WR� EH� IDYRXUDEOH� IRU� WKH�JHQHUDWLRQ�RI�KROHV��(OHFWURQ� GLVSHUVLYH� ;�5D\� VSHFWURVFRS\��('6�� FRXSOHG� WR� 7(0� PHDVXUHPHQW� ZDV�FDUULHG�RXW�RQ�GLIIHUHQW�SRLQWV�RI�WKH�VDPSOHV�XVLQJ� D� EURDG� IRFXV� EHDP ����� QP�� ���� WR�GHWHUPLQH� WKH� PHDQ� HOHPHQW� SURSRUWLRQV� RI�WKH� VDPSOH� DQG� D� VPDOO� IRFXV� EHDP� ����QP����� WR� ��� WR� DVFHUWDLQ� WKH� KRPRJHQHLW\� RI� WKH�SUHSDUDWLRQ� �)LJXUH� �D�� IRU� /D1L���$O���2���7KH� FRPELQHG� ;5'� DQG� 7(0�FKDUDFWHULVDWLRQ� GHPRQVWUDWHV� WKH� IRUPDWLRQ�RI�D�KRPRJHQHRXV�/D�1L�$O�VROLG�VROXWLRQ�
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7DEOH��� ,5�EDQGV��FP����RI�WKH�/D1L[$O��[2��JHO�SUHSDUHG�E\�QLWUDWHV�VDOWV�YHUVXV�YDOXHV�RI�[&RPSRVLWLRQ�RI�WKH�JHO��[� QV&2 QDV&22 GDV&+� QV&22 GDV&+�DQG�Q�12 Q�12������������
����������������
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������������
1RWH�� 7KH�VWDQGDUG�SHDNV�DUH�DV�IROORZV�0RQRGHQWDWH�SURSLRQDWH��QDV&22�# ������QV&22�# ����%LGHQWDWH�SURSLRQDWH��QDV&22�# ������QV&22�# ����3URSLRQLF�DFLG��QV&2� �������GDV&+�  �������GDV&+��# ����1LWUDWH��Q�12�# ������Q�12�# ���

�D�

�E�

)LJXUH��� D��;5'�GLDJUDPV�IRU�/D1L[$O��[2��VWUXFWXUHV��E��(YROXWLRQ�RI�WKH�SRVLWLRQ�RI�WKH�;5'�KLJKHVW�SHDN
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7(0�PLFURJUDSKV��)LJXUH����VKRZ�D�JHQHUDO�YLHZ�RI�WKH�SRZGHUV�DQG�D�UHJXODU�VXFFHVVLRQ�RI�DWRPLF�SODQHV��7KH�LQWHU�UHWLFXODU�GLVWDQFHV�PHDVXUHG� IURP� WKH� PLFURJUDSKV� DUH� YHU\�VLPLODU� WR� ODWWLFH� SDUDPHWHUV� FDOFXODWHG� IURP�;5'� GLDJUDPV� �������c� FRPSDUHG� WR� ������c��
5HGXFLELOLW\�RI�WKH�/D1L[$O��;2� 3HURYVNLWHV,W� LV� FOHDU� WKDW� WKH� DFWLYH� VSHFLHV� LQ�PHWKDQH�UHIRUPLQJ�ZHUH�UHGXFHG�PHWDO�SDUWLFOHV�DW�WKH�VXUIDFH� RI� WKH� FDWDO\VWV�� ,W� KDV� DOVR� EHHQ�VXJJHVWHG� WKDW� VWURQJ� LQWHUDFWLRQV� EHWZHHQ�UHGXFHG� PHWDOV� DQG� GHILQHG� VWUXFWXUH� LV�LPSRUWDQW� WR SUHYHQW� VLQWHULQJ� RI� PHWDO�SDUWLFOHV�� $FFRUGLQJO\�� VWXGLHV� RI� WKH�UHGXFLELOLW\� RI�PHWDOV� LV� RI� SULPH� LQWHUHVW�� ,W�KDV� EHHQ� SUHYLRXVO\� GHPRQVWUDWHG� >��@� WKDW�/D1L2� LV� UHGXFHG� LQ� WZR� ]RQHV�� DW�DSSUR[LPDWHO\� ����&� ZLWK� /D�1L�2� IRUPD�WLRQ��DQG�DW�����&�ZLWK WKH�REWHQWLRQ�RI�1L��SDUWLFOHV�GHSRVLWHG�RQ�/D�2���:H�VWXGLHG�WKH�UHGXFLELOLW\�RI�/D1L$O�SHURYVNLWHV�DQG�RI�1L�FRPPHUFLDO�FDWDO\VWV�������ZW��1L�D�$O�2���IROORZLQJ� WKH� SURFHGXUH� GHVFULEHG� DERYH� LQ�WKH� H[SHULPHQWDO� VHFWLRQ� �)LJXUH� ���� /D$O2�LV� DOPRVW� LUUHGXFLEOH� XS� WR� ����&�� 7KH� 1L�SHURYVNLWHV� KDYH� D� ILUVW� ]RQH� RI� UHGXFWLRQ�EHWZHHQ� ����&� DQG� ����&�� 7KLV� ]RQH�

FRPSULVHV� WZR� SHDNV� RU� RQH� SHDN� DQG� D�VKRXOGHU��)LJXUH���VKRZV�WKH�HYROXWLRQ�RI�WKH�VHFRQG� UHGXFWLRQ� SHDN� FRPSDUHG� WR� WKH�DYHUDJH� WHPSHUDWXUH� RI� WKH� UHIRUPLQJ� UHDF�WLRQ�� 7KH� FRPPHUFLDO� FDWDO\VW� LV� LQLWLDOO\�UHGXFHG�VORZO\�DQG�FRQWLQXRXVO\�IURP�����&�XQWLO� ����&�� $� VHFRQG� ]RQH� RI� UHGXFWLRQ� LV�FKDUDFWHULVHG� DW� KLJKHU� WHPSHUDWXUH� EHWZHHQ�����&� �[�  � ����� DQG� ����&� �[�  � ������ 7KH�FRPPHUFLDO� FDWDO\VW� LV� UHGXFHG� DW� ����&��FORVH� WR� WKH� UHGXFWLRQ� WHPSHUDWXUH� RI�/D1L���$/���2��$V� GHPRQVWUDWHG� IRU� /D1L[)H��[2��� WKH�WULPHWDOOLF� SHURYVNLWH� VWUXFWXUH� DOZD\V�H[LVWV�IROORZLQJ� WKH� ILUVW� UHGXFWLRQ� SHDN� >���� ��@��7KH� VWDELOLW\� RI� WKH� SHURYVNLWH� VWUXFWXUH� LV�VKRZQ� ZLWK� WKH VHFRQG� UHGXFWLRQ� SHDN�� 7KH�WHPSHUDWXUH� RI� WKH� VHFRQG� UHGXFWLRQ� DQG� WKH�DPRXQW�RI�FRQVXPHG�K\GURJHQ��GHFUHDVH�ZLWK�LQFUHDVLQJ� WKH� YDOXH� RI� [�� 7KH� KLJK�WHPSHUDWXUH� UHGXFWLRQ� SHDN� FKDUDFWHULVHV� D�VWURQJ� LQWHUDFWLRQ� EHWZHHQ� 1L� DQG� WKH�SHURYVNLWH� RU� WKH� VXSSRUW�� 7KLV� VWURQJ�LQWHUDFWLRQ�LV�SUREDEO\�RQH�RI�WKH�UHDVRQV�IRU�WKH� JRRG� UHVLVWDQFH� WR� FRNLQJ� DQG� WKH� JRRG�DJHLQJ� RI� WKH� PL[HG� /D�1L�$O� SHURYVNLWH�FDWDO\VWV�

)LJXUH��� (YROXWLRQ�RI�WKH�ODWWLFH�SDUDPHWHU�RI�WKH�/D1L[$O��[2� VWUXFWXUHV�YHUVXV�[
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�D� �E�
)LJXUH��� 6(0�REVHUYDWLRQV�RI�WKH�/D�1L�$O�SHURYVNLWH�REWDLQHG�IURP�QLWUDWH�VDOWV�DQG�FDOFLQHG�DW�D������&�DQG�E������&

�D�

�E�
)LJXUH� �� /D�� 1L�� DQG�$O� GLVWULEXWLRQ� REVHUYHG� E\� ('6�;�UD\� VSHFWURVFRS\� IRU� /D1L���$O���2�� D�� SULRU� WR� WKH�UHDFWLYLW\�WHVW�DQG�E��DIWHU�VWHDP�UHIRUPLQJ�DW�����&�ZLWK�+�2�&+�� ��
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�D�

�E�
)LJXUH��� 7(0�DQDO\VLV�RI�/D1L���$O���2� D��SULRU�WR�WKH�UHDFWLYLW\�WHVW�DQG�E��DIWHU�VWHDP�UHIRUPLQJ�DW�����&�ZLWK�+�2�&+�  ��

)LJXUH��� 735�FXUYHV�RI�/D1L[$O��[2��DQG������ZW��1L�D�$O�2��FRPPHUFLDO�FDWDO\VW
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)LJXUH��� 7HPSHUDWXUH�RI� WKH�PD[LPXP�FRQVXPSWLRQ�RI�K\GURJHQ� IRU� WKH�VHFRQG�UHGXFWLRQ�SHDN�IRU�/D1L[$O��[2�DQG�1L�D�$O�2�

5HDFWLYLW\� RI� /D1L[$O��[2� LQ� 0HWKDQH� 5HIRU�PLQJ6WXG\� RI� 5HDFWLYLW\� RQ� 6WHDP� 5HIRUPLQJ� ZLWK�+�2�&+�  ��'XULQJ� WKH� WKLUG� DFWLYDWLRQ� UDPS� �UHIHU� WR�H[SHULPHQWDO�VHFWLRQ����PHWKDQH�FRQYHUVLRQ�LV�XS� WR� ���� DW� ����&� DQG� UHDFKHV� ����� DW�����&��'XH� WR� WKH� ORZ +�2�&+� UDWLR�� &2�IRUPDWLRQ� LV� YHU\� ORZ� XS� WR� ����&� �)LJXUH��D��� +\GURJHQ� \LHOG� LV� XS� WR� ���� DW� ����&��)LJXUH��E���7KH�+��&2�UDWLR�GHFUHDVHG�IURP����WR���ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��D�+��&2�UDWLR�FORVH�WR���LV�REWDLQHG�DW�����&��&DUERQ�IRUPDWLRQ� IRU� DOO FDWDO\VWV� LV� OHVV� WKDQ� ����ZW��IRU�DOO�YDOXHV�RI�[�H[FHSW�[� ����5HVXOWV�DUH�VLPLODU�IRU�WKH�ILUVW�DQG�VHFRQG�UDPSV��$V�D� FRPSDULVRQ�� IRU� WKH� �����ZW��1L�D�$O�2�FDWDO\VW� XVHG� DW� WKH� VDPH� FRQGLWLRQV�� WKH�UHDFWRU�ZDV�EORFNHG�DQG�ILOOHG�E\�FDUERQ�DIWHU�RQO\ ��K�RI�UHDFWLRQ��7KLV�LV�H[SODLQHG�E\�WKH�VWURQJ� LQWHUDFWLRQ�RI� WKH� IUHH�QLFNHO�REWDLQHG�DIWHU� UHGXFWLRQ� ZLWK� WKH� ELPHWDOOLF� /D$O2�SHURYVNLWH��)RU�1L�D�$O�2���1L� LV� HLWKHU� IUHH�DQG�DEOH� WR�SURGXFH�QDQRWXEHV�RU�QDQRILEHUV�RI�FDUERQ��RU�LW�LV�LQ�WRR�VWURQJ DQ�LQWHUDFWLRQ�LQ�WKH�QLFNHO�DOXPLQDWH�VWUXFWXUH��7KH�FDWDO\VW�ZLWK�����1L�LV�OHVV�DFWLYH�WKDQ�FDWDO\VWV�ZLWK�D�

ORZHU�1L�FRQWHQW��7KLV�WUHQG�FDQ�EH�H[SODLQHG�E\� SURJUHVVLYH� GHDFWLYDWLRQ� GXULQJ� WKH� WKLUG�UDPS� RI� UHDFWLYLW\�� DV� SUHYLRXVO\� GHVFULEHG�IRU�/D1L)H�SHURYVNLWHV�>������@�
6WXG\� RI� 5HDFWLYLW\� RQ� 6WHDP� 5HIRUPLQJ� ZLWK�+�2�&+�  ��:KHQ� WKH� /D1L���$O���2� FDWDO\VW� ZDV� WHVWHG�ZLWK�D�+�2�&+� UDWLR ����WKH�WRWDO�FRQYHUVLRQ�RI� &+� LV UDSLGO\ REWDLQHG DW� ����&��)LJXUH� ���� 7KH� VHOHFWLYLW\� RI� &2� LV� ORZHU������ DQG� WKH� \LHOG� RI� K\GURJHQ� LV� KLJKHU�FRPSDUHG� WR� WKH� UDWLR� +�2�&+� ��� $IWHU����K�� RI� UHDFWLRQ�� QR� GHDFWLYDWLRQ� KDG�RFFXUUHG��PHWKDQH� FRQYHUVLRQ� UHPDLQHG�KLJ�KHU�WKDQ�����DW�����&��DQG�FDUERQ�IRUPDWLRQ�LV� OHVV� WKDQ� ����ZW��RI� WKH� VWDUWLQJ� FDWDO\VW��:H DOVR�QRWH� WKDW�VWHDP�UHIRUPLQJ�RI�HWKDQH�RFFXUUHG� XQGHU� ERWK� RSHUDWLQJ� FRQ�GLWLRQV��7KH� FRQYHUVLRQ� RI� &�+� DW� ����&� LV� �����7KH� FRPPHUFLDO� FDWDO\VW� SHUIRUPDQFHV� DUH�YHU\� VLPLODU� WR� WKRVH� RI� RXU� VDPSOH�� DQG� QR�GHDFWLYDWLRQ� RFFXUV� ZLWK� D� ZDWHU�PHWKDQH�UDWLR RI�WKUHH�
6WXG\�RI�5HDFWLYLW\�RQ�'U\�5HIRUPLQJ,Q�WKH�GU\�UHIRUPLQJ�RI�PHWKDQH��DOO�FDWDO\WLF�
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WHVWV� ZHUH� SHUIRUPHG� IROORZLQJ� WKH� VDPH�WHPSHUDWXUH� SURJUDP� RI� WZR� F\FOHV� DQG� D�WKLUG� KHDWLQJ� VORSH� ZLWKRXW� SUHYLRXV� UHGXF�WLRQ�$V� LQGLFDWHG� LQ� )LJXUH� ��� PHWKDQH� LV�FRPSOHWHO\� FRQYHUWHG� DW� ����&�� IRU�/D1L���$O���2� LQ�WKH�VHFRQG�F\FOH��$�FKDQJH�LQ� WKH� FDWDO\WLF� EHKDYLRXU� LV� REVHUYHG�EHWZHHQ� WKH�ILUVW�KHDWLQJ�DQG�FRROLQJ�UDPSV��'XULQJ�WKH�ILUVW�KHDWLQJ�UDPS��&2�SURGXFWLRQ�VWDUWV� DURXQG� ����&�� ZKHUHDV� LW� LV� VWLOO�REVHUYHG� DW� WKH� ORZHU� WHPSHUDWXUH� RI� ����&�GXULQJ�WKH�FRROLQJ�UDPS��WKLV�WUHQG�LV�UHODWHG�WR�UHGXFWLRQ�RI�WKH�FDWDO\VW�$IWHU� DFWLYDWLRQ� RI� WKH� FDWDO\VWV�� GLIIHUHQFHV�LQ� WKH� FDWDO\WLF� EHKDYLRXUV� GHSHQG� RQ� [�� $W�����&��WKH�/D1L���$O���2� DQG�/D1L���$O���2�V\VWHPV� JLYH� ORZ� &+� FRQYHUVLRQV� �������

DQG� ����� UHVSHFWLYHO\�� DQG� ORZ� &2� \LHOGV�������� DQG� ������� UHVSHFWLYHO\��� )RU� RWKHU�FDWDO\VWV�� ����[������ KLJK� DFWLYLWLHV� DUH�REWDLQHG�DW�����&��LQ�WKH�WKUHH�F\FOHV��)LJXUH������7KH�&2�\LHOGV�DUH�DERYH�����IRU� WKHVH�SHURYVNLWH� V\VWHPV�� KRZHYHU�� WKH� DFWLYLW\� RI�/D1L���$O���2�� GHFUHDVHG� DIWHU� WKUHH� GD\V��UHODWHG� WR� DSSUR[LPDWHO\� ����� ZW�� FDUERQ�GHSRVLWLRQ RQ� WKLV� FDWDO\VW�� 7KLV LV� DOVR� WKH�FDVH� IRU� FDWDO\VWV� ZLWK� KLJKHU� 1L� FRQWHQWV��/LNHZLVH�� FDUERQ� GHSRVLWLRQ� IRU� /D1L���$O���2� LV� DURXQG� �� ZW��� DQG� WKLV� FDWDO\VW�VKRZV� YHU\� JRRG� DFWLYLW\� DQG� VWDELOLW\� DIWHU�RQH� ZHHN� RI� UHDFWLRQ� DW� ����&�� 7KH� GU\�UHIRUPLQJ� RI� HWKDQH� SHUIRUPHG� ZHOO� LQ� WKH�VDPH�FRQGLWLRQV�� WRWDO�FRQYHUVLRQ�RI�&�+� LV�REWDLQHG�DW�����&�

�D�

�E�

)LJXUH� �� D��0HWKDQH� FRQYHUVLRQ� DQG�&2�� DQG�&2� VHOHFWLYLWLHV� ZLWK� D� /D1L���$O���2�� FDWDO\VW�� E��+�� \LHOG� LQ�VWHDP�UHIRUPLQJ��+�2�&+�� ����YHUVXV�[�DW�YDULRXV�WHPSHUDWXUHV
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�D�

�E�

)LJXUH��� 6WHDP�UHIRUPLQJ�ZLWK�+�2�&+��  � ��IRU�/D1L���$O���2� DQG� �����ZW��1L�D�$O�2� FRPPHUFLDO� FDWDO\VW��D��0HWKDQH�FRQYHUVLRQ��E��+\GURJHQ�\LHOG

)LJXUH���� 0HWKDQH�FRQYHUVLRQ��&2�VHOHFWLYLW\��DQG�K\GURJHQ�\LHOG�LQ�WKH�VHFRQG�F\FOH�RI�GU\�UHIRUPLQJ�UHDFWLRQ�IRU�/D1L���$O���2�
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)LJXUH���� &2�\LHOGV�DW�YDULRXV�WHPSHUDWXUHV�LQ�WKH�VHFRQG�F\FOH�RI�GU\�UHIRUPLQJ�YHUVXV�[

&KDUDFWHULVDWLRQ� RI� /D1L[$O��[2� $IWHU� &DWD�O\WLF�7HVW7R� XQGHUVWDQG� WKH� HYROXWLRQ� RI� WKH� V\VWHP�GXULQJ� WKH� WHVW�� WKH� FDWDO\VWV� ZHUH�FKDUDFWHULVHG� DIWHU� WKH� VWHDP� DQG� GU\�UHIRUPLQJ� WHVWV�� $IWHU� VWHDP� UHIRUPLQJ���+�2�&+�  � ���� /D1L$O� FDWDO\VWV� VKRZ�DSSUR[LPDWHO\� WKH� VDPH� ;5'� VSHFWUD� DV�EHIRUH� WKH� WHVW� H[FHSW� WKDW� VRPH� /D�2���/D�2+��� RU� /DQWKDQXP� R[\FDUERQDWH� FRXOG�EH� FKDUDFWHULVHG� DURXQG����� ��T���1L�RU�1L2�FDQQRW� EH� GHWHFWHG�� VKRZLQJ� DSSDUHQWO\� D�JUHDW� GLVSHUVLRQ� RI� WKH� PHWDO� SDUWLFOHV�� $�FDUHIXO� H[DPLQDWLRQ� RI� WKH� PDLQ� GLIIUDFWLRQ�SHDN� IRU� /D1L���$O���2� DIWHU� D� ZHHN� RI�UHDFWLYLW\�VKRZV�YHU\�IHZ�FKDQJHV�LQ�WKH�SHDN�SRVLWLRQ�� WKLV� LQGLFDWHV� YHU\� JRRG� VWDELOLW\��6LPLODU� UHVXOWV� KDYH� EHHQ� REWDLQHG� ZLWK� WKH�VDPH�FDWDO\VW� DIWHU�RQH�ZHHN�RI� UHDFWLYLW\� LQ�GU\� UHIRUPLQJ�� KRZHYHU�� IRU� [ ���� DIWHU� WKH�VDPH� UHDFWLYLW\� WHVW�� LW� LV� HYLGHQW� WKDW� WKH�PDLQ�SHDN�LV�QHDU����������T���FRUUHVSRQGLQJ�WR� /D$O2� SHURYVNLWH� DORQH�� /D�2� DQG�/D�2+�� DUH� GHWHFWHG�� EXW� QRW� 1L� RU� 1L2�SDUWLFOHV��:H� FDQ� FRQFOXGH� WKDW� WKH� VWDELOLW\�RI� WKH� SHURYVNLWH� XQGHU� WKH� VWHDP� UHIRUPLQJ�FRQGLWLRQV� WHVW� GHSHQGV� RQ� WKH� DPRXQW� RI�QLFNHO� LQFRUSRUDWHG� LQ� WKH� LQLWLDO� SHURYVNLWH��

:LWK�D ODUJH�DPRXQW�RI�IUHH�QLFNHO�GXULQJ�WKH�WHVW��JUHDWHU�FDUERQ�GHSRVLWLRQ�RFFXUV�('6�DQDO\VLV� FRQILUPV� WKDW� WKH�KRPRJHQHLW\�RI� WKH�FDWDO\VW�DIWHU� WKH�WHVW� LV�VLPLODU�WR� WKDW�RI�WKH�FDWDO\VW�EHIRUH�WKH�WHVW�IRU�[� ������)RU�[ ����� SDUWV� ZLWK� KLJKHU� QLFNHO� FRQFHQW�UDWLRQV�EHLQJ�ORFDOLVHG��:H�DOVR�PHDVXUHG�WKH�DPRXQW� RI� FDUERQ� DIWHU� WKH� VDPH� WHVW�GXUDWLRQ��7KH�YDOXHV�DUH� ORZHU�WKDQ�����ZW��RI�WKH�WRWDO�FDWDO\VW�IRU�DOO�VDPSOHV�UHDFWHG�LQ�VWHDP� UHIRUPLQJ�ZLWK�+�2�&+� � ��,Q� VWHDP�UHIRUPLQJ� ZLWK� +�2�&+� �� DQG� LQ� GU\�UHIRUPLQJ��FDUERQ��IRUPDWLRQ��LV��KLJKHU��������ZW�� � DQG���ZW��� UHVSHFWLYHO\��� DV� JHQHUDOO\�DFFHSWHG��
&RQFOXVLRQV:H� GHPRQVWUDWHG� WKDW� /D1L[$O��[2� SHUR�YVNLWHV����[����REWDLQHG�YLD�D�VRO�JHO�UHODWHG�PHWKRG� DUH� HIILFLHQW� LQ� PHWKDQH� UHIRUPLQJ��VWHDP�DQG�GU\�UHIRUPLQJ���:H�REWDLQHG�VROLG�VROXWLRQV� IRU� DOO� [� YDOXHV� DQG� D� JRRG�KRPRJHQHLW\�� HVSHFLDOO\� LI� QLWUDWH� VDOWV� DUH�XVHG� DV� SUHFXUVRUV�� 7KH� DGGLWLRQ� RI�DOXPLQLXP� WR� WKH� /D1L2� SHURYVNLWH� VWUXF�WXUH�JHQHUDWHV�D�FKDQJH�LQ�WKH�WHPSHUDWXUH�RI�QLFNHO� UHGXFLELOLW\�� VWDELOLVHV� WKH� VWUXFWXUH�XQGHU� UHDFWLRQ� FRQGLWLRQV�� DQG� OLPLWV� WKH�
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PLJUDWLRQ� RI� WKH� DFWLYH� QLFNHO�� KRZHYHU��VWDELOLW\�GHSHQGV�RQ�WKH�[�YDOXH��7KH�FDWDO\VW�/D1L���$O���2� VKRZV� JRRG� VWDELOLW\� DQG�DJHLQJ� LQ� VWHDP�DQG�GU\� UHIRUPLQJ�RYHU�����K��)HZ�FKDQJHV�LQ�VWUXFWXUH�ZHUH�REVHUYHG�E\�;5'� IRU� WKLV� FDWDO\VW�� EXW� ZKHQ� WKH� QLFNHO�FRQWHQW�LQFUHDVHV�PRUH�QLFNHO�JRHV�RXWVLGH�RI�WKH� VWUXFWXUH�DQG� WKH�FDWDO\VW�SHUIRUPV�DV�1L�GHSRVLWHG�RQ�1L�/D$O2��$FNQRZOHGJHPHQWV7KH�DXWKRUV�DUH�GHHSO\�JUDWHIXO�WR�WKH�,UDQLDQ3HWURFKHPLFDO� 5HVHDUFK� DQG� 7HFKQRORJ\�&RPSDQ\�IRU�LWV�ILQDQFLDO�VXSSRUW�
5HIHUHQFHV�� 5RVWUXS�1LHOVHQ� -�� 5�� �1HZ� DVSHFWV� RI�V\QJDV� SURGXFWLRQ� DQG� XVH�� &DWDO�� 7RGD\��� ���������� ��������� 5RVWUXS�1LHOVHQ� -��5�� �&DWDO\VLV�DQG�ODUJH�VFDOH� FRQYHUVLRQ� RI� QDWXUDO� JDV ��� &DWDO��7RGD\� �� ���������� ��������� 'H 'HNHQ� -�� 0HQRQ� 3��*�� )URPHQW� *��)��+DHPHUV� *�� �2Q� WKH� QDWXUH� RI� FDUERQ� LQ�1L�.�$O�2� FDWDO\VW� GHDFWLYDWHG� E\� WKH�PHWKDQH�VWHDP� UHIRUPLQJ� UHDFWLRQ��� -��&DWDO�� �� �������� ��������� &KRXGKDU\� 9�� 5�� 5DQH� 9�� +�� 5DMSXW� $��0�� �6HOHFWLYH� R[LGDWLRQ� RI�PHWKDQH� WR� &2�DQG�+��RYHU�XQUHGXFHG�1L2�UDUH�HDUWK�R[LGH�FDWDO\VWV���&DWDO��/HWW�� �� �������� ��������� .UROO� 9�� &�� +�� 6ZDDQ� +��0�� 0LURGDWRV�&�� �0HWKDQH� 5HIRUPLQJ� 5HDFWLRQ� ZLWK�&DUERQ� 'LR[LGH� 2YHU 1L�6L2�&DWDO\VW�� ,��'HDFWLYDWLRQ� 6WXGLHV�� -�� &DWDO�� ��� �������� ��������� %UDGIRUG� 0�� &�� -�� 9DQQLFH� 0�� $����&2�5HIRUPLQJ� RI� &+�RYHU� 6XSSRUWHG� 3W�&DWDO\VWV�� -��&DWDO�� ��� �������� ��������� $VKFURIW� $��7�� &KHHWKDP� $��.�� *UHHQ� 0��/��+�� 9HUQRQ� 3��'��)����3DUWLDO�R[LGDWLRQ�RI�PHWKDQH� WR� V\QWKHVLV� JDV� XVLQJ� FDUERQ�GLR[LGH�� 1DWXUH �������� ��������� +LFNPDQ� '��$�� 6FKPLGW� /��'�� �3URGXFWLRQ�RI� 6\QJDV� E\�'LUHFW� &DWDO\WLF�2[LGDWLRQ� RI�0HWKDQH���6FLHQFH� �������� ��������� +ROPHQ� $�� 2OVYLFN� 2�� 5RFNVWDG� 2�� $��

�3\URO\VLV� RI� QDWXUDO� JDV�� FKHPLVWU\� DQG�SURFHVV� FRQFHSWV�� )XHO�3URF�� 7HFKQRO� � ������������ ���������� )UXVWHUL� )�� $UHQD� )�� &DORJHUR� *�� 7RUUH�7�� 3DUPDOLDQD� $�� �3RWDVVLXP�HQKDQFHG�VWDELOLW\� RI� 1L�0J2� FDWDO\VWV� LQ� WKH� GU\�UHIRUPLQJ� RI� PHWKDQH�� &DWDO�� &RPP�� ����� ������������� 6ODJWHUQ��$���2OVE\H� 8�� %ORP� 5�� 'DKO� ,��0�� )MHOOYDJ� +�� �,Q� VLWX� ;5'�FKDUDFWHUL]DWLRQ� RI� /D���1L���$O���2� PRGHO�FDWDO\VWV� IRU� &2� UHIRUPLQJ� RI� PHWKDQH��$SSO��&DWDO��$����� ������ �������������� %ORP� 5�� 'DKO� ,�0�� 6ODJWHUQ� $�� 6RUWODQG�%�� 6SMHONDYLN� $�� 7DQJVWDG� (�� �&DUERQ�GLR[LGH� UHIRUPLQJ� RI� PHWKDQH� RYHU�ODQWKDQXP�PRGLILHG�FDWDO\VWV� LQ�D�IOXLGL]HG�EHG� UHDFWRU�� &DWDO�� 7RGD\� �� ������ �������������� &KRL� -��6�� 0RRQ� .��,�� .LP� <��*�� /HH��-��6���.LP� &��+�� 7ULPP� '��/�� �6WDEOH�FDUERQ�GLR[LGH�UHIRUPLQJ�RI�PHWKDQH�RYHU�PRGLILHG�1L�$O�2� FDWDO\VWV���&DWDO��/HWW�� �� ������������������� &KHQJ� =�� :X� 4�� /L� -�� =KX� 4�� �(IIHFWV�RI�SURPRWHUV�DQG�SUHSDUDWLRQ�SURFHGXUHV�RQ�UHIRUPLQJ� RI� PHWKDQH� ZLWK� FDUERQ� GLR[LGH�RYHU�1L�$O�2� FDWDO\VW &DWDO��7RGD\�� �� ������ �������������� 3URYHQGLHU� +�� 3HWLW� &�� (VWRXUQHV� &�� /LEV�6�� .LHQQHPDQQ� $�� �6WDELOLVDWLRQ�RI�DFWLYH�QLFNHO� FDWDO\VWV� LQ� SDUWLDO� R[LGDWLRQ� RI�PHWKDQH� WR�V\QWKHVLV�JDV�E\� LURQ�DGGLWLRQ��$SSO��&DWDO��$����� ������ �������������� %HUQDUGR� &�$�� $OVWUXS� ,�� 5RVWUXS�1LHOVHQ�-�5�� �&DUERQ�GHSRVLWLRQ�DQG�PHWKDQH�VWHDP�UHIRUPLQJ� RQ� VLOLFD�VXSSRUWHG� 1L���&X�FDWDO\VWV�� -��&DWDO�� �� �������� ���������� $OVWUXS�,�� 7DYDUHV� 0�� 7�� �.LQHWLFV� RI�&DUERQ�)RUPDWLRQ�IURP�&+����+��RQ�6LOLFD�6XSSRUWHG� 1LFNHO� DQG� 1L�&X� &DWDO\VWV�� -��&DWDO�� ��� �������� ���������� 5RGULJXH]� *�� 5RJHU� $�� &�� %HGHO� /��&DUEDOOR��/���.LHQQHPDQQ� $�� LQ�$�&�6�� 6\PSRVLXP� 6(5,(6� 1R�� ����8WLOLVDWLRQ� RI� *UHHQKRXVHV� *DVHV�� &�-�� /LX�5�*�� 0DOOLQVRQ�� 0�� $UHVWD� (GV��� ������



0RUDGL��3DUYDUL

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� ��

&KDSWHU�,9��SS������������ %HGHO� /�� 5RJHU� $�� &�� .LHQQHPDQQ� $��(VWRXUQHV��&�� �&R� IURP�SDUWLDO�UHGXFWLRQ�RI�/D�&R�)H�2� SHURYVNLWHV� IRU� )LVFKHU±7URSVFK� V\QWKHVLV���&DWDO�� 7RGD\� ��� ��������������������� 0RULJD� 7�� 8VDND� 2�� -PDPXUD� 7��1DNDED\DVKL� ,�� 0DWVXEDUD� ,�� .LQRXFKL� 7��.LNNDZD� 6�� .DQDPDUX� )�� %XOO��6RF��&KLP��-DSDQ� ��� �������������� 3URYHQGLHU� +�� 3HWLW� &�� .LHQQHPDQQ� $���6WHDP� UHIRUPLQJ� RI� PHWKDQH� RQ� /D1L[)H��[2� �����[������SHURYVNLWHV���&�5��$FDG��6FL��6HU��&� � ���� ������������� 3URYHQGLHU� +�� 3HWLW� &�� (VWRXUQHV� &��.LHQQHPDQQ� $�� �6\QWKHVLV� DQG�&KDUDFWHUL]DWLRQ� RI� /D1L2�� /D1L)H2� DQG�/D1L&R2�� 6WXG��6XUI��6FL��&DWDO�� ������������������ 5RJHU� $�&�� 3HWLW� &�� .LHQQHPDQQ� $���(IIHFW�RI�0HWDOOR�RUJDQLF�3UHFXUVRUV�RQ�WKH�6\QWKHVLV� RI� 6P±6Q� 3\URFKORUH� &DWDO\VWV��$SSOLFDWLRQ� WR� WKH� 2[LGDWLYH� &RXSOLQJ� RI�0HWKDQH�� -��&DWDO�� ��� ���� �����������

��� 3LWFKRQ� 9�� 3ULPHW� 0�� 3UDOLDXG� +�� �$ONDOL�DGGLWLRQ� WR� VLOLFD�VXSSRUWHG� SDOODGLXP��,QIUDUHG� LQYHVWLJDWLRQ� RI� WKH� FDUERQ�PRQR[LGH�FKHPLVRUSWLRQ�� $SSO��&DWDO�%� ������ �������������� &HUQiN�� -���&KRPLF�� -���.DSSHQVWHLQ��&���%UDKPL�� 5��� 'XSUH]�� '�� �&RSSHU�]LQF�R[LGH� FDWDO\VW�� 3DUW� ,,�� 3UHSDUDWLRQ�� ,5�FKDUDFWHUL]DWLRQ� DQG� WKHUPDO� SURSHUWLHV�RI� QRYHO� ELPHWDOOLF� SUHFXUVRUV��7KHUPRFKLP��$FWD���������� ���������� %HGHO� /�� 5RJHU� $�&��� 5HKVSULQJHU� -��/��=LPPHUPDQQ� <�� .LHQQHPDQQ� $���/D��í\�&R���)H���2�í/ SHURYVNLWH� R[LGHV� DV�FDWDO\VWV� IRU�)LVFKHU±7URSVFK�V\QWKHVLV�� -��&DWDO�� ��� ���� �����������


